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Preface to ”Cancer Nanomedicine”

Welcome to the special issue on Cancer Nanomedicine within Cancers. It has been a real delight

to edit this special edition bringing together cutting edge research within the field with insightful

reviews and opinions reflecting our community.

Cancer nanomedicine is a large umbrella under which researchers spanning the physical,

chemical and biological sciences. I think this is well reflected in this edition.

Cancer treatments are often hindered by the lack of drug specificity, poor physicochemical

properties of active pharmaceutical ingredients, poor penetration ability and drug resistance.

With the discovery and characterization of an increasing number of cancer types with little

improvement of the ability to diagnose, treatment options or patient prognosis, more advanced

technologies are urgently required. Nanotechnology defines particulates within the 1×10−9 m range.

Particulates within the nano-sized domain often exhibit unique properties compared to their larger

size scale. These can be exploited in biomedicine for applications such as imaging, cell sorting, drug

delivery and targeting. Cancer nanomedicine is rapidly becoming one of the leading areas of promise

for cancer therapy, with first-generation treatments already available to patients.

The exciting advances within this field have lead to cancer nanomedicines already been used

clinically today. Sceptics would argue that the translation of nanotechnologies into the clinic have

not matched the initial hype, however, I believe moving forward more and more commercial success

will be achieved. It is estimated that the global nanomedicine market will be worth US$334 billion

by 2025, with cancer nanomedicine dominating in this field. As the science develops and leads us

down new avenues, the findings and their meaning are closely scrutinised and debated within the

community. This all leads to a thriving and exciting field in which to work.

I hope you enjoy reading the manuscripts within this special edition, since it has been such a

great success with 46 papers being accepted for publication. In order to continue to showcase work in

our strong field, a Topical Collection has been permanently opened within Cancers, and I invite you

all to consider submitting your next manuscripts into this.

Clare Hoskins

Editor
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This Special Issue on Cancer Nanomedicine within Cancers brings together 46 cutting-edge papers
covering research within the field along with insightful reviews and opinions reflecting our community.
Cancer nanomedicine is a large umbrella under which researchers explore the physical, chemical and
biological sciences. I think this is well reflected in this edition. Cancer treatments are often hindered
by the lack of drug specificity, poor physicochemical properties of active pharmaceutical ingredients,
poor penetration ability and drug resistance. With the discovery and characterization of an increasing
number of cancer types with little improvement of the ability to diagnose, treatment options or patient
prognosis, more advanced technologies are urgently required. Nanotechnology defines particulates
within the 1 × 10−9 m range. Particulates within the nano-sized domain often exhibit unique properties
compared to their larger size scale. These can be exploited in biomedicine for applications such as imaging,
cell sorting, drug delivery and targeting. Cancer nanomedicine is rapidly becoming one of the leading
areas of promise for cancer therapy, with first-generation treatments already available to patients.

Within this Special Issue, a diverse range of cancer nanomedicines have been discussed,
including the more traditional organic-based systems, such as lipid [1–6], polymer [7–11] and
cyclodextrin-based [12] particulates. Additionally, there are multiple studies from the growing
area of inorganic systems, such as carbon nanomaterials (such as graphene oxide [13,14] and carbon
nanotubes [15]) as well as other more established metallic nanomaterials, such as gold [16,17],
iron oxide [18,19] and silica-based [20,21] systems. Interest into such inorganic systems has boomed
over the last ten years, largely down to their multifunctional capabilities, in imaging [15], photothermal
ability [22,23] or use in radiation enhancement [24]. Within this arena, a new class of nanoplatform has
also developed, which is gaining traction. These platforms can be used for combined diagnostics and
therapy, known as theranostics. The theranostic community is growing rapidly and in this issue a
review of theranostics under development [25] as well a scientific paper [20] have been included.

One of the major challenges in cancer nanomedicine is tumour targeting and penetration.
Conjugation of surface targetingligands, peptides and other molecules are of major focus within this
field [26], including the use of TAT peptides [27], vitamins such as riboflavin [28], integrins [29] and
antibodies [30]. Other issues such as tumour microenvironment also contribute to such challenges,
and discussion on nanomedicine uptake looking at mechanistic evaluations such as shear stress [31],
a hypoxic environment [32] and in overexpressing cell lines [33] have also been included.

Rapid clearance via the immune system has been another barrier historically faced by
nanotechnologies. As such, nanomedicines have been developed that are inspired by or mimetic
of biological systems such as extracellular vesicles [34] and exosomes [35] that exploit the naturally
occurring nano vehicles produced inside the body to extract and repurpose as drug delivery systems.
Other clever systems utilise other biomolecules in order to protect their nanoparticle payload, such as
cloaking with cell membranes [36]. Other systems seek to deliver biomolecules such as siRNA [37,38]
or to elicit an immune response in order to combat cancer [37–41].

Cancers 2020, 12, 2127; doi:10.3390/cancers12082127 www.mdpi.com/journal/cancers1
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Combination therapy has shown major improvement in chemotherapy compared with
monotherapy. With improved tumour retardation, reduced drug resistance and better patient prognosis.
As such, nanomedicines are under development incorporating combination therapies [30,42] in the
hope to further enhance the findings found in small molecule trials, with the protective capabilities
of nanomedicines through targeting techniques in order to reduce the toxic side effects of the potent
compounds attributed to systemic circulation.

As the benefits of nanomedicine for cancer therapy have been realised, the incorporation of such
nanotechnologies has been incorporated into larger-scale macromolecular systems. One such example
is in the use of microbubbles [43]. Here, the nanotechnologies are conjugated onto the microbubble
surfaces and ultrasonic energy is used as a means to cavitate the tumour tissue, allowing for deeper
penetration of the nanomedicines in order for them to deliver their payload at the site of need.

As many of the cancer nanomedicines under development translate further towards the clinic,
investigation on reliable scale-up and manufacture is explored. One technique that is currently
dominating this field, particularly in liposomal development, is microfluidics. In this issue, we
highlight its use in the manufacture of folate conjugated albumin particles incorporating Cabazitaxel [44].
The highly engineered mixing techniques and continuous flow parameters make such technology ideal
for the formulation of cancer nanomedicines in the large batches required for trials and beyond. Work is
ongoing globally into the evaluation of whether microfluidics can be exploited for other nanomedicine
development and formulation.

The exciting advances within this field have led to cancer nanomedicines already being used
clinically today. Sceptics would argue that the translation of nanotechnologies into the clinic have
not matched the initial hype, with opinion included on the current state of the cancer nanomedicine
field [45]. I believe, moving forward, more and more commercial success will be achieved. It is
estimated that the global nanomedicine market will be worth USD 334 billion by 2025, with cancer
nanomedicine dominating in this field. As the science develops and leads us down new avenues,
the findings and their meaning are closely scrutinised and debated within the community. This issue
includes 32 scientific manuscripts, 13 review articles and 1 case report reflecting the hot topics within
this area [1–46].

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In this study, for the first time, we precisely assembled the poly-γ-benzyl-l-glutamate and
an amphiphilic copolymer d-α-tocopherol polyethylene glycol succinate into a mixed micellar system
for the embedment of the anticancer drug doxorubicin. Importantly, the intracellular drug-releasing
behaviors could be controlled by changing the secondary structures of poly-γ-benzyl-l-glutamate via
the precise regulation of the buffer’s pH value. Under neutral conditions, the micellar architectures
were stabilized by both α-helix secondary structures and the microcrystalline structures. Under acidic
conditions (pH 4.0), the interior structures transformed into a coil state with a disordered alignment,
inducing the release of the loaded drug. A remarkable cytotoxicity of the Dox-loaded mixed micelles
was exhibited toward human lung cancer cells in vitro. The internalizing capability into the cancer
cells, as well as the intracellular drug-releasing behaviors, were also identified and observed. The
secondary structures containing Dox-loaded mixed micelles had an outstanding antitumor efficacy in
human lung cancer A549 cells-bearing nude mice, while little toxicities occurred or interfered with
the hepatic or renal functions after the treatments. Thus, these pH-tunable α-helix-containing mixed
micelles are innovative and promising for controlled intracellular anticancer drug delivery.

Keywords: secondary structure; mixed micelle; pH responsive; drug delivery system

1. Introduction

Poly-γ-benzyl-l-glutamate (PBLG), whose structure contains a polypeptide backbone and benzyl
side chains, has attracted extensive interest for its biocompatibility and biodegradability [1]. For
drug or gene delivery systems, PBLG has commonly been conjugated with hydrophilic polymers into
amphiphilic copolymers, where PBLG segments are employed as hydrophobic motifs to stabilize the
carriers [2,3]. Notably, the ordered secondary structure driven by the polypeptide backbone is an
important feature for PBLG [4]. The α-helix and β-sheet secondary structures are discovered under
different conditions. For example, the high molecular weight of PBLG is favored in α-helix structures,
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while PBLG with a low degree of polymerizations tends towards β-sheet alignment [5]. In fact, these
secondary structures are the consequences of the intermolecular or intramolecular hydrogen bond
interactions, and thus the conformations of PBLG would be affected by the environmental milieus. It
has been reported that the solution polarity strongly influences the helix structures of PBLG [6], and
that PBLG showed a helix-coil transformation in different solvents in the presence of an acid, such as
trifluoroacetic acid [7–9]. Notably, the polymers blended with PBLG have the ability to influence the
secondary conformations of PBLG, through either hydrogen bonds or π–π stacking interactions [10,11].
Those performances of the secondary structures would furthermore alter the crystalline alignment of
PBLG and play a critical role in the physical properties of PBLG [12,13].

As PBLG has a high biosafety and unique secondary structures, for the first time we directly
organized the hydrophobic PBLG (M.W. 30–70k Da) with an amphiphilic copolymer d-α-tocopherol
polyethylene glycol 1000 succinate (TPGS) into mixed micelles to convey the anticancer drug doxorubicin
(Dox). In neutral milieus, such as in the blood or physiological conditions after intravenously
administration, the secondary conformation of PBLG within the micellar system is expected to be
present, while in mimetic endo/lysosome acidic condition (pH 4.0), the secondary arrangement would
undergo transitions into a random coil state (Scheme 1). The interior secondary conformations have
been proved by Y. Mochida to stabilize the micellar structures from abrupt disintegration [14]. The
micellar density would be regulated as the transitions of the interior secondary structures occurred,
representing the potential manner of controlling drug delivery [15], and the interior secondary
conformation transitions led to the micelle–vehicle transitions [16]. M. Choi et al. have prepared
β-sheet silk nanofilm and controlled the drug liberation via regulating the secondary structure contents,
identifying the feasibility of a secondary conformational drug delivery system [17].

Scheme 1. A pH tunable secondary structure containing mixed micelles. The mixed micelles comprising
d-α-tocopherol polyethylene glycol 1000 succinate and poly-γ-benzyl-l-glutamate, have interior helix
secondary structures due to the polypeptide backbone of PBLG in the neutral conditions. The inner
helix structures in the neutral condition enabled to stabilize the micellar structures and encapsulate the
anticancer drug doxorubicin. In acidic environment, the secondary structures of mixed micelles would
undergo helix-coil transformation to release drug.

This work is the first study that introduces PBLG into an artificially mixed micelle system for
controlled intracellular anticancer drug delivery. As we have illustrated previously, the amphiphilic
phenolic TPGS and the encapsulated Dox definitely have a predominant impact on both the secondary
structures and the crystalline alignment of PBLG within the micellar system. In addition, the terminus
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of PBLG has a lack of intrahelical hydrogen bonds [8] and is physically incorporated inside the micellar
system, thus the response of PBLG toward external pH environments and the releasing profiles needs
to be comprehensively investigated. Here, the intracellular drug-releasing and the cytotoxicity toward
human cancer cells will also be studied to evaluate the feasibility of these mixed micelles as a novel
pH-responsive drug delivery system.

2. Results

2.1. Preparation and Characterization of pH-Responsive Secondary Structure Contained Mixed Micelles

PBLG and TPGS were weighed at various ratios and dissolved into the N, N-dimethylacetamide
(DMAc). The mixed micelles were thereafter prepared via the solvent exchange method. The particle
sizes and distributions were measured using dynamic laser scattering (DLS) and the results are shown
in Table 1. The critical micellar concentration (CMC) values were also determined using the pyrene
probes, also shown in Table 1. The particle sizes of TPL, comprising the highest ratios of the TPGS,
were 184.0 ± 0.7 nm, and the particle sizes of the mixed micelles which had the lowest ratios of the
TPGS (TPH) were 148.7 ± 1.3 nm. The mixed micelles whose particle sizes were 157.0 ± 3.0 nm
presented equal weight ratios of the PBLG and TPGS. All the micelles exhibited low polydispersity
(PDI) value, representing the monodispersity of these micelles. TPH micelles exhibited not only the
smallest particle size but also the lowest CMC value (5.68x10−4 mg/mL). The CMC value of TPM
(3.22x10−3 mg/mL) was slightly higher than that of TPL mixed micelles (1.29x10−3 mg/mL). The CMC
value was considered as the majority in the stability of the mixed micelles [18]. Therefore, the stability
of these mixed micelles at 37 ◦C was evaluated through the hydrodynamic diameter changes, and
the results are shown in Figure 1a. TPL micelles, whose CMC was higher than TPH mixed micelles,
exhibited relatively significant particle size changes, and the particle size increased until around 205
nm, after incubation at 37 ◦C for 24 h. The hydrodynamic diameters of TPM and TPH did not show
obvious particle size changes, indicating that the TPM and TPH mixed micelles showed a high stability
at 37 ◦C. It is worth noting that the CMC value of the TPM micelle was five times higher than that of
the TPH micelle and even also higher than TPL mixed micelles, while the hydrodynamic diameters
did not significantly increase upon incubation. PBLG was previously reported as folding into specific
secondary structures and the inner secondary structures of the micelles have been identified related to
the particle stability [14,19]. Since the stability was more connected with the PBLG contents, instead of
the CMC value, the role of PBLG in the mixed micellar system was investigated in our study.

Table 1. The particle sizes and distributions of the mixed micelles with various compositions.

Code
Composition (wt%)

Size (nm) PDI CMC (mg/mL)
TPGS PBLG

TPH 25 75 148.73 ± 1.27 0.09 ± 0.03 5.68 × 10−4

TPM 50 50 157.03 ± 3.00 0.09 ± 0.02 3.22 × 10−3

TPL 75 25 184.00 ± 0.72 0.07 ± 0.04 1.29 × 10−3

Note: The particle sizes and PDI (polydispersity) were determined by the dynamic laser scattering (DLS) and CMC
(critical micellar concentration) values were determined by pyrene probe methods.

For the hierarchical conformation analysis of PBLG in these mixed micelles, circular dichroism
(CD) spectroscopy was further applied from the wavelength of 190 to 250 nm to identify the PBLG
participation and its secondary folding. The CD spectra of these mixed micelles with or without
incubation at 37 ◦C for 24 h is shown in Figure 1b. Before incubation at 37 ◦C, the mixed micelles all
exhibited a negative band around 222 nm, as well as a positive band at approximately 195 nm. The
valley around 222 nm represented the α-helix conformation. However, another characteristic negative
peak for α-helix conformation was not observed at 208 nm in the CD spectrum because the randomly
coiled polypeptides also existed [9]. The single minimum spectrum was also observed in all groups,
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while the magnitudes of the 2 bands within the mixed micelles were dependent upon the TPGS and
PBLG ratios. The α-helix conformation contents increased with the increasing PBLG ratios within the
mixed micelles, evidencing the PBLG folding inside the micelles with helical folding, whereas the
increasing TPGS ratios would lead to the random coil state within the inner micellar structures. TPH
exhibited the highest α-helix content among all the micelles, due to the strong magnitude of the valley
at 222 nm. The mixed micelles were further incubated at 37 ◦C for 24 h. The CD spectrum, also shown
in Figure 1b, revealed the weakened magnitude of the negative peak at 222 nm because of the lowering
of the α-helix conformational contents. In particular, for TPL, the random-coiled state was almost
dominant, whereas the helical domains still could be detectable in TPH and TPM mixed micelles. The
results clearly point out that the secondary folding may have the main role in stability.

Figure 1. Stability tests of the mixed micelles incubated at 37 ◦C. (a) The changes of particle sizes
and distribution at both 6 h and 24 h. (b) The CD spectrum of micelles at 24 h for determination of
the secondary structures of the mixed micelles. (c) The XRD pattern and (d) differential scanning
calorimetry analysis of micelles for crystalline alignment evaluation.

Based on the results of the particle sizes and secondary structure featuring in the CD spectrum,
we focused on TPH and TPM mixed micelles to investigate their inner microstructure. The mixed
micellar structures were mainly identified with differential scanning calorimetry (DSC) thermograms
after mixed micelles were incubated at 37 ◦C for 24 h. In the TPGS thermograms in Figure S1 in
the Supporting Information, two endothermal peaks at 40 and 317 ◦C can be observed, representing,
respectively, the melting point (Tm) and the decomposition temperature. The PBLG thermogram shows
one sharp endothermal peak at 311 ◦C, indicating its Tm. However, for TPH and TPM mixed micelles,
after incubation at 37 ◦C for 24 h, the endothermal peaks at 317 and 311 ◦C were undetectable, which
could be attributed to the micelle formation. These results show that the secondary structures within
the micellar structures play a crucial role in micellar stability.
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Despite TPH and TPM mixed micelles having adequate stability in the mimetic physiological
environment, they exhibited subtle distinctions after incubation at 37 ◦C for 24 h according to the
transmission electron microscopy (TEM) images with phosphotungstic acid (PTA) staining (Figure S2 in
the Supporting Information). The core–shell structures could be observed in both TPH and TPM mixed
micelles. However, TPM mixed micelles were observed with relatively loose structures, due probably
to the lower α-helical conformation contents and higher CMC value (Figure 1b). The regular secondary
structures may lead to the formation of liquid crystalline structures [20]; crystalline structures have
been reported in the microphase of PBLG [21] and they would affect the strength and stability of the
micelles [22]. Thus, the crystalline structure induced by helix conformation within the TPH and TPM
mixed micelles was investigated in our study. The crystalline structure within the mixed micelles was
analyzed using an X-ray diffractometer (XRD) and DSC. The XRD pattern of TPH and TPM mixed
micelles in Figure 1c showed 2 peaks at 2θ = 2 and 6, while no peak was detectable for TPL mixed
micelles. The results could be reasonably explained by the secondary architectures. The ordered
α-helix structures in TPH and TPM mixed micelles enabled the formation of the inner crystalline
structure and led to a higher stability. The distinctions of the crystalline microphase between TPH
and TPM mixed micelles from TEM images after incubation at 37 ◦C for 24 h were further identified
via the DSC thermograms in Figure 1d. TPH mixed micelles exhibited 2 sharp endothermal peaks
around 50 and 120 ◦C that indicate the melting temperature, respectively, demonstrating the highly
crystalline structure. The TPM thermogram showed one broad endothermal peak around 132 ◦C
and a sharp endothermal peak at 277 ◦C, demonstrating the interior semicrystalline structure within
TPM mixed micelles. TPH mixed micelles possessed high crystalline alignments, even after being
incubated at 37 ◦C, indicating that micellar structures still could be maintained; although the secondary
structure of TPM mixed micelles still could be detected, only the semicrystalline structure was aligned
within the TPM mixed micelles, inducing the looser structures after 37 ◦C incubation. The secondary
structure could regulate the interior crystalline behaviors of the mixed micelles and further affect the
micellar stability.

2.2. pH Responsiveness of the pH-Responsive Secondary Structure Contained Mixed Micelles

The secondary structure of PBLG was reported as having a responsive ability toward the protons
in solutions. [23]. The pH-responsive behaviors of PBLG could be assumed by tuning the secondary
structures. Since TPH and TPM mixed micelles exhibited little particle size change and high stability,
the pH responsiveness was investigated to evaluate the potential for a pH responsive drug delivery
system. First, the hydrodynamic diameters of TPH and TPM mixed micelles at pH 4.0 condition in 37 ◦C
were examined using DLS, as shown in Figure 2a. TPM mixed micelles increased in particle size upon
incubation. After 6 h incubation, the particle sizes enlarged from around 155 nm to 193.33 ± 1.10 nm,
and the particle sizes kept increasing to 199.30 ± 2.93 nm at 24 h post-incubation. Conversely, TPH
micelles did not exhibit significant particle size changes, even after being incubated for 24 h. The CD
spectrum shown in Figure 2b revealed that the helix conformation of TPH still remained after 24 h of
acidic treatment, while the α-helix structures were undetectable for the TPM micelles. TPM mixed
micelles were also incubated at pH 6.5 condition, which was imitate the tumor tissue environment,
and the CD spectrum were also investigated, shown in Figure S3 in the Supporting Information. The
valley at 222 nm of TPM mixed micelles incubated at pH 6.5 was intermediate between that of mixed
micelles incubated at pH 7.4 and pH 4.0, while the valley was closer than the position of mixed micelles
incubated at pH7.4. The results further identified TPM mixed micelles were sensitive to outer milieus
but in mimetic tumor environment (pH 6.5), TPM mixed micelles possessed similar inner structures to
those in pH 7.4 condition. The XRD pattern was also examined in Figure 2c. The peaks at 2θ = 2 and
6 were canceled in the TPM micelles, while they were still detectable in the TPH micelles. The DSC
thermograms were also evaluated, as shown in Figure S4 in the Supporting Information. For TPM
mixed micelles, the combinational endothermal peaks from 310 to 323 ◦C were detected, resulting
from the TPGS decomposition and the Tm of PBLG. This evidenced the loss of interactions between
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polymers within micelles and the crumbling of the TPM mixed micelles; for TPH mixed micelles,
only one peak at 297 ◦C was observed, possibly showing that only fractional crystalline domains
were disordered.

The crumbling of the TPM mixed micelles was further directly observed using a cryoTEM. The
images are shown in Figure 2d,e. Figure 2d shows the TPM mixed micelles without acid treatment and
the complete micelles can be observed, demonstrating that TPM micelles after incubation at 37 ◦C in pH
7.4 for 24 h can still maintain their architectures. The cryoTEM images in Figure 2e indicate that TPM
micelles collapse after acidic treatment. In addition, the XRD pattern images, as shown in Figure 2f,
also indicate that, after incubation at the neutral condition for 24 h, the spot-like crystalline diffractions
could be discovered within the TPM mixed micelles. The diffraction pattern of the TPM mixed micelles
is represented in the ordered crystalline structure, aligning with the out-of-plane direction [24]. The
crystalline spots disappeared in the XRD pattern image of the acid-treated TPM micelles in Figure 2g,
demonstrating that the crystalline nanodomains in TPM mixed micelles would be disordered at pH 4.0,
in harmony with the results of the XRD pattern in Figure 2c. The gel permeation chromatogram (GPC)
in Figure S5 in the Supporting Information shows that the molecular weight of the mixed micelles
did not change after acidic treatment for 24 h, demonstrating that neither TPGS nor PBLG in the
mixed micelles were degraded by acids. The disordered alignment of PBLG and the inducing micellar
deformation were the main cause for the pH responsiveness of the mixed micelles, whereas the pH
sensitivity of PBLG, however, was mostly neglected in other polymeric micellar systems [1,23,25]. The
pH-tunable secondary structure containing mixed micelles was further studied in application as a
novel drug delivery system.

 
Figure 2. Cont.
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Figure 2. pH-Responsiveness of the mixed micelles. (a) The particle sizes of the TPH and TPM mixed
micelles were measured by DLS in pH 4.0 condition after incubation at 37 ◦C for 6 and 24 h. (b) The CD
spectrum of micelles were conducted to determine their secondary structures. (c) XRD patterns of the
TPH and TPM mixed micelles after acidic treatment for 24 h. A cryoTEM was utilized for morphological
observation of TPM micelles after incubation at pH 7.4 (d) and 4.0 (e) for 24 h. The diffraction images
of TPM mixed micelles at pH 7.4 (f) and pH 4.0 (g) were simultaneous undergone to further conduct
the crystalline alignment. Asterisk markers indicate significant difference in statistics (***p < 0.005).

2.3. Doxorubicin-Loaded Secondary Conformation Contained Mixed Micelles Preparation and Drug-Releasing
Behaviors

TPM mixed micelles have been identified as stable at 37 ◦C and pH responsive at pH 4.0, qualities
which are considered to be underlying principles for a drug delivery system in anticancer therapy.
TPH mixed micelles exhibited high stability at pH 7.4 condition, also indicating potential as a drug
delivery system. Both TPH and TPM mixed micelles were herein chosen to encapsulate the anticancer
drug doxorubicin (Dox) for further study. The anticancer drug doxorubicin hydrochloride was first
reacted with triethylamine (TEA) in DMAc and then dissolved together with PBLG and TPGS, forming
the doxorubicin-loaded mixed micelles (Dox-loaded mixed micelles) through the solvent exchange
procedure. In order to optimize the loading efficiency and drug contents in the mixed micelles, the
various doxorubicin concentrations (50, 100, 250, and 500 μg/mL) were fed into the polymer–DMAc
mixtures for mixed micelles preparation, and the loading doxorubicin was determined using an
ultraviolet–visible light spectrometer (UV-vis spectrometer). The drug contents and loading efficiencies
of TPH and TPM mixed micelles are respectively shown in Figure 3a,b. The drug contents in TPH
mixed micelles remained steadily around 3%, even as the increasing levels of Dox were employed,
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while their loading efficiencies decreased along with the loading concentration. The maximum loading
efficiency was 91.5% when 50 μg/mL of Dox was added. For TPM mixed micelles, the maximum drug
loading efficiency was approximately 80% when 50 μg/mL of Dox was applied, while the drug contents
were 0.5%. The maximum drug content of TPM mixed micelles was almost 2% when 250 μg/mL of
Dox was introduced, while the loading efficiency reduced to less than 10%.

 

Figure 3. Drug loading and releasing behaviors. The anticancer drug doxorubicin (Dox) was
encapsulated into TPH and TPM polymeric mixed micelles. To optimize the drug loading efficiency,
various amounts of the doxorubicin were in-feed and the drug contents and efficiency of TPH (a) and
TPM mixed micelles (b) were determined by a UV-vis spectrum. Simultaneously, CD spectrum of TPH
(c) and TPM (d) micelles were also detected. The drug releasing profiles of these mixed micelles at
37 ◦C in pH 7.4 and 4.0 conditions were also determined using a UV-vis spectrum (e). The CD spectrum
of the mixed micelles after incubation at pH 7.4 and 4.0 conditions for 24 h were also investigated (f).
Asterisk markers represent significant difference in statistics (**p < 0.01).
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The CD spectrum also indicates that the secondary conformations within the TPH and TPM
mixed micelles changed with the loading concentration of Dox in Figure 3c,d, respectively. With
respect to the TPH mixed micelles in Figure 3c, the helix–coil hybrids were detected in various Dox
loading concentrations. However, the helical contents, determined by the valley at 221 nm, decrease
along with the loading concentration. The CD spectrum of TPM mixed micelles in Figure 3d exhibits
distinguishing characteristic peaks upon the addition of Dox loading solutions. Figure 3d shows the
results of when 50 μg/mL of Dox infeed solution was treated with the mixed micelles of an α-helix
conformation, whose valley was detected at 221 nm. As the loading Dox concentration increased
to 100 μg/mL, a helix–coil conformation still could be determined, while the negative peak slightly
moved to 222 nm. As the Dox concentration further increased, toward 250 and 500 μg/mL, the mixed
micelle exhibited two negative peaks at 200 and 220 nm and one positive peak at 192 nm, indicating
the fairly large number of random-coil structures [9]. Considering the loading efficiency as well as the
secondary structures of Dox-loaded mixed micelles, eventually, we chose the 50 μg/mL of Dox in the
feed concentration to fabricate the Dox-loaded TPH and TPM mixed micelles to further study their
drug-releasing profiles.

Figure 3e presents the drug-releasing profiles of Dox-loaded TPH and TPM micelles at 37 ◦C in
pH 7.4 and 4.0 conditions. At pH 7.4, both the mixed micelles released low levels of Dox. After being
incubated at pH 7.4 for 24 h, only approximately 10% of Dox was liberated from TPM mixed micelles,
and 15% of Dox was released from TPH mixed micelles. Meanwhile, Dox-loaded TPM mixed micelles
at pH 4.0 exhibited an abrupt releasing behavior within the first two hours and a continuous releasing
curve until 24 h post-incubation. A total of 40% of the Dox was released from the TPM mixed micelle in
acidic conditions. Regarding the TPH mixed micelles, the drug-releasing behavior at pH 4.0 condition
was nearly close to that at pH 7.4 condition, demonstrating the lack of pH responsiveness of TPH
mixed micelles. The drug-releasing behaviors were considered relevant to the secondary conformation.
The CD spectrum of Dox-loaded TPM mixed micelles in Figure 3f shows that at pH 7.4 for 24 h, the
α-helix conformation remained dominant. After acidic treatment for 24 h, the proportions of the
random coil state increased. The CD spectrum of Dox-loaded TPH mixed micelles also exhibited the
pH responsive alternation in magnitude. However, after acidic treatment for 24 h, the helical domains
of TPH mixed micelles remained more than those of TPH mixed micelles. The result identified that the
alteration of secondary conformation within TPM mixed micelles at various pH conditions could lead
to facilitating drug releasing, whereas the remaining secondary structures of TPH mixed micelles halt
the rapid drug release at acidic condition.

2.4. In Vitro Tests

In this study, we exploited the toxicity of free Dox, Dox-loaded TPH and TPM micelles toward 2
different genomes of human lung cancer cells, including lung squamous cancer cell CH27 and human
adenocarcinomic A549 cells. The cell viabilities of the cells after free Dox and Dox-loaded mixed
micelles treatment was determined using a (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, presented in Figure 4a,b. The cell growth was not inhibited with Dox-loaded
TPH mixed micelles, whereas the cells after treatment with free Dox and Dox-loaded TPM mixed
micelles revealed dose-dependent inhibition. The half-maximal inhibitory concentration (IC50) of free
Dox toward A549 and CH27 cells was approximately 4 μg/mL. The IC50 values of the Dox-loaded TPM
mixed micelles toward A549 and CH27 cells were 4.28 and 6.37 μg/mL, respectively. The bare polymeric
mixed micelles were also treated with human normal fibroblast cells (Detroit 551 cells). The treated
concentration of the bare polymeric mixed micelles was adjusted based on the drug contents, and the
cell viability of the bare polymeric mixed micelles was also determined using MTT assay. The results of
TPH and TPM mixed micelles, in Figure 4c and Figure S6 in the Supporting Information, point out that
very low toxicity of the mixed micelles was detected. The cell death was less than 10% when the cells
were treated with 1 mg/mL of the bare TPM mixed micelles. When the cells were treated with 2 mg/mL
of the bare TPM mixed micelles, the cell viability was still over 85%. Detroit 551 cells exhibited 90%
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survival rate after being treated with 0.36 mg/mL of bare TPH mixed micelles, and when the cells were
treated with lower levels of bare TPH mixed micelles, the cytotoxicity was hardly detected. In order to
confirm the cytotoxicity of the Dox-loaded TPH and TPM micelles, another carcinoma was also tested.
The cytotoxicity of human colon cancer cells HCT116 was detected to evaluate the doxorubicin efficacy
toward cancer cells with an MTT assay, shown in Figure S7 in the Supporting Information. Dox-loaded
TPH mixed micelles still exhibited very low toxicity toward cancer cells. The IC50 of the HCT116 cells
given with free Dox and Dox-loaded TPM mixed micelles was around 10 mg/mL, higher than that
of the human lung cancer cells. Cancerous cells tolerated the anticancer agent doxorubicin distinctly
from other cellular types. Therefore, this result firmly indicates that the doxorubicin was physically
encapsulated into TPM micelles and dominated the tumor inhibitory effects toward different cancer
cellular type, instead of the TPM mixed micelles. In this study, the human lung cancer cells A549
exhibited a great response to free Dox and Dox-loaded TPM mixed micelles. Herein, the human lung
cancer cells A549 were primarily tested in our advancing assessment.

The in vitro cytotoxic tests show interesting results in Dox-loaded TPH and TPM mixed micelles.
Dox-loaded TPM mixed micelles exhibited tumor inhibitory effects in lung and colon cancer cell
lines, while Dox-loaded TPH mixed micelles did not show any cytotoxicity, even when the same Dox
concentration within the mixed micelles was given. To further investigate the cytotoxic mechanism, the
endocytosis and intracellular drug-release behavior were evaluated. For internalizing the investigation
into cancer cells, a fluorescent dye, 5,6-carboxyfluorescein succinimidyl ester (Fluorescein-NHS ester),
was conjugated onto the TPH and TPM mixed micelles and treated with the human lung cancer cells
A549, and the intracellular fluorescence was determined using flow cytometry. Prior to Fluorescein
conjugation, the TPGS was first modified into TPGS-NH2. The terminal hydroxyl group of TPGS
reacted with the carboxylic groups in cysteine via ester linkage, as Figure S8a in the Supporting
Information presents. After purification, the modified TPGS-NH2 was characterized by a hydrogen
nuclear magnetic resonance (1H-NMR) and Fourier transform infrared spectroscopy (FTIR), shown
in Figure S8b in the Supporting Information. The conversion rate of the TPGS-NH2 was around
72.2%, calculating from the ethylene groups (-CH2CH2-) on the PEG segments in TPGS at 3.5–3.65 ppm
and the methyl group (-CH2-) on the cysteine at 3–3.1 ppm. The FTIR spectrum in Figure S8c in the
Supporting Information shows a peak at 1541 cm−1, representing the N–H bending at the modified
TPGS-NH2 polymer [26]. The amine groups were thus successfully modified onto the TPGS for
fluorescent dye labeling.

The TPGS-NH2 polymer was assembled with PBLG into TPH and TPM polymeric mixed micelles
using the solvent exchange method, as mentioned above. The amide bonds in these mixed micelles
were reacted with the NHS ester groups in Fluorescein. In order to dismiss the cell abnormality
and fluorescent interference from Dox, only bare TPH and TPM mixed micelles were labeled with
Fluorescein dye. After removal of the excess Fluorescein dye, the fluorescence in TPH and TPM mixed
micelles was adjusted until it was the same, and the Fluorescein-labeled TPH and TPM mixed micelles
were treated with human lung cancer A549 cells for 1 and 3 h. The result in Figure 4d shows that the
fluorescence intensity increased with the incubation time. The fluorescence intensity increased by 10
times after the cells were treated with Fluorescein-labeled TPM mixed micelles for 1 h, whereas 19-fold
fluorescence intensity was detected in cells when treated with Fluorescein-labeled TPH mixed micelles.
The fluorescence intensity increased to 13-fold at 3 h post-treatment with Fluorescein-labeled TPM
mixed micelles, and the increasing fluorescence intensity represented the internalization of mixed
micelles into lung cancer cells. The fluorescence within A549 cells slightly increased when the cells were
treated with Fluorescein-labeled TPH mixed micelles and incubated for 3 h. The overall fluorescence
intensity of cells treated with TPH mixed micelles was higher than that of cells treated with TPM
mixed micelles.
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Figure 4. In vitro tests for Dox-loaded micelles contained secondary structures. Inhibitory effects
of the free Dox, Dox-loaded TPM and Dox-loaded TPH micelles after incubation with human lung
cancer CH27 (a) and A549 cells (b) after 24 h. (c) Cytotxicity of the bare TPM micelles toward human
normal cells Detroit 551. (d) Fluorescent intensity of Fluorescein-labeled Doxed-loaded mixed micelles
within human lung cancer cells A549. (e) The intracellular drug releasing behaviors of Cy 5.5-labeled
Dox-loaded TPM micelles in human lung cancer A549 cells were also observed. The fluorescent dye
Cy 5.5-labeled Dox-loaded TPM mixed micelles were co-cultured with A549 cancer cells. After 1 and
3 h treatment, the cells were washed with PBS. The lysosomes and cell nucleus were respectively
labeled with fluorescent dye lysotracker and DAPI. The fluorescence within cancer cells after 1 and
3 h incubation was detected using a confocal laser scanning microscopy (CLSM). The Dox and Cy 5.5
fluorescences were respectively present in red and grey in the CLSM images, and the fluorescences of
lysotracker and DAPI were shown in green and blue (**p < 0.01).
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Since the mixed micelles have the ability to be internalized into human lung cancer A549 cells,
and cytotoxicity toward cancer cells caused from TPH and TPM mixed micelles is totally different,
the intracellular drug-release behaviors in our study are further discussed. The Dox intracellular
releasing was observed using confocal laser scanning microscopy (CLSM). The modified polymer
TPGS-NH2 was assembled with PBLG and the anticancer drug Dox. Later, the fluorescent dye cyanine
5.5 (Cy 5.5) was labeled onto the Dox-loaded mixed micelles following the previous methods. Before
treatment, the Cy 5.5-labeled Dox-loaded TPH and TPM mixed micelles were adjusted based on the
Dox concentration. Thereafter, Cy 5.5-labeled Dox-loaded mixed micelles were treated with A549
cells for 1 and 3 h. The cells were further stained with fluorescent dye, including lysotracker Red
DND-99 and 4′,6-diamidino-2-phenylindole (DAPI), to respectively symbolize the cellular lysosomes
and nuclei. The fluorescence of Cy 5.5 dye and the anticancer drug doxorubicin is presented in grey
and red colors, respectively, in Figure 4e, whereas the fluorescence for determining lysosome and cellar
nuclei is presented in green and blue colors, respectively. Figure 4e shows the Cy 5.5 fluorescence
overlapping with the lysosome fluorescence after 1 h incubation, in agreement with the internalization
of Dox-loaded TPH and TPM mixed micelles. The higher fluorescence intensity of Cy 5.5 fluorescence
was observed in cells treated with Cy 5.5-labeled Dox-loaded mixed micelles because the higher levels
of modified TPGS-NH2, which enabled conjugation with fluorescent dye Cy 5.5 and the TPM micelles.
After Cy 5.5-labeled Dox-loaded TPM mixed micelles were co-cultured with cells for 3 h, the red colors
can be significantly observed as overlapping with the fluorescence of Cy 5.5 (grey) and lysosomes
(green). This demonstrates that mixed micelles moved toward lysosomes and the Dox was released.
The Dox-loaded TPM mixed micelles were able to release their payloads at the acidic environment
(pH 4.0), as the acidity of the lysosome may lead to the secondary conversion, intracellularly liberating
the Dox. However, the intracellular drug-releasing behavior was not witnessed in cells incubated
with Cy 5.5-labeled Dox-loaded TPH mixed micelles for 3 h. Weak Dox fluorescence (red) overlaps
with the fluorescence of the lysosome (green), indicating only little Dox was released from TPH mixed
micelles, even though the Cy 5.5 fluorescence on TPH mixed micelles increased upon incubation time.
The CLSM images could clearly interpret the different intracellular drug-releasing behaviors between
the TPH and TPM mixed micelles that primarily affect the cytotoxicity of Dox-loaded mixed micelles
toward cancer cells. The severe cytotoxicity of Dox-loaded TPM mixed micelles determined from MTT
assay could be recognized as the consequence of the internalization and intracellular drug-releasing
behaviors of the Dox-loaded mixed micelles. Eventually, Dox-loaded TPM mixed micelles, which have
ability to inhibit cancer cell growth by intracellular drug releasing, were selected to further perform
the in vivo tests for anticancer feasibility.

2.5. Tumor Accumulation and In Vivo Antitumor Efficacy

The tumor accumulating behaviors were surveyed in this study by A549 cells-bearing nude mice
models. Human lung cancer A549 cells were xenografted onto the back of the 4 week old female nude
mice. Mice were provided by National Laboratory Animal Center (NLAC), NARLabs, Taiwan. When
the tumor volume reached 50–100 mm3, the mice were intravenously injected with Cy 5.5-labled TPM
mixed micelles. At 30 min and 6 h post-injection, the Cy 5.5 fluorescence in mice was observed using
IVIS, shown in Figure 5a. The Cy 5.5 fluorescence was observed spreading over the A549 bearing nude
mice after 30 min injection. At 6 h post-administration, the Cy 5.5 fluorescence was mainly deposited
in the tumor sites, showing that the TPM micelles were stably prone to accumulating in the tumors.
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Figure 5. In vivo evaluation of the secondary structure contained mixed micelles. (a) The optical
florescence of human lung cancer A549 bearing nude mice at post 30 min and 6 h injection with
Cy5.5-labeled TPM micelles. The fluorescent intensity of the tumor marked. (b) Antitumor efficacy
in A549 cells-inoculating nude mice. The tumor-bearing nude mice were divided into 3 groups and
independently intravenously administered with PBS, doxorubicin and Dox-loaded mixed micelles at a
10 mg/kg/mL of Dox equivalent dosage each time. Total three dosages were given, present in arrows.
The tumor sizes were monitored and the comparison with each group was statically analysis. The
asterisk markers represented the statically significant differences (*p < 0.05 and **p < 0.01). (c) After
20 d treatment, the mice were sacrifice and the tumor tissues were collected and photographed.

The A549 cells-bearing nude mice models were also employed to realize the tumor inhibition
of Dox-loaded TPM mixed micelles in vivo. When the tumor volume grew to 50 mm3, the
tumor-inoculated mice were separated into 3 groups, with 3 mice per group. The mice in these
3 groups were independently intravenously injected with PBS (named control), free Dox (10 mg/kg)
and Dox-loaded TPM micelles (10 mg/kg, adjusted on the Dox concentration) at days 0, 3, and 6. The
tumor sizes of these mice were measured and recorded, as presented in Figure 5b. The tumor sizes
of the mice in the control group increased over time. Twenty days later, the average tumor sizes
grew two times bigger than those at day 0. The tumor growth in those mice treated with free Dox
was retarded at first. At day 3 and 6, the tumor sizes approached those in mice administered with
Dox-loaded TPM micelles. However, the rates of tumor growth increased when free Dox was not
affordable to those mice and, after day 8, the tumor sizes were significantly larger than those in mice
treated with Dox-loaded TPM micelles. At 20 d post-first injection, the tumor sizes enlarged 1.2-fold.
The tumor growths of those mice applied with Dox-loaded TPM mixed micelles were inhibited during
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these 20 days. Before day 10, the tumor sizes dramatically reduced due to the continuous Dox-loaded
micelles administration. Thereafter, the tumor sizes slightly increased, but the tumors grew slowly.
The tumors were collected and photographed after the mice were sacrificed at day 20, in Figure 5c.
The tumors from the mice treated with Dox-loaded TPM micelles were the smallest among all the
specimens. That could be explained by the efficient tumor deposit of the Dox-loaded TPM micelles
and Dox intracellularly release.

The body weights of all the mice were also monitored and the results did not exhibit the statistical
significance. However, in order to further evaluate the biosafety, blood samples were also collected
at day 20 and the biochemical indexes were examined, in particular for renal and hepatic functions.
The hepatic functions could be evaluated through glutamic–oxalocetic transaminase (GOT) and
glutamic–pyruvic transaminase (GPT) indexes, whereas the renal functions could be assessed with
blood urea nitrogen (BUN) and creatinine values. The examination results are shown in Table 2. The
normal references for GOT and GPT in mice were 28–132 U/L and 59–247 U/L, respectively [27]. The
GOT values in mice with a PBS injection (control group) were 216 ± 43 U/L on average, whereas
the GOT average values in mice applied with free Dox were 225 ± 50 U/L and those in mice with
Dox-loaded TPM miceller treatment were 187 ± 43 U/L. The GOT values were all higher than the
normal indexes. The GPT values for the mice in the control, free Dox and Dox-loaded TPM micelles
groups were 91 ± 21, 95 ± 11, and 90 ± 26 U/L, respectively. The BUN values of all the mice in the
control, free Dox and Dox-loaded TPM micelles groups were approximately 31 mg/dL on average.
Nevertheless, the normal value of the BUN ranged from 17 to 28 mg/dL [27] and the BUN of all
mice was a little higher than the normal range. Another biochemical index creatinine was utilized to
evaluate the renal function. The creatinine values in all mice were around 0.4 mg/dL, while the normal
creatinine value is 0.2–0.8 mg/dL [27]. According to the renal and hepatic functional indexes and the
body weight, Dox-loaded TPM micelles did not cause severe damage to the kidney and liver, which
are considered to be affected by nanoparticles [28,29].

Table 2. Hepatic and renal function evaluation.

Code
Hepatic Function Renal Function

GOT (U/L) GPT (U/L) BUN (mg/dL) Creatinine (mg/dL)

Control 216 ± 43 91 ± 21 32 ± 3 0.42 ± 0.03
Free Dox 226 ± 50 95 ± 11 31 ± 3 0.39 ± 0.06

Dox-loaded TPM
micelle 187 ± 42 90 ± 26 31 ± 2 0.36 ± 0.05

3. Discussion

In this study, the mixed micelles containing secondary structures were prepared. The secondary
conformation of PBLG has been reported as being affected by blended polymers via hydrogen or
π–π stacking interactions [10,11]. In a mixed micellar system, R. Mondal et al. further identified
amphiphilic copolymers to have the ability to influence the secondary structures [30]. J. Atkinson
illustrated that amphiphiles assist the secondary folding [31]. S. Kuo et al. also indicated that phenolic
polymers induce the intramolecular hydrogen interaction formation and affected the helix ratios when
blending with PBLG polymers in solid state [10]. In our study, the mixed micelles were identified
by the DSC analysis, as shown in the Supporting Information, identifying the participation of the
amphiphilic TPGS and hydrophobic PBLG in the micelles. The CD spectrum in Figure 1b showed
the helix-coil characteristic peaks of all mixed micelles, representing that PBLG still could fold into
secondary structures in existence with amphiphilic TPGS in a mixed micellar system. The magnitude
of the 222 nm valley negatively increased upon the introduction of the PBLG to the mixed micellar
system, indicating that the helix structures dominantly came from PBLG and the insertion of TPGS
may interfere the helical arrangement in our mixed micellar system.

18



Cancers 2020, 12, 503

Generally, the lower CMC value may increase the stability of the micelles. In this study, the highest
contents of the PBLG in mixed micelles exhibited the lowest CMC value and better stability (TPH
mixed micelles), because of the highest ratio of the helical conformation, in consistency with the results
from J. Ding et al. [32]. However, TPM mixed micelles, having the lowest CMC value, rather exhibited
high stability, due to the α-helix conformation. The ordered secondary structures may facilitate the
crystalline alignment, as S. Funari et al. reported, due to the reduction of the elastic properties in
polymers [33], whereas the crystalline microphase of the hydrophobic segments plays a determinant
role in micellar stability [34]. The concentrated PBLG, as comprising in a micellar system, induced the
crystalline alignment [35]. Therefore, it is not surprising to discover the crystalline formations by XRD
analysis within a mixed micellar system, in Figure 2c,f [35]. In our case, the crystalline structure would
align in a lamellar manner and grow out-of-plane [24]. WARD results show that 2 θ = 2 and 6, showing
that the distances between the α-helices of the PBLG and the pitch length of α-helices were 4.415 and
1.472 nm, respectively. The latter value was close to that reported by S. Kuo et al., identifying the
α-helix conformation of PBLG in the mixed micelles; the former was much larger than that reported by
S. Kuo et al., resulting from the TPGS random coil insertion into the mixed micelles [35]. Although the
crystallinity and secondary structures were embedded inside the mixed micelles, based on pevious
studies from S. Funari et al., the crystalline core of the mixed micelles still could respond to outer
temperature stimuli [10]. Y. Mochida et al. also announced that the helix core bundled inside the
micelles could still release the payload in response to the external conditions [14]. The reducing or
disappearing secondary structures and core crystalline as R. Sallach et al. indicated, led to a loosening
of the density of the micellar core and the releasing of the payloads [15]. In Figure 1b, the mixed micelles
could be discovered their rearrangement of inner structures in response to outer temperature by the
alternation in magnitude of secondary structure. Further, in Figure 2b,c, the inner secondary structures
as well as crystallinity responded to the pH values of outer environment. For PBLG, the secondary
structures or crystalline alignments were reported being influenced by the protonation toward the
environments, though the mechanism is not completely clear [8,9]. Nevertheless, the pH sensitivity of
PBLG was mostly neglected or seldom discussed in other polymeric micellar systems [1,23,25]. This
might be because the terminus of PBLG was modified or conjugated onto another hydrophilic polymer
in most drug or gene delivery systems. T. Itoh et al. indicated that the terminus of PBLG and the
neighboring carboxylic or amine regions lack intrahelical hydrogen bonds, leading to the helix coil
interconversion in response to the environment [8]. In our study, the terminals were embedded within
the micellar structure, hence exerting significantly pH-responsive properties in the mixed micelles.

Small molecules of doxorubicin were encapsulated in the mixed micelles. The effect of the small
molecules on the secondary structures was inconclusive [36,37]. Small amount of Dox led to the
negatively increments in magnitude at 222 nm in the CD spectrum, showing the helix contents increased
after Dox loading into the mixed micelles, in comparison of the bare mixed micellar carrier. That could
be attributed to the π–π stacking interactions between the doxorubicin and the hydrophobic core of
the mixed micelles. However, the CD spectrum in Figure 3c,d also indicates that high levels of Dox
encapsulation led to the reduction of helical alignment within the mixed micelles. In our study, only a
little Dox leaked from the mixed micelles at pH 7.4, according to the drug releasing profiles, as shown in
Figure 3e, while in most mixed micellar system, particularly composed of TPGS, burst release occurred
within the first 4 h [38,39]. Less drug leakage of our mixed micellar system in neutral conditions could
be attributed to the crystalline core [34,40,41], aligned from the PBLG’s secondary conformation. In
a pH 4.0 environment, the secondary structures in Dox-loaded TPM mixed micelles, as well as the
crystalline alignments, were driven into disorder. Dox-loaded TPH mixed micelles, which possessed
highly crystalline alignment at the core, however, did less response to the environmental pH values,
because their crystallinity could not be regulated by the environmental pH, probably. The crystalline
microphase inside a drug carrier, as J. Jeong et al. reported, would reduce the Dox diffusion out of the
drug carriers and hence retard the drug release [42]. Consequently, the drug could be released from
the semicrystalline mixed micelles (TPM mixed micelles) in pH 4.0 faster than in pH 7.4.
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Doxorubicin is currently applied in lung and colon cancers in clinic [43–45]. In our study, the
cytotoxicities of the Dox-loaded mixed micelles toward human lung cancer cell lines A549, CH27,
and human colon cancer cell line HCT116 were independently evaluated by MTT assay. Among all
the cells tests, A549 cells superiorly sensitize with Dox-loaded TPM mixed micelles, while the IC50

values of the both human lung cancer cell lines were similar, as shown in Figure 4b. The reason for this
might be the rapid internalization or the fast-intracellular drug release. Human colon cancer HCT116
cells, which are considered to be less response to doxorubicin [45], exhibited the lowest cell death
among the three cell lines (in the Supporting Information). The results prove that the doxorubicin
was physically encapsulated into mixed micelles. Considering the future application, we focus on the
A549 cell line, which was the most sensitive cells among these three cell lines to deeply investigate.
Notably, Dox-loaded TPH mixed micelles were also treated with these cell lines, while almost no
cytotoxicity was shown and the reasons were further studied. The internalization of the mixed micelles
into A549 cells was investigated. Numerous studies have revealed that a well-defined conformation
peptide chain exhibited a cell penetrating ability [46–48]. The mixed micelles in this study could be
detected as rapidly entering into cancer cells by flow cytometry, as Figure 4d shows. TPH mixed
micelles, having high contents of the helical structures, showed faster uptake into A549 cells than
TPM micelles. M. Oba et al. further identified that the secondary conformation is altered during
endocytosis [49], demonstrating that the inner secondary structures within the mixed micelles are
altered with the pH values during internalization. The CLSM images in Figure 4e show that the
doxorubicin is liberated from TPM mixed micelles during endocytosis, due to the disordered secondary
folding and the disruption of the crystalline alignment in response to pH values. However, Figure 4e
indicates that little Dox could be released from TPH mixed micelles in the process of internalization.
This could account for their lack of secondary structure regulation and crystallinity. The in vitro results
pictured show that the Dox-loaded mixed micelles could be taken up by cancer cells and the payloads
would be intracellularly released.

The tumor accumulating behaviors of the mixed micelles were also investigated. The mixed
micelles were able to rapidly accumulate in tumor tissue, while at 6 h post-administration, most
mixed micelles were observed as being eliminated from mice. Y. Noguchi demonstrated that
N-(2-hydroxypropyl) methacrylamide (HPMA) macromolecules also revealed a rapid tumor deposit
within 10 min. After 6 h, some of them, in particular lower molecular weights of the macromolecules,
would be totally perfused into the blood and clearance [50], while the higher molecular weight
copolymers, which were later proved as having better tumor anti-proliferation [51], accumulate
mainly at the tumor site. Our secondary conformation containing mixed micelles which were mainly
observed as being deposited in the tumor tissues after 6 h treatment, illustrating their potential in
antitumor treatment. The in vivo antitumor inhibition identified the efficient antitumor effects. After
treatment, although the hepatic index GOT and the renal index BUN of all mice were higher than the
normal references, there was, notably, no significant difference between the groups, showing that the
abnormalities were not launched from the Dox treatment. In our system, the crystalline core efficiently
prohibited the burst release [38,39], retaining more active drugs being transported into the tumors. As
the mixed micelles containing the secondary structures have shown exceptional antineoplastic efficacy
in vitro and in vivo with low toxicity, the novel micelles would be worth being further developed.

4. Materials and Methods

4.1. Materials

Poly-γ-benzyl-l-glutamate (PBLG) (M.W. 30,000–70,000), d-α-tocopherol polyethylene glycol 1000
succinate (TPGS), triethylamine (TEA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
MTT reagents were obtained from Sigma-Aldrich Co., LTD (St. Louis, MO, USA). ACS-grade organic
solvents including N, N-dimethylacetamide (DMAc) and tetrahydrofuran (THF) were respectively
purchased from Duksan pure chemicals (Ansan City, South Korea) and Merck (Darmstadt, Germany).

20



Cancers 2020, 12, 503

Chemical reagent 4-dimethylaminopyridine (DMAP) was purchased from Alfa Aesar (Lancashire,
UK) and doxorubicin hydrochloride (Dox-HCl) was purchased from Tokyo Chemical Industry Co.,
LTD (Tokyo, Japan). Phosphotungstic acid (PTA) for TEM staining was prepared from sodium
phosphotungstate hydrate, which was acquired from Acros Organics (Geel, Belgium). Fluorescent
dye lysotracker Red DND-99 and 5,6-carboxyfluorescein succinimidyl ester (Fluorescein-NHS ester)
were both purchased from Thermo Fisher Co., Ltd. (Waltham, MA, USA). The other fluorescent dye
cyanine 5.5 NHS ester (Cy 5.5-NHS ester) was obtained from Lumiprobe (Hunt Valley, MD, USA).
Fluorescence 4′,6-diamidino-2-phenylindole contained mounting medium (DAPI-containing mounting
medium) was purchased from Cisbio (Parc Marcel Boiteux, France). The animal tests were approved
by Institutional Animal Care and Use Committee (IACUC approval number: CMUIACUC-2018-154-1)
in China Medical University. The materials in our animal tests, including Matrigel and isoflurane were
respectively obtained from Merck (Darmstadt, Germany) and Panion and BF Biotech. Inc. (Taiwan).

4.2. Preparation and Characterizations of TPGS/PBLG Polymeric Mixed Micelles

Polymers including PBLG and TPGS were weighed at various ratios and dissolved with DMAc
(8 mL totally). The solutions were placed into the dialysis bags (M.W. C.O. 1k) and dialyzed against
deionized water at room temperature with changing water for 6 times, forming TPGS/PBLG polymeric
mixed micelles. After dialysis, the particle sizes of TPGS/PBLG polymeric mixed micelles were
determined using dynamic laser scattering (DLS) (Malvern ZS90).

Hydrophobic fluorescent probe pyrene was dissolved into acetone (6 × 10−5 M) and diluted with
deionized water until it reached 1.2 × 10−6 M. The organic solvent acetone was evaporated using a
rotary evaporation machine. Simultaneously, polymers including PBLG and TPGS were, dissolved
into THF and prepared into 2 mg/mL of polymer solutions. The solution was slowly added into the
deionized water and the organic solvent THF was eliminated using a rotary evaporation machine.
The PBLG and TPGS solution were thereafter diluted and mixed together under the ratios of micellar
components. The polymers were serially diluted from 0.5 to 9.6 × 10−4 mg/mL. The diluted polymer
solution was then taken and mixed with the equal volume of the pyrene solution. After being stored in
a dark place for 1 d, the fluorescence intensities of these solutions were measured with a fluorescence
reader (SpectraMax iD3). The wavelengths at 337 nm (I337) and 335 nm (I335) were utilized for excitation
and the fluorescence wavelength at 393 nm was detected.

The secondary structures of the TPGS/PBLG polymeric mixed micelles were characterized by
the circular dichroism spectrum (CD spectrum) (JASCO J-815 spectropolarimeter). The crystalline
alignment was characterized using a high-resolution x-ray diffractometer (HRXRD) (Bruker D8 SSS)
and assessed by a differential scanning calorimetry (DSC) (Netzsch 200F3) from 30 ◦C to 350 ◦C with
the nitrogen flow.

4.3. Stability and pH Responsive Behaviors

The polymeric mixed micelles were independently incubated at 37 ◦C in pH 7.4 and pH 4.0
conditions. At 6 h and 24 h later, the hydrodynamic diameters of the polymeric mixed micelles were
measured by DLS. The chemical or physical interactions within micelles were also determined by gel
permeation chromatography (GPC) after incubation at different pH value after 24 h. The secondary
structures after 6 h and 24 h incubation were simultaneously predicted using the CD spectrum. The
crystalline alignment was determined by HRXRD and DSC analysis. The polymeric mixed micelles
were incubated with pH 7.4 and pH 4.0 conditions, respectively. After 24 h, the polymeric mixed
micelles were dropped onto the copper grid and stained by 1 wt% of phosphotungstic acid (PTA). After
the removal of the excess sample and staining reagents, the copper grids were dried and stored at room
temperature. The morphologies of the polymeric mixed micelles were observed using transmission
electron microscopy (TEM) (JEOL JEM-1400) with the accelerated voltages. The samples were also
frozen with liquid methane and observed using cryo-electron microscopy (CryoEM) (FEI Tecnai G2
F20 TWIN).
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4.4. Drug Loading and Releasing Behavior Study

The anticancer drug doxorubicin (1 mmole) was dissolved into DMAc and TEA was added into
the solutions. The solutions were stirred and reacted for 2 h. After 2 h, the anticancer drug doxorubicin
was weighed and dissolved into DMAc with the TPGS and PBLG. The solutions were thereafter
placed into the dialysis bags (M.W. C.O. 1k) and dialyzed against deionized water. After dialysis, the
Dox-loaded polymeric mixed micelles were collected and stored at 4 ◦C.

Dox-loaded mixed micelles were placed into an ultracentrifugal tube (M.W.C.O 10 k) (Pall
Corporation, Port Washington, NY, USA) and their pH values were adjusted to 7.4 or 4.0 using 0.1 M of
HCl aqueous solution. The ultracentrifugal tube was placed at 37 ◦C under shaking. At 1, 2, 4, 6, 12 and
24 h post-incubation, the releasing doxorubicin was collected after centrifugation. The concentration of
doxorubicin was detected using an ELISA reader (Biotek Synergy HT) at 488 nm wavelength. The
secondary conformation of the Dox-loaded mixed micelles was also monitored using CD spectroscopy.

4.5. In Vitro Cytotoxicity Assessment

The cytotoxicity toward human cancer cells was assessed using MTT assay. Human squamous
lung cancer CH27, epithelial lung cancer A549 and colon cancer HCT116 cells (1 × 105 cells/mL) were
seeded each well in a 96-well plate and incubated at 37 ◦C with 5% CO2 supply. As the cells attached,
the cells were treated with predetermined concentrations from 10.00 to 0.63 μg/mL of free Dox and
Dox-loaded mixed micelles with sequential dilutions 0.63, 1.25, 2.5, 5.00, and 10.00 μg/mL. After being
co-cultured for 24 h, the excess free Dox solution and Dox-loaded mixed micelles were removed
and the cells were washed with PBS twice. The MTT reagent was applied and the enzyme-linked
immunosorbent assay (ELISA) reader (Biotek Synergy HT) was utilized for cell viability determination.

In addition, the cytotoxicity of the bare polymeric mixed micelles was also determined by MTT
assay. Human normal fibroblast cells Detroit 551 were (1 × 105 cells/mL) seeded each well in a 96-well
plate and placed at 37 ◦C with 5% CO2 supply. When the cells attached onto the plate, the bare TPM
polymeric mixed micelles (0.13, 0.25, 0.5, 1.00, and 2.00 mg/mL) and TPH (0.02, 0.05, 0.09, 0.18, and
0.36 mg/mL) micelles were treated with Detroit 551 cells and the cells were incubated at 37 ◦C with 5%
CO2 supply. Twenty-four hours later, the bare polymeric mixed micelles were eliminated and cells
were washed with PBS twice. The MTT assay was also utilized for cytotoxic assessment.

4.6. Internalization and Intracellular Drug Releasing Observation

In order to label the fluorescence, TPGS was modified into amine groups after reacting with
the cysteine via ester bond conjugation. The modification of TPGS was performed by the following
method: TPGS (1 mmole) and cysteine (1 mmole) were weighed and dissolved with deionized water in
sample vials. DMAP (0.1 mmole) and EDC (0.3 mmole) were also dissolved into deionized water and
slowly added into the TPGS and cysteine mixtures. After stirring at 25 ◦C for 24 h, the TPGS solution
was passed through the PD-10 desalting column for purification. The products were characterized by
1H-NMR and FT-IR.

The prepared TPGS-NH2 and PBLG were dissolved into the DMAc. The solutions were prepared
for polymeric mixed micelles using solvent exchange methods, as mentioned above. The polymeric
mixed micelle solutions were collected and mixed with the fluorescent dye Fluorescein-NHS ester at
25 ◦C for 24 h. Afterwards, the micellar solution was placed into a dialysis bags (M.W.C.O 6–8 k) and
dialyzed against deionized water for purification. The Fluorescein-labeled polymeric mixed micelles
were collected and stored at 4 ◦C.

Human lung cancer cells A549 (1 × 106 cells/mL) were seeded onto the 6-well plate. As the cells
attached onto the plate, the Fluorescein-loaded polymeric mixed micelles were treated with the A549
cells at 37 ◦C with 5% CO2 supply. After 1 and 3 h incubation [52], the excess Fluorescein-loaded
polymeric mixed micelles were removed and the cells were washed with phosphate buffering saline
(PBS) twice. The cells were thereafter collected using centrifugation. The harvested cells were placed
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into testing tubes on ice. Thereafter, 1 × 104 cells were randomly chosen and the Fluorescein intensity
was determined using flow cytometry (BD FACS Canto, East Rutherford, NJ, USA) [53] to evaluate the
internalization of the mixed micelles.

TPGS-NH2 was further assembled into polymeric mixed micelles with PBLG and doxorubicin,
following the methods described above. After the dialysis, the polymeric mixed micelles were mixed
with the fluorescent dye Cy 5.5-NHS ester at 37 ◦C with stirring for 24 h. The excess Cy 5.5-NHS
ester was eliminated by dialysis. Human lung cancer cells A549 were seeded onto a 6-well plate.
As the cells attached, the Cy 5.5-labeled Dox-loaded polymeric mixed micelles were incubated with
the cells at 37 ◦C with 5% CO2 supply. At 1 and 3 h post-treatment, the Cy 5.5-labeled Dox-loaded
polymeric mixed micelles were removed and the cells were washed with PBS thrice. The fluorescent
dye lysotracker Red DND-99 (1 μM) was treated with A549 cells for 1 h at 37 ◦C with 5% CO2 supply.
After treatment, the excess lysotracker fluorescent dye was removed. After washing the cells using PBS
thrice, the cells were fixed with 4% of paraformaldehyde. Twenty min later, the cells were washed with
PBS and the cells were mounted with DAPI-containing mounting medium. The cells were observed
using confocal laser scanning microscopy (CLSM) (Leica TCS SP 8, Germany). The fluorescences of Cy
5.5 and lysotracker Red DND-99 were detected using the excitation wavelength at 633 nm and 570 nm
and the emission wavelength at 650 nm and 590 nm, respectively. The fluorescence of doxorubicin was
observed at the excitation wavelength of 488 nm and the emission wavelength of 520 nm. DAPI was
observed using the approximate excitation and emission wavelength, preset in the equipment.

4.7. Tumor Deposit and In Vivo Antitumor Efficacy

The xenografted human lung cancer A549 cells nude mice model was established to assess the
tumor accumulating behaviors and the in vivo antitumor efficacy. Human lung cancer A549 cells
(1 × 107 cells/mL) were homogenously mixed with an equal volume of Matrigel solution and the
mixture (0.1 mL) was subcutaneously transplanted into the back of each mouse. As the tumor volume
achieved 500 mm3 or above, the tumor-inoculated nude mice were intravenously administered with
Cy 5.5-labeled TPM mixed micelles. At 30 min and 6 h post-injection, the mice were anesthetized with
1.5% of isoflurane and the optical fluorescence was observed using an in vivo imaging system (IVIS)
(Lumina LT system) with an excitation length at 640 nm and a Cy 5.5 filter channel.

The A549 tumor-bearing mice model was also exploited in antitumor assessment, following the
abovementioned methods. When the tumor volume grew to 500 mm3, the mice were randomly divided
into 3 groups, with 3 mice per group. The mice in each group were independently injected with PBS,
10 mg/kg of free Dox and 10 mg/kg of Dox-loaded TPM micelles (the concentration was previously
adjusted according to the Dox concentration) via their tail veins at day 0, 2, and 6. The tumor sizes
and weights were monitored every 2 or 3 days. The tumor sizes were measured using a caliper and
calculated as the following formula: Tumor size (mm3) = ab2/2, where a and b, respectively, represent
the length and width of the tumor. Twenty days later, all of the mice were sacrificed, and CO2 and blood
samples were taken. The blood was centrifuged under 3000 r.p.m. for 10 min and the supernatant
serum was obtained to analyze the hepatic and renal functions by an automatic analyzer (Hitachi-7150,
Japan) with the commercial kits provided by DiaSys Diagnostic Systems GmbH (Germany). The
glutamic–oxalocetic transaminase (GOT) and glutamic–pyruvic transaminase (GPT) indexes were
utilized to evaluate the hepatic functions, whereas the renal functions were presented by the blood
urea nitrogen (BUN) and creatinine (CRE) indexes, according to the manufacturer’s instructions.

4.8. Statistical Analysis

All results are shown in average values and standard deviation, presented in mean± S.D. (standard
deviation). All data were statistically analyzed using Student’s t-test (Microsoft Excel 2000). The
significant differences were considered when the p-value was less than 0.05 (p < 0.05). The significant
differences are shown in star marks (*p < 0.05; **p < 0.01 and ***p < 0.001).
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5. Conclusions

For the first time, we revealed and fabricated a pH-tunable secondary structure containing mixed
micelles (TPGS and PBLG) for controlled intracellular anticancer drug delivery. Importantly, the
drug loading and releasing using these micelles could be precisely controlled through the regulation
of the pH value, via the embedded PBLG. In the neutral condition, α-helix conformations of PBLG
formed the crystalline structures to stabilize the mixed micelles with the loaded anticancer drug Dox;
meanwhile, in acidic milieus (pH 4.0), the secondary conformation would transform into a random-coil
state and disorder the inner crystalline alignment in the mixed micelles, allowing the drug release. The
Dox-loaded pH-tunable mixed micelles would be internalized into cells, causing intracellular drug
release and leading to cell death. The mixed micelles were also deposited in the primary tumor and
the antitumor efficacy of the Dox-loaded mixed micelles was identified in vivo. The novel pH-tunable
secondary conformation containing mixed micelles are, therefore, valuable for future clinical study.
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Abstract: Three different multifunctional nanosystems based on the tethering onto mesoporous
silica nanoparticles (MSN) of different fragments such as an organotin-based cytotoxic compound
Ph3Sn{SCH2CH2CH2Si(OMe)3} (MSN-AP-Sn), a folate fragment (MSN-AP-FA-Sn), and an enzyme-
responsive peptide able to release the metallodrug only inside cancer cells (MSN-AP-FA-PEP-S-Sn),
have been synthesized and fully characterized by applying physico-chemical techniques. After that, an
in vitro deep determination of the therapeutic potential of the achieved multifunctional nanovectors
was carried out. The results showed a high cytotoxic potential of the MSN-AP-FA-PEP-S-Sn
material against triple negative breast cancer cell line (MDA-MB-231). Moreover, a dose-dependent
metallodrug-related inhibitory effect on the migration mechanism of MDA-MB-231 tumor cells was
shown. Subsequently, the organotin-functionalized nanosystems have been further modified with
the NIR imaging agent Alexa Fluor 647 to give three different theranostic silica-based nanoplatforms,
namely, MSN-AP-Sn-AX (AX-1), MSN-AP-FA-Sn-AX (AX-2), and MSN-AP-FA-PEP-S-Sn-AX (AX-3).
Their in vivo potential as theranostic markers was further evaluated in a xenograft mouse model of
human breast adenocarcinoma. Owing to the combination of the receptor-mediated site targeting
and the specific fine-tuned release mechanism of the organotin metallodrug, the nanotheranostic
drug MSN-AP-FA-PEP-S-Sn-AX (AX-3) has shown targeted diagnostic ability in combination with
enhanced therapeutic activity by promoting the inhibition of tumor growth with reduced hepatic and
renal toxicity upon the repeated administration of the multifunctional nanodrug.

Keywords: triple negative breast cancer; organotin; mesoporous silica nanoparticles; MDA-MB-231;
theranostic nanomaterials; nanobiotechnology; molecular imaging

1. Introduction

Breast cancer is the most common cancer in women worldwide and also the leading cause of
cancer death in women (15.0%) [1–3]. Within all the possible different subtypes, triple negative breast
cancer (TNBC) is the most aggressive subclass and it is characterized by having the worst prognosis
with a high risk of relapse [2,4–6]. TNBCs are characterized by the absence of estrogen and progesterone
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receptors, as well as by having normal levels of HER2 (human epidermal growth factor receptor 2).
For these reasons, hormone therapies and treatments targeting the HER2 receptor cannot be used to
treat this type of cancer [7].

To tackle this issue and increase the specificity of the treatment, it is important to identify a proper
receptor that meets some crucial parameters: it must be overexpressed, should not be released into
circulation [8], and must become active on the target cell surface, as quickly as possible, in order to
recognize more drug, to finally enhance the treatment efficiency [9]. Within the receptor that meet
these criteria, the folate receptor alpha (a glycosylphosphatidylinositol (GPI) anchored cell surface
glycoprotein that is able to bind free folate with high affinity) represents a good candidate being
overexpressed by many cancer tissues (ovarian, epithelial, cervical, lung, kidney, brain, colorectal,
and breast tumors) [10–12]. More specifically, the folate receptor alpha is overexpressed in many
TNBCs cells, including the MDA-MB-231 cell line [13–16].

Dating from the approval of cisplatin from FDA (1978), the use of metal-based drugs in cancer
chemotherapy has considerably increased [17–19]. Although cisplatin derivatives have been extensively
used as chemotherapeutics, the onset of tumor drug-resistance has been observed upon treatment with
these compounds [20]. In addition, other reported side-effects as low bioavailability and poor solubility
in physiological media are still hampering the definitive application of these chemotherapeutic
drugs [21]. Therefore, the search for alternative metallodrugs bearing different elements such as
gallium, titanium, palladium, gold, cobalt, ruthenium, or tin could represent an interesting strategy to
overcome the cisplatin-related drawbacks previously detailed [22,23]. Within the possible alternatives,
organotin(IV) derivatives are getting attention as promising chemotherapeutics because of their
cytotoxicity [21,24]. In addition, organotin(IV) compounds are interesting because of their potential
ability to overcome resistance [25] and because they are not substrates of the P-glycoprotein 1
(permeability glycoprotein, or Pgp, also known as multidrug resistance protein 1 (MDR1)), a cell
membrane transporter protein (responsible for the out of cell efflux of most of the anticancer drugs
in particular) [22]. Despite its promising potential, even the organotin-based drugs present some
limitations that make mandatory the use of a proper vector for their biomedical application. In this sense,
nanomaterials can act as suitable vectors for metallodrug delivery by (i) protecting the active species
from degradation, (ii) enhancing their therapeutic activity [26], (iii) increasing drug bioavailability
and specificity, or (iv) increasing the solubility [23,27–30]. Because of its synthetic flexibility and
biocompatibility, mesoporous silica-based nanostructured materials (MSN) represent one of the
most used nanovectors in biomedicine, with special importance in metallodrug-based drug delivery
systems [23,31–38]. Consequently, the MSNs have stood out in different biomedical fields such
as molecular imaging (fluorescence and magnetic resonance imaging) and drug delivery [39–45].
Especially in this last research area, MSN have shown a lots of benefits [46] such as a variable and
controllable particle and pore size, a large surface area that can be selectively functionalized for drug
delivery or high biocompatibility [47–49] or the possibility of combining several functionalities in a
single nanosystem [50]. In this sense, one of these possible combinations is represented by the theranosis
or the generation of a single nanoentity able to combine therapeutic and diagnostic features at the
same time [28,51–55]. In general, nanovectors may deliver their therapeutic cargo via two possible
pathways: enhanced permeability and retention (EPR) effect [56] or receptor-mediated transcytosis [57].
In comparison with EPR, the receptor -mediated strategy is able to promote a more efficient and
selective delivery of therapeutic drugs, for example, to tumoral cells.

Besides the theranostic behavior and the selective targeting ability, an ideal multifunctional
nanosystem should be also able to release its therapeutic cargo in a controlled manner, for example,
upon precise endogenous stimuli. Consequently, the drugs will only be accumulated in the targeted
site and in a selective manner, thus, avoiding adverse side effects related to a possible off-target
toxicity. For this purpose, in the last decade, stimuli-responsive “smart” nanomaterials have attracted
great attention as promising materials in comparison to the conventional ones [58,59]. Within all the
available “smart” materials, the enzyme-responsive ones, or the materials whose chemical structures
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or physical properties are responsive to the biocatalytic action of specific enzymes, have attracted great
attention [59,60]. Because of dysregulation of enzyme expression in many diseases, these dysregulated
enzymes can be turned into promising and selective biological triggers in therapeutics [58,61,62].

Thus, in our study, we have designed, synthesized, and fully characterized in vitro and in vivo a
theranostic silica-based nanoplatform bearing therapeutic (organotin(IV) complex), diagnostic (Alexa
Fluor 647) and targeting (folate fragment) moieties potentially useful in TNBCs treatment. Furthermore,
we have also evaluated the effect of a site-selective controlled delivery of the metallodrug, based
on the specific activation of an enzyme-responsive linker that can be cleaved only after tumor cell
uptake. The synthesized materials have been fully characterized by chemical and physical techniques.
The nanovectors showing the best properties have been used for in vitro toxicity evaluation. Finally,
the best candidates have been assessed in vivo as theranostic agents for the metallodrug-based treatment
of triple negative human breast adenocarcinoma generated in murine models. The overall achieved
results were very promising paving the way for a more extensive application of these nanovectors for
cancer theranosis.

2. Results and Discussion

2.1. Synthesis of the Different MSN-Based Multifunctional Nanomaterials

To prepare and assess the different silica-based multifunctional nanomaterials, first, mesoporous
silica nanoparticles, as common nanoplatform, were synthesized as previously described and
detailed here in Supporting Information. After that, the achieved MSN material was dehydrated
by treatment at 150 ◦C under vacuum for 6 h for the subsequent surface functionalization with
3-(aminopropyl)triethoxysilane (AP) to give the MSN-AP material. For the further functionalization
steps, the MSN-AP material was then functionalized with an organotin-based metallodrug by using
three different strategies, one for the creation of each required moiety (Scheme 1).

In more details, the first designed method consisted in the direct tethering reaction of MSN-AP
with Ph3Sn{SCH2CH2CH2Si(OMe)3} complex via protonolysis and elimination of methanol groups to
obtain the material MSN-AP-Sn (Scheme 1, route a). The resulting material is likely to be cytotoxic,
as our group has demonstrated that Sn-functionalized silica-based nanostructured show interesting
cytotoxic properties in other cancer cell lines [34,36]. The second strategy expected the incorporation
of the organotin metallodrug after the previous functionalization of MSN-AP material with a folate
fragment, in order to study the impact of the potential receptor-mediated active targeting ability on the
biological properties of the nanomaterial (Scheme 1, route b). The incorporation reaction of targeting
moiety was carried out by coupling the folic acid with the amino groups of the MSN-AP owing to the
carbodiimide chemistry and using EDAC as coupling agent. The material with folic acid (MSN-AP-FA)
was subsequently reacted with Ph3Sn{SCH2CH2CH2Si(OMe)3} in a tethering reaction to give the
material MSN-AP-FA-Sn via the elimination of methanol groups of the tin compound. Again, this
material is expected to show cytotoxic activity because of the incorporation of the highly cytotoxic
SnPh3 moiety and the potential higher uptake due to the incorporation of the folic acid fragment.

Finally, the third strategy was designed in order to anchor the metallodrug to the nanovector
surface by means of an enzyme responsive linker (ERL) based on a specific peptide sequence.
The selected GFLG tetrapeptide linker (highly sensitive to the lysosomal cysteine protease cathepsin
B that is overexpressed in breast adenocarcinoma) [63] will presumably permit the release of the
therapeutic cargo (organotin(IV) metallodrug), once the theranostic nanovector is uptaken by the
cancer cells [64,65]. Toward this scope, the MSN-AP material was treated simultaneously with folic
acid and the Fmoc-GFLG-COOH protected peptide by an EDAC-assisted coupling reaction in order to
achieve the material MSN-AP-FA-PEP. Subsequently, the terminal amino group of the peptide was
deprotected with pyrrolidine and reacted with 3-mercaptopropionic acid to give the thiol-pendant
system MSN-AP-FA-PEP-S. Thus, the latter was finally reacted with Ph3Sn{SCH2CH2CH2Si(OMe)3}
complex in the presence of an excess of triethylamine to give the final material MSN-AP-FA-PEP-S-Sn
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(Scheme 1, route c). In this material, the triphenyltin fragments are present both directly attached to
the silica-material (as in the case of MSN-AP-Sn and MSN-AP-FA-Sn systems) and also attached to the
modified peptide via a Sn-S bond formed with the thiol group of the added mercaptopropionic acid.

 

Scheme 1. General synthetic strategy for the preparation of mesoporous silica nanoparticles (MSN)
materials. Route (a): preparation of MSN modified with organotin metallodrug; Route (b): preparation
of MSN modified with organotin metallodrug and folate targeting group; Route (c): preparation of
MSN modified with organotin metallodrug, folate targeting group, and organotin metallodrug linked
to enzyme-responsive peptide GFLG.

2.2. Physical and Chemical Characterization of the Different MSN-Based Multifunctional Nanomaterials

For the characterization of the silica-based nanomaterials, different solid-state techniques were
used. First, FT-IR studies were carried out to identify each fragment attached to the silica system
during the modifications. Thus, for example, the IR spectrum of the nanomaterial functionalized
with the organotin complex and folic acid (MSN-AP-FA-Sn, Figure S1 of Supporting Information)
shows the typical bands of a functionalized silica-based nanoparticle, namely, a broadband between
3500–3200 cm−1 attributed to the O-H bonds of free silanol groups and the absorbed water in the silica.
In addition, a strong band at 1100 cm−1 corresponding to the silanol groups (Si-O-Si) was observed.
Furthermore, a medium intensity band at 900 cm−1 was presented and assigned to the stretching bands
of Si-O bonds. Interestingly, a set of different low intensity bands were observed between ca. 3100 and
2800 cm−1 and attributed to the C-H and N-H vibrations of the different ligands (AP and FA). Finally,
between 1700 and 1300 cm−1 and 680–740 cm−1 low intensity different bands associated with all the
amido and carbonyl groups were also observed confirming the presence of the different functionalizing
fragments. A similar spectrum was also observed for the material MSN-AP-FA-PEP-S-Sn (Figure S2 of
Supporting Information).

The functionalized materials were also characterized by diffuse reflectance ultraviolet spectroscopy
(DR-UV), an especially useful technique for the characterization of the absorption of the different
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functionalizing ligands or metallodrugs in silica-based systems in solid state (Figure 1). In all cases,
the tin-containing materials showed a very intense peak between 200 and 220 nm due to the amino
ligand AP and at ca. 260 nm due to the functionalization with the organotin derivate. Interestingly,
the DR-UV spectra of both MSN-AP-FA-Sn and MSN-AP-FA-PEP-S-Sn showed an additional low
intensity shoulder at ca. 320 nm, which is attributed to the anchored folic acid of the material (Figure 1).

Figure 1. Diffuse reflectance ultraviolet spectroscopy (DR-UV) spectra of the tin-functionalized materials
MSN-AP-Sn, MSN-AP-FA-Sn, and MSN-AP-FA-PEP-S-Sn.

For the quantification of the amount of functionalization, TG studies were carried out for all
the functionalized materials, showing a similar mass loss close to 14% between 110 ◦C and 700 ◦C,
which indicates a similar functionalization degree (Table S1 and Figure S3 of Supporting Information).
In addition, XRF studies of the tin-containing materials showed that, relying on the observed S:Sn
ratio of approximately 1:5, it seems that not all the tin is linked to MSN through the mercaptopropyl
ligand in MSN-AP-Sn and MSN-AP-FA-Sn, but the migration of SnPh3

+ fragments and formation
of species of the type Si-O-SnPh3 also occurred. Interestingly, in the case of MSN-AP-AF-PEP-S-Sn
material, the S:Sn ratio lowered up to 1:2.7 indicating that the formation of the Si-O-SnPh3 species is
minimized and the SnPh3 complex is reacting with both the mercaptopropyl group and the thiol group
of the modified peptide (Table S2 of Supporting Information).

The MSN-AP-AF-Sn (Figure 2) and MSN-AP-AF-PEP-S-Sn (Figure S4) were also characterized by
119Sn MAS NMR spectroscopy. In both cases, the spectra are characterized by the appearance of two
broad signals at ca. −52 ppm and 40 ppm. The signal recorded at −52 ppm corresponds to the tin atom
bound to the S of either the mercaptopropyl ligand or of the thiol-modified peptide, while the signal at
ca. 40 ppm is due to the tin atoms of the Si-O-SnPh3 species.
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Figure 2. 119Sn MAS NMR spectrum of MSN-AP-FA-Sn.

In addition, 29Si MAS NMR spectroscopy was used for the characterization of the tin-containing
material MSN-AP-FA-PEP-S-Sn (Figure 3). The spectrum mainly shows the signals of the silicon
atoms of the structure, such as [Si(OSi)2] (the highest peak (Q4)) at −112.7 ppm), [Si(OSi)2(OH)]
(a very intense peak Q3 at −105.3 ppm), [Si(OSi)2(OH)2] (a low intensity peak (Q2) at −95.3 ppm),
and the [Si(OSi)(OH)3] (Q1, very difficult to observe at −86.2 ppm because of its low intensity).
The high intensity of Q4 and Q3 is in agreement with the expected for the mesoporous nature of the
synthesized silica nanoparticles. In addition, at ca. −69 and −62 ppm, the T2 ((SiO)2SiOH–R) and T3

((SiO)3Si–R) peaks of very low intensity were also observed. In addition, the different spectra of the
intermediate materials MSN-AP (Figure S5 of Supporting Information) and MSN-AP-FA-PEP (Figure
S6 of Supporting Information), show slight changes on the intensity of the different Q4, Q3, and Q2

peaks, as well as the T2 and T3 peaks. This indicates that the different functionalization reactions do not
have a strong influence on the chemical environment associated with the silicon atoms of the material.

Figure 3. 29Si MAS NMR spectrum of MSN-AP-FA-PEP-S-Sn.

Beside a deep physico-chemical characterization, the tin-containing synthesized materials were
also characterized in terms of size and morphological appearance by transmission electron microscopy
(TEM), as well as by dynamic light scattering (DLS).
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The TEM micrograph retrieved oval-shaped nanoparticles with a mean particle size distribution
of 116.15 ± 3.67 nm (Figure 4).

Figure 4. TEM micrograph of MSN-AP-AF-Sn (A) and mean size distribution (B).

The DLS-mediated hydrodynamic size measurements of the MSN multifunctional nanomaterials
were 290 (PDI: 0.287), 312 (PDI: 0.274) and 323 (PDI: 0.282) nm for MSN-AP-Sn, MSN-AP-FA-Sn,
and MSN-AP-FA-PEP-S-Sn, respectively. The surface ζ-potential of the MSN nanomaterials resulting
from each synthetic step was in agreement with the expected values (Figure 5). As general consideration,
all the synthesized nanomaterials showed an isoelectric point (pI) value lower than the physiological
pH (≈7.4) (Table S3, Supporting Information). For example, the pI values for the final MSN-AP-FA-Sn
and MSN-AP-FA-PEP-S-Sn materials were 5.1 and 6.4 respectively. This behavior will grant a
surface negative charge of metallodrug-functionalized silica-based nanomaterials once administered
in physiological environment. The latter is a crucial requirement in order to confer a good colloidal
stability to the nanoparticles.

Figure 5. Z-Potential of the different functionalized nanoparticles.

2.3. In Vitro Characterization of the Different MSN-Based Multifunctional Nanomaterials

After the successful deep characterization of all the achieved multifunctional MSN materials, their
newly generated therapeutic properties were characterized in a different set of in vitro analyses. First,
the MTT cell viability assay was carried out in order to assess the ability of all MSN materials to inhibit
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the viability of MDA-MB-231 human breast cancer cells as a function of the concentration (Figure 6).
The results clearly indicate that, at all the tested concentrations, the MSN-AP-FA-PEP-S-Sn material
functionalized with the ERL-peptide was able to reduce the cell viability in a more efficient manner
in comparison with the nanoparticles showing the metallodrug directly linked to the silica material
(Figure 6). Furthermore, it can also be observed that the viability decreased in an inverse proportional
manner with respect of the tin concentration rise. Thus, these results clearly confirmed the correct
design of the peptide-based controlled delivery system created for this multifunctional silica-based
nanodrug. In fact, the anti-proliferative activity enhancement of organotin metallodrug MSNs was
achieved only in the case of interaction with tumor cells from breast adenocarcinoma that have been
described overexpressing both folate receptor alpha and the cathepsin B enzyme, being this last the
responsible of peptide cleavage and the metallodrug release [59,66,67].

Figure 6. MTT viability assay of MDA-MB-231 cells after incubation with different concentrations of
the MSN nanomaterials. All the results were expressed as % of control (mean ± SD, n = 3 independent
experiments and 3 replicates/experiment). Significance was calculated by one-way ANOVA Tukey’s test.
ns: p > 0.05 or not significant statistical difference between the groups of data; *: p < 0.05 or significant
statistical difference between the groups of data; **: p < 0.01 or significant statistical difference between
the groups of data.

Besides the antiproliferative activity, we decided to evaluate also the potential inhibition of
migration ability of MDA-MB-231 cells by means of wound healing assay (Figure 7). This is a
standard in vitro technique for probing collective cell migration in two dimensions that is also known
as sheet migration. This migration behavior typically occurs in diverse processes such as cancer
metastasis [68–70], embryonic morphogenesis [71], and tissue injury [72]. In order to ensure the
characterization of the potential anti-migration ability without promoting cell death, based on the
results achieved previously, we decided to carry out this assay using 1 μM tin concentration per well or
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the lowest toxic concentration identified by MTT assay (Figure 6). The results obtained with this assay
indicate a general positive trend about the inhibition of cell migration related to the use of each material
(Figure 7). The obtained relative inhibition percentage has been calculated by comparing the residual
scar areas after 24 h edge progression vs. the initial gap area. As reported in Figure 7, the cells incubated
with bare MSN and only tin-functionalized nanomaterials are able to promote the wound healing in
major percentage (63.55% and 62% for MSN and MSN-AP-Sn, respectively) in comparison with the
control cells. In other terms, in absence of folate targeting, the MDA-MB-231 cell migration is only
moderately inhibited. Conversely, the cells treated with both folate-functionalized materials are much
more inhibited during their gap closure. In fact, especially in the case of MSN-AP-FA-PEP-S-Sn material,
the wound healing after 24 h was almost completely negligible indicating a clear inhibitory effect on
the migration mechanism of MDA-MB-231 tumor cells that is directly related to the overall design
of our nanodrug (combination of active targeting plus ERL-mediated controlled release mechanisms)
(Figure 7).

 
Figure 7. Wound healing assay of MDA-MB-231 cells incubated with the MSN nanoparticles. (A)
Phase contrast microscopy images of wells. The edges of the scar are marked in red. Positive control
(control +): cells incubated with DMSO (complete migration inhibition); negative control (control −):
cells grown in culture media (complete migration and wound healing). (B) Quantification of cell
migration. The results were expressed as % of the initial scar area (mean ± SD, n = 2 independent
experiments and 2 replicates/experiment). Significance was calculated by unpaired t-test of one-way
ANOVA. **: p < 0.01 or significant statistical difference between the two groups of data; ****: p < 0.0001
or highly significant statistical difference between the two groups of data.
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After the positive evaluation of therapeutic potential of our metallodrug-based MSN nanoplatform,
we decided to go further and evaluate its imaging ability, a crucial requirement for the potential in vivo
application. Toward this scope, we functionalized the nanomaterials with Alexa Fluor 647 dye (AX),
in order to enable NIR fluorescence imaging in vivo. The chemical anchoring of the dye was carried
out by carbodiimide chemistry as per the manufacturer’s instructions, in a reaction of the different
tin-functionalized materials MSN-AP-Sn, MSN-AP-FA-Sn, or MSN-AP-FA-PEP-S-Sn to give AX-1,
AX-2, and AX-3 materials, respectively (Schemes 2 and 3).

 

 

Scheme 2. Reactions of the formation of the theranostic tin-functionalized materials AX-1 and AX-2.

The outcome of the dye functionalization reaction was successfully verified by FTIR (Figure S2 of
Supporting Information) and DR-UV spectroscopy (Figure S7 of Supporting Information) of labeled
nanoparticles. In addition, fluorescence imaging of MSN nanomaterials after coupling reaction with
NIR dye Alexa Fluor 647 was carried out to confirm the correct incorporation of the fluorophore
(Figure S8 of Supporting Information).

Thus, to assess effectively the in vitro imaging ability in biological environment, the MDA-MB-231
cells were incubated 24 h with AX-labeled nanoparticles of MSN-AP-FA-PEP-S-Sn-AX nanoparticles
(AX-3) and the cell uptake was analyzed by confocal laser scanning microscopy (CLSM) (Figure 8).
The 2D and 3D images show a clear internalization of AX-3 nanoparticles inside the tumor cells
(Figure 8A,B). In addition, based on the 3D image analysis (Figure 8B), the presence of inner circular
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accumulations of nanoparticles can be observed. Considering the size, shape, and localization, these
repetitive structures should correspond to the lysosome vesicles that are promoting the MSN cell
internalization and metallodrug activation mediated by peptide cleavage at the same time [64,65].

 

 

Scheme 3. Reactions of the formation of the tin-functionalized material AX-3.

 
Figure 8. Confocal laser scanning microscope images of the MDA-MB-231 cells incubated overnight with
the nanomaterial AX-3 (A): 2D image; (B): 3D reconstruction). Colors legend: MSN nanoparticles are
in red (Alexa Fluor 647, Ex.650/Em.665 nm), cellular nucleus are in blue (DAPI staining, Ex.358/Em.461)
and actin filaments are in green (Phalloidin staining, Ex.495/Em.519 nm).
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2.4. In Vivo Evaluation of Theranostic Properties of Metallodrug Based MSN Nanomaterials on Breast
Adenocarcinoma Mice Models

After the in vitro evaluation of the therapeutic and imaging properties of MSN nanoplatforms,
the assessment of their potential theranostic activity in vivo was carried out. Toward this scope, human
breast adenocarcinoma bearing mice were used. The mice were randomized in four different groups
(n = 3 each group) in order to assess (i) the active targeting contribution vs. passive tumor adsorption
mediated by the EPR effect, (ii) the therapeutic activity of Sn directly linked on MSN surface vs. (iii)
the controlled delivery of organotin metallodrug promoted by lysosomal cleavage of ERL-peptide and
(iv) a control group treated with saline. The different MSN nanomaterials were administered 5 times
during 10 days by tail vein injection by following the posology timeline reported in Figure 9.

Figure 9. (A) In vivo fluorescence imaging of mice treated with different nanoparticles at endpoint: A:
MSN-AP-Sn-AX (AX-1); B: MSN-AP-FA-Sn-AX (AX-2); C: MSN-AP-FA-PEP-S-Sn-AX (AX-3). Row 1
(A1, B1, and C1) corresponds to representative bright field images to visualize the tumor area (white
arrows) and row 2 (A2, B2, and C2) corresponds to representative fluorescence images acquired 2 h
post-injection of nanoparticles. The applied ROI areas used for signal intensities comparison are all
equal and marked with white dotted lines. (B) Total in vivo fluorescence accumulated in the mice
tumor treated with different nanomaterials at end point (n = 3 for each group). The applied ROI area
was the same in each case. Significance was calculated by unpaired t-test of one-way ANOVA. ns:
p > 0.05 or not significant statistical difference between the groups of data; ***: p < 0.001 or highly
significant statistical difference between the two groups of data.

First, the diagnostic properties were evaluated by tracking the nanoparticle biodistribution 2 h
post-injection of each dose by in vivo fluorescence imaging (IVIS) of mice full body (Figure 9A).
The representative images of mice treated with the three different MSN theranostic nanoparticles
(MSN-AP-Sn-AX (AX-1), MSN-AP-FA-Sn-AX (AX-2), and MSN-AP-FA-PEP-S-Sn-AX (AX-3)) and
acquired at the end of the whole treatment showed clearly an accumulation within the tumor mass
(white arrows) as well as in the liver and in the bowel, confirming the preferential excretion route.
After analyzing and normalizing the intensities of the same region-of-interest (ROI) areas centered on
the tumor zones for each treated mouse (white spotted line), the accumulation efficiency is almost two
folds higher for both folate-targeted nanoparticles (AX-2 and AX-3) in comparison with the passively
diffused ones (AX-1)(Figure 9B). These results confirmed the successful folate receptor-targeted activity
of the organotin-based MSN nanovectors.

After assessing successfully the targeted diagnostic ability of MSN nanomaterials, we then
evaluated also their therapeutic potential. In this sense, the tumor mass growth of the mice groups
treated with all the MSN nanomaterials was analyzed by checking their dimensions during the entire
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treatment. The achieved results, reported as the relative volume increase of all the tumor mass at the
end of each treatment and normalized according to the initial tumor mass at the beginning of each
treatment, are summarized in Figure 10A.

Figure 10. (A) Relative tumor volume increase over the course of the treatment with the nanomaterials
or saline (control) (n = 3 mice/group). Significance was calculated by unpaired t-test of one-way
ANOVA. ns: p > 0.05 or not significant statistical difference between the groups of data; **: p < 0.01 or
significant statistical difference between the two groups of data; (B) ex vivo tumor images for all mice
treated with different MSN nanomaterials or saline (control).

After 10 days of nanoparticle administration, the tumor mice groups treated with saline or the
MSN-AP-FA-Sn-AX underwent an average tumor mass increase by 2.5 and 2.4 folds respectively
in comparison with the volume of each tumor mass measured at the beginning of the nanotherapy.
Conversely, the breast tumors of the mice treated with MSN-AP-FA-PEP-S-Sn-AX nanoparticles only
increased their volumes by 1.5 folds on average (Figure 10A). The Figure 10B shows the ex vivo images
of the tumor proceeding by each experimental group (saline, MSN-AP-Sn-AX, MSN-AP-FA-Sn-AX, and
MSN-AP-FA-PEP-S-Sn-AX nanoparticle, respectively) after postmortem excision. Photographs and
weight of excised tumor at endpoint confirmed that only MSN-AP-FA-PEP-S-Sn-AX (AX-3) treatment
inhibited tumor growth (Figure 10B and Figure S9).

Altogether, all these results successfully demonstrate the therapeutic potential against breast
adenocarcinoma of the organotin-based theranostic nanoplatform as well as the effectiveness and
relevance of the overall nanoplatform design. In fact, the concomitant use of folate as targeting agent
together with ERL-peptide for controlled drug delivery has been demonstrated to be crucial in order
to allow the cytotoxic organotin fragment to be cleaved from the nanostructure selectively inside the
tumoral cell and then to exert its chemotherapeutic effect.

Finally, the long-term in vivo toxicity of the nanomaterials was checked by monitoring the
possible effects on the liver and kidney functions both being the principal excretion routes. To this
scope, the serum level of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (AKP), albumin (ALB), and blood urea nitrogen (BUN) were monitored before and after
each treatment (Figure S10). The quantification of these enzymes in serum is generally considered
a useful biomarker to control the hepatic and renal functionalities. In fact, increased levels of these
biomarkers are generally associated to acute and/or chronic liver and kidney injuries. As reported in
Figure S10, the treated vs. control serum levels of all hepatic and renal biomarkers were kept constant
or slightly decreased for all the mice groups at the end of each nanotherapy. Consequently, these
results indicate that no liver or kidney damage has been caused in vivo because of the administration
of the organotin metallodrug over the course of the treatment. Nevertheless, we are aware about the
necessity to deeply analyze in forthcoming works especially the potential liver injury risk in humans.
Nonetheless, based on the achieved overall results, our hypothesis of the potentially limited in vivo
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toxicity thanks to the combination of the targeting ability of the nanosystem plus the selective enzymatic
metallodrug activation, has been successfully confirmed in our mouse model.

3. Materials and Methods

3.1. Synthesis of Nanomaterials

3.1.1. General Conditions

All reactions were performed using standard Schlenk tube techniques in an inert atmosphere
of dry nitrogen. Solvents were distilled from the appropriate drying agents and degassed before
use. The reagents used in the preparation of the starting material (MSN), tetraethyl orthosilicate
(TEOS) and hexadecyltrimethylammonium bromide (CTAB) were purchased from Sigma Aldrich and
Acros Organics, respectively. The ligand 3-(aminopropyl)triethoxysilane (AP) was purchased from
Sigma Aldrich, and 3-mercaptopropyltrimethoxysilane (MP) from Fluorochem. 3-Mercaptopropionic
acid, triphenyltin chloride, folic acid, and all the reagents necessary for EDAC coupling, were
purchased from Sigma Aldrich. AlexaFluorTM 647 NHS ester, tris(trithlamonium salt) from Invitrogen.
The Fmoc-GFLG-COOH peptide was custom made synthesized by Biomedal (Sevilla, Spain).

3.1.2. Synthesis of the Starting Material: Mesoporous Silica Nanoparticles (MSN)

The synthesis of MSN was carried out from a modification of the experimental procedure reported
by Zhao et al. [73], using CTAB (1 g, 2.74 mmol) as surfactant in a basic solution of nanopure water
and TEOS (5 mL, 22.4 mmol) as silicon source. The reaction was carried out during 2 h at 80 ◦C. After
that time, the precipitate was dried and calcined to 550 ◦C for 16 h to obtain the starting mesoporous
material MSN.

3.1.3. Functionalization with Amino Ligands. Preparation of MSN-AP Material

The functionalization with amino ligands was carried out with a slight modification of reported
procedures [74]. In brief, the starting material (MSN) was dehydrated at 80 ◦C under vacuum for 24 h.
Subsequently, MSN was suspended in dry toluene and a defined amount of the amino ligand (AP) was
added to the mixture. The suspension was then stirred at 110 ◦C for 48 h. Afterwards the mixture was
then centrifuged, washed with toluene (2 × 10 mL) and diethylether (2 × 10 mL).

3.1.4. Functionalization with the Cytotoxic Agent (Sn). Synthesis of MSN-AP-Sn

First, the formation of the organotin derivate Ph3Sn{SCH2CH2CH2Si(OMe)3} was carried out
via the reaction of triphenyltin(IV) chloride and 3-mercaptopropyltrimethoxysilane (Scheme 4). In a
Schlenk tube, SnPh3Cl (284.1 mg) was dissolved in dry toluene in a proportion of 20% wt Sn/SiO2.
Subsequently, 3-mercaptopropyltrimethoxysilane (178.1 μL) and triethylamine (205.5 μL) was added in
a relation of 1:1:2 molar respectively regarding the organotin compound. The solution was kept under
stirring and nitrogen atmosphere during 24 h at 80 ◦C. After that time, the stirring was stopped, and
the compound was filtered and added, under nitrogen and with a cannula, to a toluene suspension of
the silica material MSN-AP. The reaction mixture was stirred at 80 ◦C for 24 h. The material was then
filtered and washed with toluene (2 × 10 mL) and diethylether (2 × 10 mL).

 
Scheme 4. Reaction of the formation of the cytotoxic organotin(IV) derivative.
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3.1.5. Incorporation of Folic Acid (FA). Synthesis of MSN-AP-FA

For the incorporation of folic acid in the amino-functionalized material MSN-AP an EDAC
coupling reaction was carried out (Scheme 2). In a general method, 18.4 mg of folic acid (5% weight
with respect to the quantity of MSN-AP) was dissolved in dimethylsulfoxide (DMSO) and subsequently
added to 35 mL of a 0.1 M of MES buffer. EDAC (14 mg) and NHS (21 mg) were added to the
mixture and reacted under vigorous stirring for 15 min at room temperature. Subsequently, 350 mg
of MSN-AP was added to the EDAC solution and reacted at room temperature under stirring. Then,
2-mercaptoethanol (55.5 μL) was added to the mixture and the suspension was stirred for 2 additional
hours. Finally, the reaction mixture was centrifuged, washed with DMSO, ethanol, water, and dried
overnight in a stove at 80 ◦C. Finally, 300 mg of the material MSN-AP-FA was obtained.

3.1.6. Functionalization with the Cytotoxic Agent (Sn). Synthesis of MSN-AP-FA-Sn

The functionalization with the cytotoxic tin agent Ph3Sn{SCH2CH2CH2Si(OMe)3} as described
previously for material MSN-AP-Sn (Scheme 2), but using the following quantities: SnPh3Cl (243.54 mg),
3-mercaptopropyltriethoxysilane (152.62 μL) and triethylamine (176.12 μL)) and MSN-AP-FA (300 mg)
(Scheme 3). Finally, 280 mg of the material MSN-AP-FA-Sn was obtained.

3.1.7. Simultaneous Incorporation of Folic Acid (FA) and Targeting Peptide
(Fmoc-Gly-Phe-Leu-Gly-COOH). Synthesis of MSN-AP-FA-Pep

For the simultaneous functionalization of the amino-functionalized material MSN-AP with folic
acid and the peptide Fmoc-Gly-Phe-Leu-Gly-COOH (Fmoc-GFLG-COOH), an EDAC coupling reaction
was performed (Scheme 3). In a general method, a quantity of folic acid (11 mg, 5% weight with respect
to the quantity of MSN-AP) and Fmoc-GFLG-COOH (11 mg, 5% weight with respect to the quantity of
MSN-AP) were dissolved in DMSO using an ultrasound bath and the solution was added to 42 mL
0.1 M of MES buffer. EDAC (16.8 mg) and NHS (25.2 mg) were added to the mixture and reacted under
vigorous stirring for 15 min at room temperature. Subsequently, MSN-AP (210 mg) was added to the
EDAC solution and reacted at room temperature under stirring. Then, 2-mercaptoethanol (74.3 μL)
was added to the mixture and the suspension stirred for 2 additional hours. Finally, the reaction
mixture was centrifuged, washed with DMSO (2 × 10 mL), ethanol (2 × 10 mL), water (2 × 10 mL) and
dried in a stove at 80 ◦C overnight. Finally, 210 mg of the material MSN-AP-FA-PEP was obtained.

3.1.8. Incorporation of 3-Mercaptopropionic Acid (MS). Synthesis of MSN-AP-FA-PEP-S

Before the coupling of MS, the Fmoc deprotection is needed. For the deprotection reaction a 1:3
molar suspension peptide:pyrrolidine (210 mg MSN-AP-FA-PEP and 9.3 μL of pyrrolidine) in 20 mL
of ethanol was reacted during 2 h at room temperature. The solid was centrifuged, washed with
ethanol, and kept in cold. For the incorporation of MS, an EDAC coupling was carried out using a very
similar method than that of the synthesis of MSN-AP-FA. The synthesis consisted of the addition of one
equivalent of MS for each equivalent of the anchored peptide (210 mg of deprotected MSN-AP-FA-PEP
and 3.2 μL of 3-mercaptopropionic acid (MS)), in the presence of 21 mL 0.1 M of MES buffer. EDAC
(8.4 mg) and NHS (12.6 mg) were also used (Scheme 3). The obtained solid was washed with DMSO
(2 × 10 mL), ethanol (2 × 10 mL) and water (2 × 10 mL). The solid was then dried in a stove at 80 ◦C.
Finally, 200 mg of the material MSN-AP-FA-MS was obtained.

3.1.9. Functionalization with the Cytotoxic Agent (Sn). Synthesis of MSN-AP-FA-PEP-S-Sn

The functionalization with the cytotoxic tin agent was carried out by the addition of
the SnPh3 moiety from the compound Ph3Sn{SCH2CH2CH2Si(OMe)3} which was prepared as
described previously for material MSN-AP-Sn, but using the following quantities: SnPh3Cl
(97.4 mg), 3-mercaptopropyltrimethoxysilane (61.1 μL) and triethylamine (176.1 μL). The compound
Ph3Sn{SCH2CH2CH2Si(OMe)3} prepared in situ was added to a suspension of MSN-AP-FA-PEP-S
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(120 mg) in toluene in the presence of excess of triethylamine. The reaction mixture was stirred for
24 h at 80 ◦C (Scheme 4). The excess of triethylamine allows the deprotonation of the thiol group of
the peptide and the formation of the S-SnPh3 moiety by an exchange reaction with the compound
Ph3Sn{SCH2CH2CH2Si(OMe)3} leading to the formation of the material MSN-AP-FA-PEP-S-Sn. The
material was filtered and washed with toluene (2 × 10 mL), ethanol (2 × 10 mL), and water (2 × 10 mL).
Finally, 110 mg of the material MSN-AP-FA-PEP-S-Sn was obtained.

3.1.10. Incorporation of the Imaging Agent Alexa Fluor 647. Preparation of AX Materials

For the incorporation of the fluorophore, 100 μg of Alexa-Fluor 647 were dissolved in 100 μL
of dimethylsulfoxide (DMSO) and the solution was added to 50 mg of the materials functionalized
with tin MSN-AP-Sn, MSN-AP-FA-Sn, or MSN-AP-FA-PEP-S-Sn dispersed in 5 mL of 0.1 M sodium
bicarbonate buffer at pH 8.2. The mixture was reacted for 1 h at room temperature under dark conditions.
Finally, the solid was centrifuged and washed with DMSO (2 × 5 mL) and water (2 × 5 mL) to give
MSN-AP-Sn-AX (AX-1), MSN-AP-FA-Sn-AX (AX-2) or MSN-AP-FA-PEP-S-Sn-AX (AX-3), respectively.

3.2. General Remarks on Chemico-Physical Characterization of the Materials

X-ray diffraction (XRD) pattern of the systems were obtained on a Philips Diffractometer model
PW3040/00 X’Pert MPD/MRD at 45 kV and 40 mA, using a wavelength Cu Kα (λ = 1.5418 Å). Sn wt%
determination by X-ray fluorescence were carried out with an X-ray fluorescence spectrophotometer
Philips MagiX with an X-ray source of 1 kW and a Rh anode using a helium atmosphere.
Thermogravimetry analyses (TG) were obtained on a Shimadzu mod. DSC-50Q (Shimadzu, Kioto,
Japan) operating up to 700 ◦C (ramp 20 ◦C/min) at an intensity of 50 A. IR spectra were prepared
using KBr pellets with a spectrophotometer Termo Nicolet Avatar 380 FT-IR with a Michelson filter
interferometer. DR UV-Vis measurements were carried out on a Varian Cary-500 spectrophotometer
equipped with an integrating sphere and polytetrafluoroethylene (PTFE) as reference. 119Sn MAS
NMR and 29Si MAS NMR spectra, were recorded on a Varian-Infinity Plus Spectrometer at 400 MHz
for proton frequency (4 μs 90◦ pulse, 4000 transients, spinning speed of 6 MHz, contact time 3 ms, pulse
delay 1.5 s). Transmission electron microscopy (TEM) was carried out on a JEOL JEM 1400, operating
at 100 kV. Dynamic light scattering (DLS) measurements were carried out on a Zetasizer Nano Zen
3600 (Malvern, UK), diluting samples in potassium nitrate (KNO3, 10−2M).

3.3. In Vitro Studies

3.3.1. Cell lines and Culture Condition

The human breast adenocarcinoma cell line MDA-MB-231 was grown in DMEM-F12 (Lonza,
Basel, Switzerland) supplemented with 10% FBS (Sigma, St. Louis, MO, USA), 1% non-essential amino
acids (NEAA, Hyclone, South Logan, UT, USA), 1% sodium pyruvate 100 mM (Hyclone, South Logan,
UT, USA), and 1% penicillin/streptomycin (Lonza, Basel, Switzerland).

Culture was maintained at 37 ◦C in a humidified atmosphere with 5% CO2. The cells were
subcultured every 2 to 3 days by treatment with TrypLE™ Express Enzyme (Gibco) for MDA-MB-231.

3.3.2. Nanodrug Preparation

Suspensions of the functionalized materials were prepared in culture media, without phenol
red, at different concentrations depending on the experiments, always sonicating repeatedly before
cellular incubation.

3.3.3. Viability Assay

1 × 104 cells were seeded per well in a 96-well culture plate for 48 h. After that, cells were
incubated 24 h at 37 ◦C with dispersions of each MSN-functionalized material in culture medium
without phenol red at different final tin concentrations (1 μM, 2.5 μM, 5 μM, 10 μM, and 25 μM). MSN
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bare material was incubated at the same silica concentration of the other organotin-bearing materials
to evaluate the potential cytotoxicity of the material itself. After incubation, these solutions were
discarded and replaced by 100 μL of medium, without phenol red and without serum, and 10μL of
a 12 mM MTT (dimethylthiazolyl-diphenyl-tetrazolium bromide) solution (in PBS 1X pH 7.4) was
added to each well and mixed. After 3 h of incubation, all the supernatants less 25 μL were removed
and 100 μL DMSO was added to each well to dissolve the formazan, leaving it 15 min to react. Cell
viability was estimated by measuring absorbance at 570 nm using a Unicam W-500 UV-Vis plate reader.
The absorbance values obtained were subtracted from the absorbance value of the “white wells” (only
medium with MTT, no cells). The percentage of viability was calculated taking as 100% of viability the
absorbance of the negative control wells (cells without material), and also positive control wells (cells
incubated with DMSO) were studied.

3.3.4. Cellular Uptake

Total of 2.5 × 104 MDA-MB-231 cells were seeded in a 6-well culture plate and incubated overnight
with the nanomaterial (MSN-AP-FA-PEP-S-Sn-AX) in a 1 μM final tin concentration. Then cells were
fixed with 4% paraformaldehide (PFA) pH = 7.4 for 15 min at RT. After that, cells were washed three
times with PBS 1X (5 min each) and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Cells
were rinsed three times with PBS 1X (5 min each) and then incubated for 20 min at RT with a blocking
solution of 1% FBS in PBS 1X. Cells were rinsed again three times with PBS 1X (5 min each) and finally
they were treated for 45 min at RT with a F-actin specific stain, AlexaFluor 488 Phalloidin (1:500 in PBS).
Cells were washed with PBS and stained with DAPI (0.1% in PBS) for 5 min. The images were taken
using a confocal microscope Zeiss LSM 780 (20×) under 37 ◦C and 5% CO2 and they were processed
with ImageJ Fiji and Imaris software.

3.3.5. Wound Healing Assay

1 × 105 MDA-MB-231 cells were seeded per well in a 24-well culture plate for 48 h, until a cell
monolayer was created. The monolayer was scratched with a pipette tip, the medium was absorbed
with vacuum and the wells were cleaned twice with PBS without Ca or Mg. Then, the cells were
incubated with the different nanomaterials at different concentrations (1 μM, 2.5 μM, 5 μM, and 10 μM)
and the migration into the gap was imaged 0 and 24 h later using a Nikon Time Lapse microscope.

3.4. In Vivo Studies

3.4.1. Animals and Ethics

Mice were housed in specific facilities (pathogen-free for mice) at the Spanish National Center
for Cardiovascular Research (CNIC, Madrid, Spain). All animal experiments were carried out after
previous approval by the ethics and animal welfare committee at CNIC and were in agreement with
the Spanish Legislation and UE Directive 2010/63/EU.

3.4.2. Breast Cancer Mouse Model

The breast cancer was generated by injecting subcutaneously 5 × 105 MDA-MB-231 cells (in a
20 μL mixture of PBS 1X and Matrigel, 1.86:1 v/v) into 8 week old NOD Scid IL2 receptor gamma chain
KO female mice, in their fourth left breast. Animals were housed at 22 ◦C, under a 12 h light/dark cycle
with freely available water and food. The tumor was generally generated within the next 15–20 days
after the injection.

3.4.3. Treatment with Nanoparticles and in Vivo Fluorescence Imaging

Mice (n = 3/group) were injected i.v. into the tail vein every 2–3 days with 150 μL of the materials
solutions at 420 μM over 10 days (5 injections). This therapeutic regimen was chosen based on our
and others’ previous studies [50,52,75,76]. Two hours following the last injection, in vivo fluorescence
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imaging of Alexa Fluor 647 was performed on mice anesthetized with isoflurane gas. Murine models
without nanoparticles treatment were used as control. Fluorescence in vivo imaging was performed
with the IVIS Imaging System 200 series (Xenogen) (acquisition parameters: Cy5.5 ex/em filter, high
level, BIN-HR, FOV: 6.6, f8). The region-of-interest (ROI) comparison was carried out by applying
a constant ROI area to each image and processed using the Living Image software version 4.4 from
Caliper Life Sciences. Fluorescence intensity was quantified as radiant efficiency accumulated over the
10 days treatment with MSN-based nanomaterials.

3.4.4. Tumor Measurement

In order to evaluate the tumor growth, all mice were monitored by caliper measurements of tumor
width (W) and length (L). Tumor volume was determined using the formula V = (L × (W2))/2 and
volumes were normalized and compared with respect to the initial volumes.

3.4.5. Statistic and Analysis

Data analysis was performed using the Prism 6 software (GraphPad, San Diego, CA, USA), and
all chart data were expressed as mean ± standard deviation (Mean ± SD).

4. Conclusions

Triple negative breast cancer (TNBC) is the most aggressive subclass within human breast
adenocarcinoma type and the development of a suitable therapeutic paradigm is still a great challenge.
Toward this scope, in this work, we have successfully demonstrated that mesoporous silica nanoparticles
are suitable nanoplatforms enabling the creation of a controlled delivery system of a metallodrug
together with imaging abilities in order to promote the targeted theranosis of breast cancer. In more
detail, a targeted nanodrug candidate functionalized with organotin(IV) complex (therapeutic), Alexa
Fluor 647 NIR dye (diagnostic), and folate fragment (active targeting) moieties useful for the theranosis
of human breast adenocarcinoma in mice models has been achieved. Furthermore, the application of
an enzyme-responsive GFGL peptide linker for the site-selective controlled delivery of the metallodrug
and triggered only after tumor cell uptake has been designed and successfully applied. Thanks to the
combination of the receptor-mediated site targeting and the specific fine-tuned release mechanism,
the MSN-AP-FA-PEP-S-Sn-AX (AX-3) nanotheranostic drug has showed enhanced therapeutic activity
and reduced off-target toxicity after in vitro as well as in vivo applications in orthotopic mouse model
of human TNBC. Considering the achieved results, the intrinsic flexibility of MSN materials and
the possibility to couple other complementary therapeutic protocols, we are fully confident that
our proposed strategy can pave the way toward the development of a more powerful generation of
engineered nanotheranostics for the multitherapeutic treatment of triple negative breast cancers.
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Kaluđerović, G. A New Generation of Anticancer Drugs: Mesoporous Materials Modified with Titanocene
Complexes. Chem. Eur. J. 2009, 15, 5588–5597. [CrossRef] [PubMed]

33. Ceballos-Torres, J.; Virag, P.; Cenariu, M.; Prashar, S.; Fajardo, M.; Fischer-Fodor, E.; Gómez-Ruiz, S.
Anti-cancer Applications of Titanocene-Functionalised Nanostructured Systems: An Insight into Cell Death
Mechanisms. Chem. Eur. J. 2014, 20, 10811–10828. [CrossRef] [PubMed]
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Abstract: Since cancer cells are oxidative in nature, anti-cancer agents can be delivered to cancer
cells specifically without causing severe normal cell toxicity if the drug carriers are designed to be
sensitive to the intrinsic characteristic. Oxidation-sensitive liposomes were developed by stabilizing
dioleoylphosphatidyl ethanolamine (DOPE) bilayers with folate-conjugated poly(hydroxyethyl
acrylate-co-allyl methyl sulfide) (F-P(HEA-AMS)). The copolymer, synthesized by a free radical
polymerization, was surface-active but lost its surface activity after AMS unit was oxidized by H2O2

treatment. The liposomes with F-P(HEA-AMS) were sensitive to H2O2 concentration (0%, 0.5%,
1.0%, and 2.0%) in terms of release, possibly because the copolymer lost its surface activity and its
bilayer-stabilizing ability upon oxidation. Fluorescence-activated cell sorting (FACS) and confocal
laser scanning microscopy (CLSM) revealed that doxorubicin (DOX)-loaded liposomes stabilized
with folate-conjugated copolymers markedly promoted the transport of the anti-cancer drug to
cancer cells. This was possible because the liposomes were readily translocated into the cancer cells
via receptor-mediated endocytosis. This liposome would be applicable to the delivery carrier of
anticancer drugs.

Keywords: dioleoylphosphatidylethanolamine; liposomes; poly(hydroxyethyl acrylate-co-allyl
methyl sulfide) copolymer; folate; oxidation-sensitive release; doxorubicin; cellular interaction;
in vitro anti-cancer activity

1. Introduction

Phospholipids are amphiphilic molecules and they were self-assembled in aqueous phase
by an entropy-driven process [1–5]. Phosphatidylcholine (PC) is cylindrical in shape and its
packing parameter is about 1, so it can be assembled into bilayer vesicles (i.e., liposome).
Phosphatidylethanolamine (PE) is conical and its packing parameter is larger than 1, thus it can
constitute non-bilayer assemblies (i.e., reversed hexagonal phase). If amphiphilic complementary
molecules are inserted in between the head groups of PE molecules, liposomes can be formed [6–8].
Hydrophobically modified poly(N-isopropylacrylamide) was adopted as a stabilizer for the formation of
dioleoylphophatidylethanolamine (DOPE) liposomes [9,10]. If the liposomes encounter a temperature
higher than the phase transition temperature of the polymer, the polymer chains can contract and the
bilayer domain they can cover and stabilize would decrease, leading to the disintegration of liposomes
and the thermally triggered release of its payload. Cholesteryl hemisuccinate (CHEMS) was used as a
complementary molecule for the stabilization of DOPE liposomes [11–13]. If the liposome suspension
is acidified, the head group of CHEMS (i.e., carboxyl group) becomes unionized, its effective size
decreases, thus the complementary molecule can lose its ability to stabilize DOPE bilayers, resulting in
acidification-triggered release. Hydrophobically modified immunoglobulin G (HmIgG) could stabilize
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DOPE bilayer and it was claimed to be used as a targetable drug carrier [14]. If the liposomes come in
contact with their target site, the HmIgG molecules are supposed to diffuse on the liposomal surface
toward antigens and cause the disintegration of the liposomes. Glucose oxidase was immobilized
on the surface of the DOPE liposome stabilized with CHEMS to render the liposome sensitive to
glucose [15]. The enzyme can convert glucose to gluconic acid and acidify the medium, triggering the
release from the pH-sensitive liposomes.

In this study, oxidation-sensitive and cancer cell-targetable liposomes were prepared by
stabilizing DOPE liposomes with folate-conjugated poly(hydroxyl ethyl acrylate-co-allyl methyl
sulfide) (F-P(HEA-AMS)). Since HEA is hydrophilic and AMS is lipophilic, P(HEA-AMS) is a kind
of amphiphilic polymer. AMS can act as a hydrophobic anchor and be hydrophobically intercalated
into the bilayers with HEA segments orienting toward aqueous bulk phase. Thus, the copolymer
would be able to stabilize DOPE liposomes (Figure 1A). Owing to folate conjugated to the copolymer,
the liposomes can target cancer cells that mostly are known to overexpress folate receptors and they
would be readily internalized into the cells via receptor mediated endocytosis. Doxorubicin (DOX) was
loaded in the liposomes as an anti-cancer drug. DOX is known to kill cancer cells by being inserted
between DNA double strands and suppressing the biosynthesis of proteins. It is also known that
oxygen free radicals are formed by DOX within cancer cells and they peroxidize the cellular membrane
lipids and exterminate the cancer cells [16]. In addition to inherent intracellular ROS, DOX-induced
oxygen free radicals would also cause the methyl sulfide of AMS of the copolymer to be oxidized.
Once oxidized within cells, AMS would hardly act as a hydrophobic anchor. As a result, the polymeric
stabilizer would be desorbed from the liposomal membrane and it would cause the disintegration of
liposomes and trigger the release of DOX from the liposomes (Figure 1B).

Figure 1. Scheme of oxidation-sensitive dioleoylphophatidylethanolamine (DOPE) liposomes stabilized
with liposome incorporating folate-conjugated poly(hydroxyethyl acrylate-co-allyl methyl sulfide)
(F-P(HEA-AMS)). AMS can act as a hydrophobic anchor and be hydrophobically intercalated into the
bilayers with HEA segments orienting toward aqueous bulk phase. Thus, the copolymer would be able
to stabilize DOPE liposomes (A). If the liposomes are exposed to an oxidative condition, the methyl
sulfide of AMS can be oxidized to methyl sulfone and it would hardly act as a hydrophobic anchor. As
a result, the polymeric stabilizer would be desorbed from the liposomal membrane and it would cause
the disintegration of liposomes and trigger the release from the liposomes (B).

54



Cancers 2020, 12, 180

2. Results and Discussion

2.1. 1H NMR Spectroscopy

The 1H NMR spectrum of poly(hydroxyethyl acrylate-co-butyl methacrylate) (P(HEA-BMA)),
poly(hydroxyethyl acrylate-co-allyl methyl sulfide) (P(HEA-AMS)), folate-conjugated
poly(hydroxyethyl acrylate-co-butyl methacrylate) (F-P(HEA-BMA)) and folate-conjugated
poly(hydroxyethyl acrylate-co-allyl methyl sulfide) (F-P(HEA-AMS)) are shown in Figure 2. In the 1H
NMR spectrum of P(HEA-BMA), the methyl group of BMA was found in the range of 0.92–1.06 ppm,
two methylene groups next to the methyl group in the range of 1.35–2.14 ppm, the methylene group
next to ester bond at 2.41 ppm, the methyl group next to quaternary carbon in the range of 1.35–2.14
ppm, the vinyl methylene group in the range of 1.35–2.14 ppm, the hydroxyl group of HEA at 4.80
ppm, the methylene group next to hydroxyl group at 3.76 ppm, the methylene group next to ester
bond at 4.16 ppm, the methine group around 2.41 ppm, and the vinyl methylene group in the range of
1.35–2.14 ppm. The signal of the methyl group of BMA did not overlap with any other signals and the
signal of the methylene group next to the hydroxyl group of HEA did not either. Using the area of
those signals, the molar ratio of HEA to BMA was calculated to be 100 ÷ 3.5. In the 1H NMR spectrum
of P(HEA-AMS), the methyl group of AMS was found in the range of 1.63–1.99 ppm, the methylene
group next to the sulfur at 2.69 ppm, and the methine group at 2.42 ppm. The signals of HEA of
P(HEA-AMS) appeared at almost the same position as those of HEA of P(HEA-BMA). The signal of
the methylene group of AMS did not overlap with any other signals and the signal of the methylene
group next to the hydroxyl group of HEA did not either. Using the area of those signals, the molar
ratio of HEA to AMS was calculated to be 100 ÷ 5.2. The aromatic protons of folate were found at 6.78
ppm, 7.66 ppm and 7.99 ppm, and the units (i.e., HEA, BMA, and AMS unit) of folate-conjugated
copolymers were found at almost the same position as those of folate-free copolymers. In the spectrum
of F-P(HEA-BMA), the area of the aromatic ring signals was 2.0, and that of the ethyl group signals of
HEA unit was 56.9. Thus, the molar ratio of folate to HEA unit was calculated to be about 1 ÷ 14,
indicating that folate was conjugated to every 14 HEA units. Since the molar ratio of HEA to BMA
was 100 ÷ 3.5, the molar ratio of folate:HEA:BMA of F-P(HEA-BMA) was calculated to be 6.7 ÷ 93.3
÷ 3.5. In the spectrum of F-P(HEA-AMS), the area of the aromatic ring signals was 3.6, and that of
the ethyl group signals of HEA unit was 109.8. Therefore, the molar ratio of folate to HEA unit was
calculated to be about 1 ÷ 15. Since the molar ratio of HEA to AMS was 100 ÷ 5.2, the molar ratio of
folate/HEA/AMS of F-P(HEA-AMS) was calculated to be 6.2 ÷ 93.8 ÷ 5.2.

2.2. Examination of Oxidation of Copolymers by XPS

Figure 3 shows the XPS spectrum of P(HEA-AMS) and H2O2-P(HEA-AMS). A strong peak around
163.5 eV was found in the spectrum of P(HEA-AMS) and it could be ascribed to the sulfur signal of the
sulfide moiety (i.e., the AMS unit). H2O2-P(HEA-AMS) showed a relatively broad peak centered at
168 eV with a shoulder at 166 eV. Those signals could be assigned to the sulfur electron of the sulfone
moiety and that of the sulfoxide one, respectively. Thus, it could be said that the AMS unit was readily
oxidized by H2O2 under our experimental condition.
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Figure 2. 1H NMR spectrum of P(HEA-BMA) (a) and P(HEA-AMS) (b), F-P(HEA-BMA) (c) and
F-P(HEA-AMS) (d).

Figure 3. XPS spectrum of P(HEA-AMS) (a) and H2O2-P(HEA-AMS) (b).

2.3. Measurement of Interfacial Tension

Figure 4 shows the air/water interfacial tension of P(HEA-BMA), H2O2-P(HEA-BMA),
P(HEA-AMS), and H2O2-P(HEA-AMS) solution. The interfacial tension of P(HEA-BMA) solution
decreased steeply from 73 dyne/cm to 57 dyne/cm with an increasing concentration in the range of 0–0.02
mg/mL, it decreased gradually from 57 dyne/cm to 56 dyne/cm in the range of 0.02–0.5 mg/mL, and no
more decrease was observed in the remaining concentration range. An L type of interfacial tension
profile is typical of a surface-active agent [17,18]. The concentration where two tangential lines intersect
each other can be assumed to be the critical micellization concentration (CMC) [18–20]. The CMC
was estimated to be 0.0156 mg/mL. BMA is a hydrophobic monomer and its copolymerization with a
hydrophilic monomer (i.e., HEA) would result in the formation of an amphiphilic and interface-active
copolymer. Owing to its amphiphilicity, the copolymer chains would be aligned at air/water interface
with HEA segments being in water and BMA residue facing air to reduce the interfacial tension. The
interfacial tension profile of H2O2-P(HEA-BMA) solution was almost the same as that of P(HEA-BMA)
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solution. This suggested that the interfacial activity of P(HEA-BMA) was little changed after treated
with H2O2. In fact, P(HEA-BMA) had no oxidizable groups and its chemical structure would hardly
be affected by the oxidizing agent treatment. P(HEA-AMS) solution also exhibited an L type of
interfacial tension profile. The plateau interfacial value was about 61 dyne/cm and it was higher than
that of P(HEA-BMA), indicating that P(HEA-AMS) was less interface-active than P(HEA-BMA). The
1H NMR spectroscopy revealed that the molar content of the hydrophobic monomer (i.e., AMS) of
the former copolymer was about 4.9% and it was more than that of the hydrophobic monomer (i.e.,
BMA) of the latter copolymer, 3.4%. Nevertheless, P(HEA-AMS) was less interface-active. AMS has
methylene methyl sulfide (CH3-S-CH2-) on the side of vinyl group and BMA has butoxy carbonyl group
(CH3-(CH2)3-O-C=O-) and methyl group on the side. Thus, AMS seemed to be less hydrophobic than
BMA and to be less effective in causing the copolymer to be amphiphilic. This could explain why the
interfacial activity of P(HEA-AMS) was lower than that of P(HEA-BMA). The CMC of P(HEA-AMS),
estimated by the crossing point of two tangential lines, was about 0.025 mg/mL, and it was higher
than that of P(HEA-BMA), about 0.0156 mg/mL. This also indicated that P(HEA-AMS) was less
surface-active and less amphiphilic. The interfacial tension of H2O2-P(HEA-AMS) solution slightly
decreased to 68.0 dyne/cm when the concentration increased to 1.0 mg/mL, and it was higher than that
of P(HEA-AMS) solution in the full concentration tested. Since a saturation type of decrease pattern in
the interfacial tension disappeared and the interfacial tension was reduced only by 4 dyne/cm when
increased up to the maximum concentration, it was concluded that P(HEA-AMS) lost most of its
interfacial activity after treated with H2O2. XPS revealed that the sulfide of AMS unit was oxidized to
the sulfoxide and the sulfone upon the oxidizing agent treatment (Figure 3). Once P(HEA-AMS) was
oxidized, the copolymer would lose its amphiphilicity and its interfacial activity because AMS unit
became hydrophilic.

Figure 4. Air/water interfacial tension of P(HEA-BMA) (�), H2O2-P(HEA-BMA) (�), P(HEA-AMS) (�),
and H2O2-P(HEA-AMS) solution (�).

2.4. Characterization of DOPE Liposomes Stabilized with Copolymers

Figure 5 shows the TEM photo of liposome/F-P(HEA-BMA)(200/1),
liposome/F-P(HEA-BMA)(100/1), liposome/F-P(HEA-BMA)(50/1), liposome/F-P(HEA-AMS)(200/1),
liposome/F-P(HEA-AMS)(100/1), and liposome/F-P(HEA-AMS)(50/1) that 200/1, 100/1 and 50/1
refer to dioleoylphophatidylethanolamine (DOPE)/copolymer mass ratio. The liposomes were
multi-lamellar vesicles regardless of whether the stabilizer was F-P(HEA-BMA) or F-P(HEA-AMS).
DOPE is conical because the head (i.e., ethanolamine) is much smaller than the tail (i.e., dioleoyl group)
and its packing parameter is more than 1. When dispersed in aqueous solution, DOPE molecules
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are assembled into reversed hexagonal phase [21,22]. An amphiphilic molecule having a large
hydrophilic head and a small hydrophobic tail can be used as a complementary molecule to have
DOPE molecules assembled into liposomal bilayers [23,24]. The hydrophobic tail of complementary
molecule is likely to be inserted in between the tails of DOPE molecules through hydrophobic
interaction while the hydrophilic head would fill the space between the heads of DOPE molecules.
F-P(HEA-BMA) and F-P(HEA-AMS) were thought to act as a complementary molecule to stabilize
the DOPE liposomal bilayers. The HEA segments of the copolymers would be able to fill the space
between the heads of DOPE molecules while the hydrophobic anchors (i.e., BMA and AMS) being
anchored in between the tails. This would be a mechanism by which the copolymers could have
DOPE molecules assembled into the liposomal bilayers. The quenching % of calcein enveloped in
liposomes decreased with increasing the amount of the copolymers. For example, the quenching
% of calcein enveloped in liposome/F-P(HEA-BMA)(200/1), liposome/F-P(HEA-BMA)(100/1), and
liposome/F-P(HEA-BMA)(50/1) were 55.6%, 51.0%, and 46.2%, respectively. The quenching %
of calcein enveloped in liposome/F-P(HEA-AMS)(200/1), liposome/F-P(HEA-AMS)(100/1), and
liposome/F-P(HEA-AMS)(50/1) were 57.7%, 55.6%, and 53.9%, respectively.

Figure 5. TEM micrograph of liposome/F-P(HEA-BMA)(200/1) (A), liposome/F-P(HEA-BMA)(100/1)
(B), liposome/F-P(HEA-BMA)(50/1) (C), liposome/ F-P(HEA-AMS)(200/1) (D),
liposome/F-P(HEA-AMS)(100/1) (E), and liposome/F-P(HEA-AMS)(50/1) (F). The magnification was
80,000 times, and bar on each micrograph corresponds to 200 nm.

The specific loading percentages of doxorubicin (DOX) loaded in liposome/F-P(HEA-BMA)(200/1),
liposome/F-P(HEA-BMA)(100/1), liposome/F-P(HEA-BMA)(50/1) were 1.82%, 2.35%, and 2.39%,
respectively. It seemed that the specific loading % was greater at a lower mass ratio of DOPE
to copolymer. This was possibly because the specific loading % of a water-soluble drug is proportional
to the size of liposome [25,26]. In fact, the mean hydrodynamic diameter of the liposomes was larger
when the DOPE to copolymer mass ratio was lower. The specific loading percentages of DOX loaded in
liposome/F-P(HEA-AMS)(200/1), liposome/F-P(HEA-AMS)(100/1), and liposome/F-P(HEA-AMS)(50/1)
were 1.85%, 1.98%, 2.21%, respectively. The same reason would be applicable in explaining why the
specific loading % was greater at a lower mass ratio of DOPE to copolymer.

The mean diameter of liposomes increased with increasing the amount of the
copolymers. For example, the hydrodynamic mean diameter of liposome/F-P(HEA-BMA)(200/1),
liposome/F-P(HEA-BMA)(100/1), and liposome/F-P(HEA-BMA)(50/1) were about 163 nm, 273 nm,
and 283 nm, respectively. The hydrodynamic mean diameter of liposome/F-P(HEA-AMS)(200/1),

58



Cancers 2020, 12, 180

liposome/F-P(HEA-AMS)(100/1), and liposome/F-P(HEA-AMS)(50/1) were about 169 nm, 176 nm, and
262 nm, respectively. If the amount of copolymers increases, the amount of DOPE bilayers formed
would increase because the copolymers could stabilize DOPE bilayer. An increase in the amount of
bilayer would lead to increase in the number of liposomal particle or increase in the number of bilayer
per one liposomal particle. Since the mean diameter was proportional to the amount of copolymers,
the latter case was likely to take place more favorably than the former case. In fact, as the amount of
copolymers was higher, the diameter seemed to be larger and the number of bilayer per one liposomal
particle seemed to be greater (Figure 5).

2.5. Observation of Oxidation-Sensitive Release

The H2O2 concentration-dependent release profiles of calcein enveloped in
liposome/F-P(HEA-BMA)(200/1), liposome/F-P(HEA-BMA)(100/1), and liposome/F-P(HEA-BMA)(50/1)
were presented in Figure S1. The release % of the fluorescence dye enveloped in
liposome/F-P(HEA-BMA)(200/1) did not increase markedly with time lapse regardless of
what the H2O2 concentration was and it did not strongly depend on H2O2 concentration either.
For example, the maximum release % obtained when H2O2 concentration was 0%, 0.5%, 1.0%,
and 2.0% was about 0.2%, 3.4%, 5.8%, and 7.8%, respectively. The small increase in the release
% with increasing H2O2 concentration was probably because of the H2O2-caused oxidation of
DOPE molecules. Two double bonds are in the tail of the phospholipid and they are subjected to
oxidation [27,28]. Upon the H2O2-caused oxidation, the double bond of DOPE can be broken down
and the hydrophobic chain (i.e., oleoyl group) can be shortened, resulting in the destabilization of
DOPE bilayers and the release of the dye. F-P(HEA-BMA) had no oxidation-sensitive groups and it
would hardly affect the H2O2 concentration-dependent release. The H2O2 concentration-dependent
release profile and the release percentages of calcein enveloped in liposome/F-P(HEA-BMA)(100/1)
and liposome/F-P(HEA-BMA)(50/1) were almost the same as those of the dye enveloped in
liposome/F-P(HEA-BMA)(200/1). This implied that the copolymer had little effect on the H2O2

concentration-dependent release. In fact, there were no oxidation-sensitive groups in the copolymer.
Figure 6 shows the H2O2 concentration-dependent release profiles of calcein enveloped in

liposome/F-P(HEA-AMS)(200/1), liposome/F-P(HEA-AMS)(100/1), and liposome/F-P(HEA-AMS)(50/1).
Liposome/F-P(HEA-AMS)(200/1) showed no appreciable release during the whole period of release
experiment (i.e., 60 s) when no H2O2 was contained in the release medium, indicating that the liposomes
were stable in the buffer solution free of the oxidizing agent. When the concentration of oxidizing agent
was 0.5%, the liposomes released their content rapidly for the first few seconds and slowly during
the remaining period. Specifically, the release degree was about 25% in 5 s and it increased slowly to
about 35% for the remaining 55 s. The hydrophobic side chain (i.e., methylene methyl sulfide) of the
copolymer would be able to be anchored in between DOPE molecules through hydrophobic interaction
while the hydrophilic HEA segments orienting toward aqueous bulk phase. This was thought to
be a mechanism with which DOPE liposomes were stabilized by the copolymer. If the copolymer
is exposed to an oxidative condition, the sulfide can be oxidized to become sulfoxide and sulfone
(Figure 3) [29,30]. Upon the oxidation, the hydrophobic anchor was likely to become hydrophilic,
it would hardly be kept to be anchored into the liposomal bilayers and the copolymers would be
removed from the liposomal bilayers, leading to the disintegration of the liposomes and the triggered
release of the liposomal content. In fact, the copolymer lost its interfacial activity after treated with
H2O2 (Figure 4). However, the release degree was higher at the two highest H2O2 concentrations
during the whole period of release experiment. Thus, the maximum release degree at the concentration
of 1.0% was about 78.0% and when H2O2 concentration was 2.0%, the release degree was about 78.4%,
almost the same. As H2O2 concentration was higher, the sulfide copolymer was likely to be oxidized
more readily and DOPE liposomes would be destabilized more extensively, leading to higher release
degree. The oxidation degree of the sulfide copolymer at the concentration of 1.0% seemed to be
already high enough to disintegrate the liposomes completely. The H2O2 concentration-dependent
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release profiles of dye enveloped in liposome/F-P(HEA-AMS)(100/1) were like those of dye enveloped
in liposome/F-P(HEA-AMS)(200/1). Liposome/F-P(HEA-AMS)(100/1) exhibited no significant release
when the release medium was free of H2O2. But it showed a triggered release when the release medium
contained the oxidizing agent. For example, the maximum release degree was about 0.5%, 60.6%, 79.3%,
and 80.2%, respectively, when the concentration of the oxidizing agent was 0%, 0.5%, 1.0%, and 2.0%.
As in case of liposome/F-P(HEA-AMS)(200/1), the release degree at the concentration of 1.0% was higher
than that observed at the concentration of 0.5% and no significant difference was found between the
release degree at the concentration of 1.0 % and that at 2.0%, suggesting that the oxidation at 1.0% was
already high enough to induce the complete disintegration of the liposomes. At the concentration of 0.5%,
liposome/F-P(HEA-AMS)(100/1) exhibited higher release degree than liposome/F-P(HEA-AMS)(200/1).
Since the former liposomes incorporate more sulfide copolymer for a fixed amount of DOPE than
the latter liposomes, they would be subjected more readily to the oxidation-induced destabilization.
The H2O2 concentration-dependent release profiles of dye for liposome/F-P(HEA-AMS)(50/1) were
quite different. The maximum release degree was about 0.6%, 77.2%, 83.2%, and 83.7%, when the
H2O2 concentration was 0%, 0.5%, 1.0%, and 2.0%, respectively. The liposome/F-P(HEA-AMS)(50/1)
showed higher release degree at the H2O2 concentration 0.5% than the other liposomes and there
was no significant difference between the release degree at H2O2 concentrations of 0.5%, 1.0% and
2.0%. These indicated that liposome/F-P(HEA-AMS)(50/1) was the most sensitive to H2O2 among
the liposomes tested. Since liposome/F-P(HEA-AMS)(50/1) was incorporating higher amount of the
sulfide copolymer than the other two kinds of liposomes, the amount of copolymer which can undergo
oxidation would also be greater and the liposome was likely to be more susceptible to destabilization in
an oxidative condition. This could be a reason why liposome/F-P(HEA-AMS)(50/1) was more sensitive
to the oxidizing agent than liposome/F-P(HEA-AMS)(200/1) and liposome/F-P(HEA-AMS)(100/1).

Figure 6. H2O2 concentration-dependent release profiles of calcein enveloped in
liposome/P(HEA-AMS)(200/1) (A), liposome/P(HEA-AMS)(100/1) (B), and liposome/P(HEA-AMS)(50/1)
(C) at 0 % (�), 0.5 % (�), 1.0 % (�), and 2.0 % (�) H2O2 concentration.

2.6. Observation of Interaction of Liposomes and Cancer Cell and Tumor Cells

Figure 7 shows the fluorescence intensity distribution obtained using flow cytometry (FACS) of KB
cells (a human cancer cell type originating from the cervix) (A) and LN229 cells (human glioma cell line)
(B) treated with free DOX, liposome/P(HEA-BMA)(100/1)/DOX, liposome/F-P(HEA-BMA)(100/1)/DOX,
liposome/P(HEA-AMS)(100/1)/DOX, and liposome/F-P(HEA-AMS)(100/1)/DOX. When the cells
were treated with free DOX, the fluorescence intensity at the maximum cell count was about
10 and it was the lowest among the test samples tested. When the cells were treated with
liposome/P(HEA-BMA)(100/1)/DOX, the fluorescence intensity at the maximum cell count was about
9000 and it was higher than that obtained with the cells treated with free DOX. This suggested that the
liposomal DOX was internalized into the cells more efficiently than free DOX. It was reported that
particulate matters including liposomes were translocated into the cells via particulate endocytosis
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and small solutes including DOX were taken up by the cells via pinocytosis [31,32]. Small solutes
would also be able to be internalized into the cells via simple diffusion. Since DOX was loaded and
localized in the liposomes (specific loading %: 1.82–2.39), the cellular uptake of liposomes seemed
to transport DOX to the cells more effectively than the molecular level transport phenomena (i.e.,
pinocytosis). The cellular uptake would be a reason why the fluorescence intensity of the cells
treated with liposome/P(HEA-BMA)(100/1)/DOX was stronger than that of the cells treated with
free DOX. When the cells were treated with liposome/F-P(HEA-BMA)(100/1)/DOX, the fluorescence
intensity at the maximum cell count was about 1.5 × 103 and it was much stronger than that obtained
with the cells treated with liposome/P(HEA-BMA)(100/1)/DOX. Folate-receptor was reported to be
overexpressed on the surface of KB cells and LN229 cells [33–36]. Thus, the folate-conjugated
liposome would readily be able to bind to the cancer cells and tumor cells through receptor-ligand
interaction then the liposome would be likely to be internalized into the cells via receptor-mediated
endocytosis. The strong fluorescence intensity of the cancer cells and tumor cells treated with the
folate-conjugated liposomes could be ascribed to the receptor-mediated uptake. The cancer cells and the
tumor cell treated with liposome/P(HEA-AMS)(100/1)/DOX and liposome/F-P(HEA-AMS)(100/1)/DOX
showed similar fluorescence intensity distributions to the cancer cells and tumor cells treated with
liposome/P(HEA-BMA)(100/1)/DOX and liposome/F-P(HEA-BMA)(100/1)/DOX, respectively. This
indicates that the former liposomes were as potent as the latter ones in terms of their translocation into
the cancer cells and tumor cells.

Figure 7. Fluorescence intensity distribution of KB cells (A) and LN229 cells (B) treated with
free DOX (a), liposome/P(HEA-BMA)(100/1)/DOX (b), liposome/F-P(HEA-BMA)(100/1)/DOX (c),
liposome/P(HEA-AMS)(100/1)/DOX (d), and liposome/F-P(HEA-AMS)(100/1)/DOX (e).

Figure 8 shows the confocal laser scanning microscopy (CLSM) micrograph of KB
cells (A) and LN229 cells (B) treated with free DOX, liposome/P(HEA-BMA)(100/1)/DOX,
liposome/F-P(HEA-BMA)(100/1)/DOX, liposome/P(HEA-AMS)(100/1)/DOX, and
liposome/F-P(HEA-AMS)(100/1)/DOX. When the cancer cells and tumor cells were treated with free
DOX, DAPI-dyed nuclei (blue circular objects) were found with no trace of DOX (red color). When
treated with liposome/P(HEA-BMA)(100/1)/DOX, weak DOX fluorescence appeared within and around
the nuclei, suggesting that DOX was taken up by the cancer cells and tumor cells. As described above,
the endocytosis of the liposome into the cells would promote the cellular internalization of DOX. When
treated with liposome/F-P(HEA-BMA)(100/1)/DOX, DOX fluorescence was found within and near by the
nuclei and the intensity was much stronger than that of the cells treated with the folate-free liposomes.
Possibly due to the specific interaction of folate and its receptor, the endocytosis of the liposomes
would be expedited, leading to a promoted cellular internalization of DOX. The cancer cells and tumor
cells treated with liposome/P(HEA-AMS)(100/1)/DOX and liposome/F-P(HEA-AMS)(100/1)/DOX
exhibited similar DOX fluorescence intensities to the cancer cells and tumor cells treated with
liposome/P(HEA-BMA)(100/1)/DOX and liposome/F-P(HEA-BMA)(100/1)/DOX, respectively. This
suggests that the feasibility of the cellular uptake of the former liposomes was as high as that of the
latter ones.
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Figure 8. CLSM micrograph of KB cells (A) and LN229 cells (B) treated with free
DOX (a), liposome/P(HEA-BMA)(100/1)/DOX (b), liposome/F-P(HEA-BMA)(100/1)/DOX (c),
liposome/P(HEA-AMS)(100/1)/DOX (d), and liposome/F-P(HEA-AMS)(100/1)/DOX (e). In all cases,
cells were also treated with DAPI to dye the nuclei.

2.7. Observation of In Vitro Anti-Cancer Cellular Efficacy

Figure 9 shows the viability of KB cells (A) and LN229 cells (B)
treated with liposome/F-P(HEA-BMA)(100/1), liposome/F-P(HEA-AMS)(100/1), free
DOX, liposome/P(HEA-BMA)(100/1)/DOX, liposome/F-P(HEA-BMA)(100/1)/DOX,
liposome/P(HEA-AMS)(100/1)/DOX, and liposome/F-P(HEA-AMS)(100/1)/DOX. When treated with
liposomes without DOX (i.e., liposome/F-P(HEA-BMA)(100/1) and liposome/F-P(HEA-AMS)(100/1)),
the viability of cancer cell and tumor cell fluctuated near 100% in the full range of concentration tested,
suggesting that the liposomes exhibited no appreciable in vitro cytotoxicity under present experimental
condition. The viability of the cancer cell and tumor cell treated with free DOX gradually decreased to
about 43% in KB cells and 53% in LN229 cells when the concentration increased to 4 μg/mL. The viability
of the cancer cell and tumor cell treated with liposome/P(HEA-BMA)(100/1)/DOX decreased to about
40% in KB cells and 48% in LN229 cells in the same concentration range and it was not significantly
different from that of cells treated with free DOX. On the other hand, the viability of the cancer cell and
tumor cell treated with liposome/F-P(HEA-BMA)(100/1)/DOX was significantly lower than that of cells
treated with free DOX. For example, the viability of cells treated with the folate-conjugated liposome
was about 33% in KB cells and 38% in LN229 cells at the DOX concentration of 4 μg/mL and it was
lower than that of cells treated with DOX. The folate-conjugated liposomes would be targeted to the
cancer cell and tumor cell through the specific interaction of folate and its receptor. In fact, FACS and
CLSM revealed that liposome/F-P(HEA-BMA)(100/1) and liposome/F-P(HEA-AMS)(100/1) markedly
promoted the delivery of DOX to the cancer cell and tumor cell. This could account for why the
in vitro anti-cancer efficacy of liposome/F-P(HEA-BMA)(100/1)/DOX was significantly higher than that
of free DOX. Meanwhile, the viability of cells treated with liposome/P(HEA-AMS)(100/1)/DOX was
significantly lower than that of cells treated with liposome/P(HEA-BMA)(100/1)/DOX. For example,
the viability of cells treated with the former liposome was about 35% in KB cells and 43% in LN229
cells at the DOX concentration of 4 μg/mL and it was lower than that of cells treated with the latter
one. According to the results of FACS shown in Figure 7, liposome/P(HEA-AMS)(100/1) seemed to
promote the intracellular delivery of DOX to almost the same degree as liposome/P(HEA-BMA)(100/1).
However, liposome/P(HEA-AMS)(100/1) released its content in an oxidation responsive manner but
liposome/P(HEA-BMA)(100/1) did not (Figure 6 and Figure S1). If the oxidation-sensitive liposomes
are taken up by the cancer cell and tumor cell, P(HEA-AMS) chains would be oxidized and the
liposomes would be able to destabilized, leading to the promoted release of their payload because
the intracellular space of the cancer cell and tumor cell is in a high ROS level [37,38]. It is also
known that oxygen free radicals are formed by DOX within the cancer cell and tumor cell and they
peroxidize the cellular membrane lipids and exterminate the cancer cell and tumor cell [39–41]. The
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oxidation-sensitive liposomes would also be destabilized by the oxygen free radicals produced by
DOX. This would be a reason why liposome/P(HEA-AMS)(100/1)/DOX was more efficacious than
liposome/P(HEA-BMA)(100/1)/DOX in killing the cancer cell and tumor cell. The viability of cells
treated with liposome/F-P(HEA-AMS)(100/1)/DOX markedly decreased to about 16% in KB cells,
31% in LN229 cells when the concentration increased to 4 μg/mL. Overall, LN229 cells showed less
anticancer efficacy than KB cells, because the internalization was less than KB cells, as shown by FACS
and CLSM (Figures 7 and 8). Liposome/F-P(HEA-AMS)(100/1)/DOX exhibited the highest in vitro
anti-cancer efficacy among the liposomes tested. According to the results of FACS and CLSM study
shown, liposome/F-P(HEA-AMS)(100/1)/DOX seemed to be efficiently translocated into the cancer cell
and tumor cell. In addition, the liposome could release its payload actively in an oxidative condition
(Figure 6). These results could explain why liposome/F-P(HEA-AMS)(100/1)/DOX was so effective in
killing the cancer cell and tumor cell.

Figure 9. Viability of KB cells (A) and LN229 cells (B) treated with liposome/F-P(HEA-BMA)(100/1)
(black bar), liposome/F-P(HEA-AMS)(100/1) (gray bar), free DOX (white bar), liposome/P(HEA-BMA)
(100/1)/DOX (hashed bar), liposome/F-P(HEA-BMA)(100/1)/DOX (cross hatched bar),
liposome/P(HEA-AMS)(100/1)/DOX (checkered bar), and liposome/F-P(HEA-AMS)(100/1)/DOX
(striped bar).

3. Materials and Methods

3.1. Materials

1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine (DOPE), 2-hydroxyethyl acrylate (HEA), butyl
methacrylate (BMA), allyl methyl sulfide (AMS), folic acid (FA), dicyclohexylcarbodiimide (DCC),
N,N-dimethylformamide (DMF), deoxycholic acid (DOC, sodium salt), calcein, Triton X-100, phosphate
buffer solution (PB), phosphotungstic acid (PTA), thiazolyl blue tetrazolium bromide (MTT),
fluoroshieldTM with DAPI, doxorubicin hydrochloride (DOX) and deuterium oxide (D2O) were
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purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Azobisisobutyronitrile (AIBN) was purchased
from Junsei Chemical Co. (Tokyo, Japan). Phosphate buffered saline (PBS), RPMI 1640 medium (no folic
acid), fetal bovine serum (FBS), penicillin-streptomycin, and trypsin-EDTA (0.25%) were purchased
from GibcoTM (Dublin, Ireland). Phosphorus pentoxide (P2O5) was purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan). Diethyl ether, dimethyl sulfoxide (DMSO), 4-dimethylaminopyridine
(DMAP) and hydrogen peroxide (H2O2) were purchased from Daejung Chemical & Metals Co. Ltd.
(Gyeonggi-do, Korea). Sephadex G-100 was provided by GE Healthcare (Uppsala, Sweden). Human
nasopharyngeal epidermoid carcinoma cell line (KB) was purchased from the Korean cell line bank
(Seoul, Korea). Human glioma cell line (LN229) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All other reagents were of analytical grade.

3.2. Preparation of HEA Copolymers

Poly (HEA-co-AMS) (P(HEA-AMS)) and poly (HEA-co-BMA) (P(HEA-BMA)) were prepared by
free radical reaction. In total, 5 g of HEA was dissolved in 50 mL of DMF in a 250 mL 3-neck round
bottom flask. A hydrophobic comonomer (AMS and BMA) was dissolved in the HEA solution so that
the HEA to comonomer molar ratio was 80:20. 40 mg of AIBN was added to the mixture monomer
solution and the reaction mixture was purged with nitrogen gas for 30 min. The monomers were
copolymerized at 75 ◦C with reflux for 12 h. After standing the flask containing reaction mixture until
the temperature reached room temperature (20–23 ◦C), the copolymers were precipitated using diethyl
ether as a non-solvent and they were purified by re-precipitation. The precipitates were separated by
filtration and dried at room temperature.

3.3. Preparation of Folate-Conjugated HEA Copolymers

FA (0.320 g), DCC (1.534 g), and DMAP (0.904 g) were co-dissolved in 10 mL of DMSO contained
in a 30 mL round bottom flask and the mixture solution was stirred using a magnetic bar at 30 ◦C for 2
h under dark condition and N2 atmosphere. In total, 0.856 g each of P(HEA-AMS) and P(HEA-BMA)
was dissolved in 10 mL of DMSO, it was poured into FA solution, and the reaction mixture was stirred
at 30 ◦C for 24 h. The byproduct (i.e., dicyclohexylurea) was removed by filtration, the filtrate was
centrifuged at 12,000 rpm for 30 min. Then, the supernatant was dialyzed against distilled water using
a dialysis tube (MWCO 1000) to remove impurities and unreacted FA. The dialyzed reaction product
was freeze-dried for further use. Folate-conjugated P(HEA-AMS) and folate–conjugated P(HEA-BMA)
were abbreviated to F-P(HEA-AMS) and F-P(HEA-BMA), respectively.

3.4. 1H NMR Spectroscopy

Residual solvent and water were removed by incubating copolymers with P2O5 in a vacuum
incubator at 45 ◦C. Each of the dry copolymers was dissolved in D2O and the copolymer solution was
put in a 10 mm NMR tube and sealed with a cap. The 1H NMR spectrum was obtained by scanning the
copolymer solution on a NMR spectrophotometer (400 MHz, JNM-ECZ400S/L1, JEOL, Tokyo, Japan.
installed in the Central Laboratory of Kangwon National University).

3.5. Treatment of Copolymers with H2O2

Each of copolymers (i.e., P(HEA-AMS) and P(HEA-BMA)) was dissolved in H2O2 solution (1%
(v/v), in distilled water), the solutions were kept at room temperature (24 ◦C) for 10 min to oxidize the
copolymers, and they were freeze-dried for further use. A copolymer treated with H2O2 solution was
designated as H2O2 “copolymer name”.

3.6. Examination of Oxidation of Copolymers by XPS

The binding energy spectrum of P(HEA-AMS) and H2O2-P(HEA-AMS) were obtained by X-ray
photoelectron spectroscopy (XPS, K Alpha+, Thermo Scientific, Basingstoke, UK) using a 180◦ double
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focusing hemispherical analyzer with 128-channel position sensitive detector. The reference value
used to determine the binding energy of atomic electrons was the observed binding energy of C 1 s
(284.8 eV). The copolymers were exposed to an achromatic Al K-alpha (1286.6 eV) X-ray source with
the power of 72 W and the spectrophotometer was operated at room temperature (20–23 ◦C) and at a
pressure of less than 5 × 10−8 mbar.

3.7. Measurement of Interfacial Tension

The interfacial activity of H2O2-untreated and treated copolymers (i.e., P(HEA-AMS),
H2O2-(HEA-AMS), P(HEA-BMA), and H2O2-P(HEA-BMA)) were examined by measuring the air/water
interfacial tension of the copolymer solutions. Each of the copolymer solutions whose concentration was
0.01 mg/mL to 1.0 mg/mL was prepared by the continuous two times dilution of an aqueous copolymer
solution (1.0 mg/mL). The interfacial tension was measured by a ring method on a tensiometer (DST
60, SEO, Suwon, Gyeonggi-do, Korea).

3.8. Preparation of DOPE Liposomes Stabilized with Copolymers

DOPE liposomes stabilized with F-P(HEA-BMA) and F-P(HEA-AMS) were prepared by a
sonication and detergent removal method. The dry thin film of DOPE was prepared by removing the
organic solvent from 2 mL of DOPE solution (10 mg/mL, in chloroform) contained in a 25 mL round
bottom flask connected to a rotary evaporator operating at 150 rpm under reduced pressure. Variable
amounts (0.02 mL, 0.04 mL, and 0.08 mL) of copolymer solution (5 mg/mL, in PB (10 mM, pH 7.4)), 0.09
mL of DOC solution (2% (w/v), in the same buffer solution), and 1 mL of calcein solution (100 mM, in
the same buffer solution) were mixed in a 10 mL vial and the volume of the mixture solutions was made
up to 2 mL by adding the buffer solution. When DOX-loaded liposomes were prepared, doxorubicin
(DOX) solution (1 mL, 0.2% (w/v)) in PBS (10 mM, pH 7.4) was used instead of the calcein solution. In
the mixture solutions, the concentration of copolymer was 0.05 mg/mL, 0.1 mg/mL or 0.2 mg/mL, and
the concentration of DOC, calcein, and DOX were 0.09% (w/v), 50 mM, and 0.1%, respectively. 2 mL
each of the mixture solutions was put in the round bottom flask containing dry DOPE film deposited
on its inside wall and it was whirled by a hand to suspend the phospholipid in the mixture solution.
The DOPE suspension was sonicated in a bath type of sonicator (VC 505, Sonic & Materials, Newtown,
CT, USA) at room temperature for 20 min (pulse-on for 10 s and pulse-off for 10 s). DOPE liposomes
containing calcein (or DOX) and copolymer were separated from unentrapped calcein (or DOX) and
DOC by gel permeation chromatography using a Sephadex G-100 column. Liposome prepared from
the mixture whose DOPE to copolymer mass ratio was x/y was termed as liposome/copolymer name
(x/y) and the liposome containing DOX as liposome/copolymer name (x/y)/DOX.

3.9. Characterization of DOPE Liposomes Stabilized with Copolymers

The structure of DOPE liposomes stabilized with copolymers was investigated by transmission
electron microscopy. In order to visualize the bilayer and the lamellar structure, the liposomes were
negatively stained [42–44]. 100 μL of the liposome suspension was mixed with the same amount of
phosphotungstic acid solution (2% (w/v)) and the mixture was stood at room temperature for 3 h for
the staining of the liposomes. An aliquot amount of the stained liposome suspension was put on a
formvar/copper-coated grid and it was dried overnight at room temperature. The replica was subjected
to microscopy using a transmission electron microscope (TEM; LEO-912AB OMEGA, LEO, Germany;
located in the Korea Basic Science Institute (KBSI), Kangwon, Chuncheon, Korea).

The fluorescence quenching of calcein enveloped in the liposome was determined using an
Equation (1):

Quenching (%) = (Ft − Fi) ÷ Ft × 100 (1)

where Ft is the fluorescence intensity after the liposomes were completely solubilized by Triton X-100
and Fi is the fluorescence intensity before solubilized [45,46]. The fluorescence intensity was measured
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at 514 nm with being excited at 495 nm using a fluorescence spectrophotometer (Hitachi F2500, Hitachi,
Japan). The specific loading of DOX loaded in liposomes was determined as follows. DOX-loaded
liposomes suspended in PBS (10 mM, pH 7.4) were solubilized using Triton X-100 and the fluorescence
intensity of DOX in the solution was measured at 560 nm with being excited at 470 nm on a fluorescence
spectrophotometer (Hitachi F2500, Hitachi, Japan). The amount of DOX was determined by reading
the fluorescence intensity-corresponding concentration on a calibration curve. The calibration curve
was set up by plotting the fluorescence intensity of DOX solutions (0–0.002 mg/mL, in PBS buffer
(10 mM, pH 7.4)) versus the concentration. The specific loading % was calculated as the percent of
the mass of DOX based on the mass of phospholipid. Dynamic light scattering method was used
to measure the mean hydrodynamic diameter of DOPE liposomes stabilized with copolymers. The
liposome suspensions were diluted with PB (10 mM, pH 7.4) to render the light scattering intensity to
be 50–200 kcps, and the mean diameter was determined using a dynamic light scattering equipment
(ZetaPlus 90, Brookhaven Instrument Co., Holtsville, NY, USA).

3.10. Observation of Oxidation-Sensitive Release

H2O2 (30%, v/v) was mixed with PB (10 mM, pH 7.4) so that the concentration was 0% (v/v), 0.5%
(v/v), 1.0% (v/v), and 2.0% (v/v). 0.1 mL of liposome suspension was injected to 1.9 mL of H2O2 solution
contained in a glass cuvette placed in the cuvette hold of a fluorescence spectrophotometer (Hitachi
F2500, Hitachi, Japan). The fluorescence intensity was measured with time for 60 s. The excitation
wavelength and emission one were 495 nm and 514 nm, respectively. The release % was calculated
using the following Equation (2) [47,48]:

Release % =(Ft − Fi) ÷ (Ff − Fi) × 100 (2)

where Fi was the initial fluorescence intensity of the liposome suspension, Ff was the fluorescence
intensity after the liposomes were completely solubilized by Triton X100, and Ft was the fluorescence
intensity of the liposome suspension at a given time.

3.11. Observation of Interaction of Liposomes and Cancer Cell and Tumor Cell

KB cell and LN229 cell suspension (1 mL) were seeded in a 12-well plate (3 × 104 cells/well) and
cultured in a CO2 incubator at 37 ◦C for 24 h. The culture medium was decanted off, cells were washed
with PBS (10 mM, pH 7.4), FBS-free RPMI 1640 culture medium (0.1 mL) and an equi-volumetric
amount of each of test samples (free DOX solution, liposome/P(HEA-BMA)(100/1)/DOX suspension,
liposome/F-P(HEA-BMA)(100/1)/DOX suspension, liposome/P(HEA-AMS)(100/1)/DOX suspension,
and liposome/F-P(HEA-AMS)(100/1)/DOX suspension) was added to wells, and they were incubated
for 5 h. Free DOX and unbound liposome were washed off by rinsing the cells with the buffer solution
after the culture medium was removed. The cells were detached and harvested from the well wall by
adding trypsin/EDTA solution to the wells. The cell suspensions were contained in Eppendorf tubes,
they were centrifuged, and the supernatant was removed. After re-suspended in 500 μL of PBS (10 mM,
pH 7.4) of 4 ◦C, the fluorescence intensity distribution of the cells was obtained using a flow cytometer
(FACS, FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA, in the Central Laboratory Center of
Kangwon National University). The excitation and the emission wave length used to measure the
fluorescence intensity were 470 and 560 nm, respectively. The interaction of DOX-loaded liposomes
with the cancer cell and the tumor cell was also investigated by confocal laser scanning microscopy
(CLSM). The cell culture condition in FACS study was used in CLSM study too. The cells treated with
free DOX and DOX-loaded liposomes were treated with 200 μL of formaldehyde solution (2.5% (v/v))
for their structural fixation. After the cells were rinsed with PBS (10 mM, pH 7.4), the nuclei of cells
were dyed using DAPI, free dye was removed by washing the cells with the buffer solution, and the
CLSM micrographs were taken on a confocal laser scanning microscope (LSM 880 with Airyscan, Carl
Zeiss, Oberkochen, Germany; installed in the Central Laboratory of Kangwon National University.
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3.12. Observation of In Vitro Anti-Cancer Efficacy

The DOX concentration of liposome suspensions was adjusted to 5, 10, 20, and 40 μg/mL
by diluting the suspensions with PBS (10 mM, pH 7.4). DOX-free liposomes suspensions (i.e.,
liposome/F-P(HEA-BMA)(100/1) and liposome/F-P(HEA-AMS)(100/1)) were used as positive controls.
The liposome content of the control suspensions was made to be the same as that of the DOX-loaded
liposome suspensions. DOX solution (in PBS (10 mM. pH 7.4)) was used as an additional positive
control and PBS (10 mM, pH 7.4) as a negative control. Each well of a 96-well plate was seeded with
200 μL of cell (1 × 104 cells/mL) and cultured at 37 ◦C for 24 h in a CO2 incubator. After the culture
medium was taken off, RPMI free of FBS (180 μL) and each test sample (20 μL, DOX-loaded liposome
suspensions, empty liposome suspensions, DOX solution, and blank PBS (10 mM, pH 7.4)) were put
to each well, and incubated for 24 h in a CO2 incubator thermostated at 37 ◦C. The culture medium
was taken off, the residual was washed off from the cell by rinsing them with PBS (10 mM, pH 7.4)),
MTT reagent (20 μL, 5 mg/mL) was put to each well, and stored at the incubator for 4 h to induce the
production of formazan. The supernatant was decanted off and formazan was dissolved out by adding
DMSO (200 μL) to each well. The optical density of formazan solution was measured at 540 nm on a
microplate reader (N10588, Thermo Fisher Scientific, Waltham, MA, USA). The percent of the optical
density of formazan obtained from cells treated with a test sample or a control with respect to the
optical density of formazan obtained from cells treated with the empty buffer solution was represented
as cell viability.

4. Conclusions

Novel oxidation-sensitive liposomes were developed by stabilizing DOPE bilayers with
F-P(HEA-AMS) and oxidation-insensitive liposomes were prepared as controls using F-P(HEA-BMA).
According to the air/water interfacial tension measurement, the copolymers were surface-active and
lost its surface-activity upon oxidation. Regardless of DOPE to copolymer mass ratio (200:1, 100:1, and
50:1), the release degree in 60 s of calcein enveloped in DOPE liposomes stabilized with F-P(HEA-BMA)
slightly increased from a few to several % when H2O2 concentration increased from 0–2%. Meanwhile,
the oxidizing agent concentration had a great effect on the release degree of dye enveloped in DOPE
liposomes stabilized with F-P(HEA-AMS). The hydrophobic anchor (i.e., methylene methyl sulfide
group) of the copolymer was likely to be oxidized to become hydrophilic and it would be desorbed
from DOPE bilayers, leading to the disintegration of the liposomes. According to the results of FACS
and CLSM study, the transport of DOX to cancer cell and tumor cell was markedly enhanced by
liposomes stabilized with folate-conjugated copolymers (i.e., F-P(HEA-BMA) and F-P(HEA-AMS)),
possibly because the liposomes were readily translocated into the cancer cell and the tumor cell via
receptor-mediated endocytosis. The feasibility of the cellular uptake of liposomes with F-P(HEA-BMA)
seemed to be almost the same as that of liposomes with F-P(HEA-AMS). However, the latter liposomes
promoted the in vitro anti-cancer efficacy of DOX much more effectively than the former ones. This
was possibly because liposomes with F-P(HEA-AMS) could release their payload sensitively in an
oxidative condition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/180/s1,
Figure S1: H2O2 concentration-dependent release profiles of calcein.
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Abstract: Doxorubicin (DOX) is an anthracycline widely used in cancer therapy and in particular in
breast cancer treatment. The treatment with DOX appears successful, but it is limited by a severe
cardiotoxicity. This work evaluated the in vitro and in vivo anticancer effect of a new formulation of
β-cyclodextrin nanosponges containing DOX (BNS-DOX). The BNS-DOX effectiveness was evaluated
in human and mouse breast cancer cell lines in vitro in terms of effect on cell growth, cell cycle
distribution, and apoptosis induction; and in vivo in BALB-neuT mice developing spontaneous breast
cancer in terms of biodistribution, cancer growth inhibition, and heart toxicity. BNS-DOX significantly
inhibited cancer cell proliferation, through the induction of apoptosis, with higher efficiency than free
DOX. The breast cancer growth in BALB-neuT mice was inhibited by 60% by a BNS-DOX dose five
times lower than the DOX therapeutic dose, with substantial reduction of tumor neoangiogenesis
and lymphangiogenesis. Biodistribution after BNS-DOX treatment revealed a high accumulation of
DOX in the tumor site and a low accumulation in the hearts of mice. Results indicated that use of
BNS may be an efficient strategy to deliver DOX in the treatment of breast cancer, since it improves
the anti-cancer effectiveness and reduces cardiotoxicity.

Keywords: β-cyclodextrin nanosponges; doxorubicin; breast cancer; BALB-neuT mice; EPR effect

1. Introduction

Doxorubicin (DOX) is one of the most effective anticancer drugs used against solid tumors of
diverse origins and in particular against breast cancer. However, its use is associated with severe adverse
effects including cardiotoxicity, myelosuppression and palmar plantar erythrodysenthesia, which
impose a narrow therapeutic dose limiting DOX effectiveness [1]. Moreover, cancer cells frequently
become resistant to DOX treatment and some conditions of the tumor microenvironment-such as
hypoxia, acidity, defective vasculature, and lymphatic vessels-limit the DOX anticancer effectiveness [2].
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Cancers 2020, 12, 162

Hence, there is necessity for an effective approach that limits DOX side effects by reducing DOX
doses and modifying its bio-distribution to favor its concentration into the tumor site. To this aim, we
evaluated the possibility of incorporating DOX into nanoparticles capable of favoring accumulation of
the drug into the tumor site. In recent years, the development of nano-delivery systems for anticancer
agents, with dimensions of less than 1000 nm have been found to be acceptable for intravenous
administration, and have improved the therapeutic effectiveness of several compounds. Compared to
conventional carriers, they report several advantages, such as capacity to solubilize hydrophobic drugs,
reduction of total drug dose, and prevention of side effects [3]. When infused in the bloodstream,
nanoparticles can accumulate in tumors owing to the enhanced permeability and retention (EPR) effect
since the immature vasculature of tumors display fenestrations smaller than 200 nm, allowing for
extravasation and entrapment of nanoparticles from the blood into the tumor tissue [4]. Recent studies
showed that DOX and mitomycin C, co-loaded in polymer–lipid hybrid nanoparticles, inhibited the
growth of sensitive and multidrug resistant human mammary tumor xenografts [2].

Many cyclodextrin (CD) derivatives have been proposed for drug delivery, and they have been
shown to improve bioavailability, aqueous solubility, and stability of hosted drugs [5–8]. β-cyclodextrin
nanosponges (BNS) are hyper-cross-linked polymers with CD units as the building blocks of the system
and are a biocompatible and suitable nanosystem to carry drugs [9–11]. Different anticancer drugs-such
as paclitaxel, camptothecin, and tamoxifen-have been efficiently incorporated in nanosponges, showing
an improved antitumor effect [12]. In this study, DOX was loaded in β-cyclodextrin based nanosponges
(BNS-DOX), and the effect of DOX and BNS-DOX was compared in vitro in human and mouse breast
cancer cell lines, either sensitive or resistant to DOX, and in vivo in the growth of spontaneous
mammary cancer in BALB-neuT mice, which mimics some of the most critical features of the human
disease and represents a real model of human epidermal growth factor receptor 2 (HER2) positive
breast cancer [13]. Results indicated that use of BNS may be an efficient strategy to deliver DOX in the
treatment of breast cancer, since it improves the anti-cancer efficacy and reduces cardiotoxicity.

2. Results

The in vitro and in vivo results are listed below. Table 1 reports the physico-chemical characteristics
of blank BNS and BNS loaded with DOX. BNS nanoformulations with an average diameter of about
300 nm and negative surface charge were obtained. Both the BNS nanoformulations displayed similar
sizes. Doxorubicin was incorporated in the nanosponge nanostructure in a good extent. Indeed,
the loading capacity and encapsulation efficiency of BNS-DOX were 16.4% and 98.5%, respectively.
Notably, the drug loading did not affect the physico-chemical parameters of BNS and the physical
stability of the nanosuspensions. The physical stability of BNS-DOX stored at 4 ◦C was confirmed up
to 1 month.

Table 1. Physico-chemical characteristics of blank and doxorubicin (DOX)-loaded β-cyclodextrin
nanosponges (BNS).

Formulation
Average Diameter ± SD

(nm)
Polydispersity Index

Zeta Potential ± SD
(mV)

Blank BNS 302.5 ± 4.6 0.20 ± 0.01 −35.2 ± 2.7

BNS-DOX 310.4 ± 5.7 0.21 ± 0.01 −29.8 ± 1.3

The spherical morphology of BNS-DOX and their nanometric sizes were shown by Transmission
electron microscopy (TEM) analysis (Figure 1A).
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Figure 1. Characterization of β-cyclodextrin nanosponges containing doxorubicin (BNS-DOX). (A)
Transmission electron microscopy image of BNS-DOX (scale bar 150 nm). (B) In vitro release kinetics of
DOX from BNS-DOX at the two different pH levels (5.5 and 7.4). (C) In vitro release kinetics of DOX
from BNS-DOX in rat plasma at 37 ◦C.

DOX was released from BNS-DOX with a prolonged release kinetics, without initial burst effect
(Figure 1B). This in vitro release profile confirmed the DOX incorporation in BNS polymeric matrix.
The percentage of DOX released was higher at acidic pH values. Indeed, it increased about 2.5 fold at
pH 5.5 compared to that at pH 7.4 (Figure 1B). The slow and prolonged in vitro release profile of DOX
from BNS-DOX was observed also in plasma and it was comparable to that of the one obtained in
phosphate buffered saline (PBS) at pH 7.4 (Figure 1C). After 24 h, the percentage of DOX released from
the BNS was 10.5% and 13% in plasma and in buffer (pH 7.4), respectively.

No changes in the BNS physico-chemical parameters and no aggregation phenomena were
observed after incubation in plasma at 37 ◦C for 24 h, confirming the BNS-DOX stability.

In order to determine the BNS-DOX effect in tumor cell growth, (3-(4,5-Dimethylthiazol-
2-yl)-2,5diphenyltetrazolium bromide (MTT) analysis was performed in breast tumor cells lines, which
were human MDA-MB231 and MCF-7 cells (both DOX-sensitive), and mouse 4T1 (DOX-sensitive) and
EMT6/AR10r (DOX-resistant) cells. MDA-MB231, 4T1, and EMT6/AR10r were chosen as models of
triple negative tumors (TNBC)-i.e., negative for estrogen receptor (ER), progesterone receptor (PR),
and HER2-while MCF-7 was chosen as a model of ER/PR positive tumors.

To assess the effect on cell viability, cells were cultured in the presence and absence of titrated
concentrations (10−5–10−9 M) of DOX or BNS-DOX and the MTT assay was performed after 72 h.
Results showed that BNS-DOX inhibited cell viability in a concentration-dependent manner in all cell
lines with higher efficacy than DOX (Figure 2).
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Figure 2. Percentage of cell survival following DOX and BNS-DOX treatment. (A,B) MDA-MB231 and
MCF-7 human breast cancer cell lines and (C,D) 4T1 and EMR6/AR10r mouse breast cancer cell lines
were treated with increasing concentrations of the drugs for 72 h. Results are expressed as % of viability
inhibition of control shown as mean ± SEM (n = 5). Eight replicate wells were used to determine each
data point, and five different experiments were performed. * p < 0.05, ** p < 0.01, significantly different
from the same concentration of DOX.

In particular, EMT6/AR10r cells were quite resistant to both drug formulations and only the
highest dose of BNS-DOX (10−5 M) substantially inhibited the cell growth. The empty BNS did not
show any level of toxicity, even at high concentrations. Table 2 reports the half maximal inhibitory
concentration (IC50) obtained from these experiments and shows that BNS-DOX displays lower IC50

than DOX in all cell lines.

Table 2. Half maximal inhibitory concentration (IC50) of BNS-DOX and DOX.

Cell Line IC50 BNS-DOX IC50 DOX p-Value

MDA-MB231 1.6 ± 0.2 × 10−7 5 ± 0.2 × 10−7 0.001

4T1 2.8 ± 0.2 × 10−8 8.64 ± 0.8 × 10−8 0.0021

EMT6/AR10r 5.3 ± 0.67 × 10−6 29 ± 0.9 × 10−5 0.0045

MCF-7 1.5 ± 0.5 × 10−8 15 ± 0.9 × 10−7 0.001

Two-tailed p-value has been determined with unpaired t-test with Welch correction.

Results show that the inhibitory effect was exerted by BNS-DOX at a concentration always lower
(3–10 times lower) than free DOX. Since a main limitation of DOX is its cardiotoxicity, we performed
the same experiments on rat cardiomyocyte H9c2 cells, but results showed that BNS-DOX and DOX
did not display a substantial difference in inhibiting cell viability of these cells.

In order to assess whether the effects on the cell viability are related to inhibition of cell cycle
progression, a cell cycle analysis was performed after 72 h of culture in the presence and absence of
titrated amounts of DOX or BNS-DOX (Figure 3).
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Figure 3. Effects of DOX and BNS-DOX treatment on cell cycle. (A,B) MDA-MB231 and MCF-7 human
breast cancer cell lines and (C,D) 4T1 and EMR6/AR10r mouse breast cancer cell lines (1.5 × 105) were
treated or not with DOX and BNS-DOX for 72 h and the cell cycle was then assessed by flow cytometry.
Graphs represented the % of the quantification of cell cycle phases from three independent experiments.

The different cell lines showed distinct patterns of cell cycle distribution and BNS-DOX or DOX
treatments showed variable effects, but the most consistent one was an increase of subG1 cells, induced
to a higher extent by BNS-DOX compared to DOX.

These data suggest that the inhibition of cell growth induced by DOX or BNS-DOX can be due to
induction of apoptosis. To verify this possibility, cells cultured for 72 h in the presence and absence of
titrated amounts of DOX or BNS-DOX were stained with annexin-V and analyzed by flow cytometry
to detect dying cells (Figure 4).

Results showed that treatment with DOX and BNS-DOX significantly increased the proportion of
Annexin-V-positive cells, and BNS-DOX was significantly more effective than DOX in all cell lines,
with patterns similar to those displayed by cell growth experiments.

To confirm the effect on cell apoptosis, we assessed caspase 3 activity on lysates of MDA-MB231,
4T1, and EMT6/AR10r cells cultured for 72 h in the presence and absence of titrated amounts of DOX
or BNS-DOX. Results showed that both DOX and BNS-DOX activated caspase3 in all cell lines, and
BNS-DOX was more effective than DOX (Figure 5).
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Figure 4. Effects of DOX and BNS-DOX treatment on cell death. Annexin-V positive cells were evaluated
in (A,B) MDA-MB231 and MCF-7 human breast cancer cell lines and (C,D) 4T1 and EMR6/AR10r
mouse breast cancer cell lines cultured for 72 h in the presence or absence of DOX or BNS-DOX. Results
are expressed as % of positive cells from five independent experiments (* p < 0.05, ** p < 0.01, versus
the control; § p < 0.05, §§ p < 0.01, versus the same concentration).

Figure 5. Levels of caspase3 activity after DOX and BNS-DOX treatment. Caspase-3 activity was
evaluated in (A) MDA-MB231 human breast cancer cell lines and (B,C) 4T1 and EMR6/AR10r mouse
breast cancer cell lines cultured for 72 h in the presence or absence of DOX or BNS-DOX. Results are
expressed as % calculated as follows: (result displayed by each treatment/the results displayed by
untreated cells) from five independent experiments (* p < 0.05, ** p < 0.01, versus the control; § p < 0.05
versus the same concentration).
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Since MCF-7 cells do not express caspase3 [14,15] we did not evaluate its activity in this cell
line. To further compare the effect of the two drug formulations on mammary cancer cell growth,
we performed a clonogenic assay. Cells were treated for 3 h in the presence and absence of titrated
amounts of BNS-DOX or DOX, then, the drug was removed and cells were cultured for 10 days. This
approach was used in order to determine if the nanoparticles, once they penetrated inside the tumor
cell, were able to function as a reservoir and release the drug during an extended period of time.
Colony count at the end of the culture showed that, also in this case, BNS-DOX was more effective
than free DOX in inhibiting cell growth in all cell lines (Figure 6).

Figure 6. Effect of DOX and BNS-DOX on cell clonogenicity was tested by the colony forming assay.
(A,B) MDA-MB231 and MCF-7 human breast cancer cell lines and (C,D) 4T1 and EMR6/AR10r mouse
breast cancer cell lines were seeded in six-well plates and treated with each drug formulation at
the indicated concentrations for 3 h. The medium was then changed and cells were cultured for an
additional 10 days and subsequently fixed and stained with crystal violet. Graphs showed the %
of clonogenicity inhibition (compared to controls) expressed as means ± SEM (n = 5). ** p < 0.01
significantly different from the same concentration of DOX.

To evaluate the cellular uptake of BNS-DOX in EMT6 cells confocal microscopy studies were
carried out, exploiting the intrinsic red fluorescence of doxorubicin. BNS-DOX were easily internalized
in cells, in agreement with our previous studies. Figure 7A reports the confocal microscopy images
after 1 h and 3 h of incubation, showing the localization of BNS-DOX in cell cytoplasm around the
nucleus. In contrast, a lower mean fluorescence intensity was observed for the cells treated with free
DOX (Figure 7B).
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Figure 7. Cellular uptake studies. (A) BNS-DOX and DOX were incubated with EMT6 cells for 1 and
3 h. Exploiting doxorubicin (Dox) fluorescence, the cells were fixed and analyzed with Leica SPE
confocal microscopy using a 63× oil lens. Images are representative of three field per condition (n = 3).
(B) Quantification of Dox fluorescence inside the cells from images in panel A (n = 3).

To compare the effect of DOX and BNS-DOX on breast cancer cell growth, we used the BALB-neuT
mice, which has a strong similarity with the human HER2-positive tumors. BALB-neuT females
develop spontaneous breast tumors with 100% penetrance and a known kinetic: at 60 days from birth
(9 week) they develop in situ carcinoma, at 120–150 days invasive tumors, and at 230 days cancerous
extensive tumor masses involving all mammary glands [13,16–19]. The treatment with DOX and
BNS-DOX began at 16–18 weeks from birth and mice were treated weekly with intravenous injections
of DOX, BNS-DOX, empty nanoparticles (BNS), or PBS. The animal weight was of about 20 grams at
time 0 (Figure 8B). At sacrifice, after 7 weeks from the beginning of the treatment, the tumor weights of
mice treated with BNS-DOX were about 60% lower than those of mice treated with either PBS, DOX, or
empty BNS (Figure 8A).
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Figure 8. Effect of DOX and BNS-DOX on tumor growth in vivo. Thirteen-week-old female wt or
BALB-neuT mice were treated with i.v. injection of 2 mg/kg DOX, or BNS-DOX, or BNS or the same
volume of PBS as a control for six weeks (once every week). Mice were sacrificed at the seventh week
after the first injection. (A) The graph shows an average of the tumor mass weight, expressed as %
compared to the control group. (B) Weight of the animals was evaluated every week from the day of
the first injection, performed at T0 (when the tumor was palpable); each treatment involved 8 mice. (C)
Immunofluorescence staining of cluster of differentiation 31 (CD31) and lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1) of tumour tissue sections from of Neu-T mice treated with DOX or
BNS-DOX. The slides were stained with either pAb rabbit α-mouse CD31 or pAb rabbit α-mouse
LYVE-1 plus a secondary antibody α-rabbit conjugated with Alexa Fluor® 488. Representative images
of three independent experiments are shown (scale bar 100 μm), ** p < 0.01.

To assess the effect of treatments on tumor neoangiogenesis and lymphangiogenesis, we
analyzed the expression of CD31 marking blood vessels and LYVE-1 marking lymphoid vessels
by immunofluorescence in cryostat sections cut in OCT, which allows optimal retention of the structural
micro-architecture. Results showed that tumors from mice treated with BNS-DOX and DOX displayed
substantially fewer areas of active angiogenesis and lymphatic vasculature than the tumors from mice
treated with DOX (Figure 8C).

Since DOX is highly lipophilic and systemically distributes among all tissues, we compared the
tissue biodistribution of doxorubicin in the tumors and several organs of BALB-neuT mice treated
with either BNS-DOX or DOX at sacrifice by HLPC analysis. Analysis of the tumors showed that those
from mice treated with BNS-DOX contained significantly more doxorubicin than those tumors from
mice treated with DOX. Analysis of the organs showed that mice treated with BNS-DOX and DOX
did not display substantial differences in the drug content of lungs, liver, kidneys, spleen, and brain,
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whereas the drug content of the heart was significantly lower (5 times lower) in BNS-DOX mice than in
DOX mice (Figure 9A).

Figure 9. (A) Tissue biodistribution of DOX (expressed as μg/g tissue) after i.v. administration to
BALB-neuT and BALB mice of 2 mg/kg of DOX or BNS-DOX. (B) Histopathologic analysis of the
heart. Hematoxylin and eosin (H&E) stained were observed with 20×magnification (scale bar 100 μm).
Representative image of heart tissue from Neu-T mice treated with phosphate buffered saline (PBS),
DOX, or BNS-DOX. * p < 0.05.

Similar results were obtained by analyzing DOX distribution in control wild type BALB/c mice
(not developing mammary tumors) receiving the same BNS-DOX and DOX treatment as BALB/neuT
mice. In both BALB/c and BALB/neuT, treatment with BNS and DOX did not affect the weights of mice
and organs compared with those of untreated mice.

Since these data suggest that BNS-DOX might be less cardiotoxic than DOX, we analyzed tissue
sections stained with hematoxylin and eosin (H&E) staining obtained from the heart of mice treated
with either BNS-DOX or DOX. Microscopic analysis showed that BNS-DOX did not affect the integrity
and histology of the heart tissue, whereas DOX caused cardiotoxicity characterized by necrosis with
red blood cells extravasation and moderate eosinophil infiltration (Figure 9B).

3. Discussion

DOX is widely used as a chemotherapy agent for the treatment of breast cancer [1]. Its cytotoxic
and antiproliferative effects are exerted through several mechanisms, but the best known is in the
poisoning of topoisomerases II cleavage complexes [20,21], causing G1 and G2 cell cycle arrest and
induction of apoptosis. Other effects of DOX include its intercalation into DNA and the generation of
free radicals causing DNA damage and lipid peroxidation [22].

Lack of specificity with inability to discriminate between malignant and noncancerous cells are
the main causes of the side effects typical of standard DOX formulations, which limit doses and
effectiveness of the drug. Moreover, DOX (or its derivatives) use is limited by cardiac and kidney
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toxicity and frequent onset of drug resistance in numerous tumor cell types [1]. In breast cancer
cells, emergence of multidrug resistance (MDR) mainly involves upregulation of efflux transporters
that are either located in the plasma or the nuclear membrane, which decrease the intracellular drug
concentration [23].

Among them, the most extensively studied MDR transporters include P-glycoprotein
(P-gp/ABCB1), multidrug resistance protein-1 (MRP1/ABCC1), and breast cancer resistance protein
(BCRP, ABCG2) [24], all involved in drug inactivation and extrusion. Another possible feature of
cancer cells is ability to escape apoptosis, caused by alterations in the apoptosis pathways [25,26].

To overcome these problems, several delivery systems have been proposed as carriers for DOX, but
only liposomal DOX (Doxil®) achieved FDA approval in 1995 for treatment of Kaposi’s sarcoma [27].
Although Doxil® is able to decrease cardiotoxicity in metastatic breast cancer patients [28], this
formulation presents some limitations, such as fixed functionality, leakage of encapsulated agent, and
high cost of manufacturing [29]. Moreover, although Doxil® improves the pharmacokinetic properties
of DOX, it does not increase the pharmacological efficacy of DOX because of the insufficient cell uptake
of liposomes [30]. In this context, other types of DOX nanocarriers have been proposed [31], such as
poly(lactic-co-glycolic acid) (PLGA) nanoparticles [32], solid lipid nanoparticles [33] or nanosponges
with different structures [34–37].

Here, we investigated a new type of β-cyclodextrin nanosponges for the in vitro and in vivo
delivery of doxorubicin. The doxorubicin BNS formulation prepared for this study is capable of
incorporating a good amount of drug, forming a reservoir which allows the DOX release in a prolonged
manner. Notably, DOX incorporation in the polymer nanoparticles can be attributed to hydrophilic
and hydrophobic interactions. It is worth noting that nanosponges present multiple domains, i.e., the
hydrophobic β-CD cavities and the hydrophilic nanochannels in the polymer network. Moreover,
further electrostatic interactions between DOX amino groups and carboxylic groups of polymer matrix
may occur. This nanostructure feature can increase the effectiveness of the drug loading. The loading
capacity obtained in this study (16.4 w%) was in line with other nanosponge formulations previously
designed by our group [36,37]. This result is particularly promising taking into account also the DOX
incorporation in other kinds of nanocarriers reported in literature [33,38–41] Therefore, DOX-BNS was
further investigated both in vitro and in vivo.

In vitro studies showed the physical stability of BNS-DOX aqueous nanosuspension in plasma
without aggregation phenomena. The in vivo physical stability and safety of BNS-DOX after i.v.
administration are two key parameters to be taken into account for a nanoformulation [42]. As far as
concern the cytotoxicity, no toxic effects were observed with empty BNS.

Our in vitro experiments showed that BNS-DOX displays increased ability to decrease the growth
of both the ER/PR+ and the TNBC cell lines, and even of the DOX-resistant EMT6/AR10r cells,
compared to the free DOX. The similar efficacy between DOX and BNS-DOX, that was observed in
4T1 cells at higher drug concentrations, was probably linked to the relatively high sensitivity of this
cell line to DOX treatment. This observation was in agreement with the higher number of SubG1
cells found in 4T1 DOX-treated cells. The proportion of subG1 cells after DOX treatment depended
on the sensitivity of the different cell lines. Similar results were obtained in MCF-7 and MCF-7
DOX-resistant human breast cancer cells by De et al. 2014 [43]. Moreover, results obtained from the
clonogenic assay demonstrated that a short term exposure of cells to BNS-DOX is sufficient to elicit
subsequent inhibition of colony formation, possibly because of a rapid internalization of the drug into
the cancer cells, followed by sustained release and decreased extrusion by MDR mechanisms, such as
the energy-dependent Pg-p type efflux pumps which decrease the drug concentration in the cell and
its effectiveness. Clonogenic experiments showed that DOX inhibited cell proliferation at higher doses,
because it can enter inside the cells, thanks to its lipophilic characteristics, but it can easily extruded
by the cells by MDR mechanism. Carcinoma of colon, kidney, pancreas, and liver express high P-gp
levels, while lung, ovary, and breast carcinoma, melanoma, and lymphomas express low P-gp levels,
which often increase after chemotherapy causing acquired drug resistance [44]. Probably, BNS-DOX
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are internalized through endocytosis [45] and DOX is then slowly released in the cytoplasm far from
these efflux pumps, reducing drug elimination. Indeed, cell uptake studies by confocal microscopy
showed the internalization of BNS-DOX into the cells and their localization in the cytoplasm around
the cell nucleus. Therefore, BNS-DOX could act as a drug reservoir inside the cells, that slowly release
the drug.

The inhibitory effect on cell growth are mainly ascribable to induction of cell apoptosis, as indicated
by the increase of the sub-G1 cell population detected by cell cycle analysis, of the proportion of dying
cells stained by AnnexinV and of capsase3 activation.

The in vivo studies confirm the higher anticancer effect of BNS-DOX compared to DOX. Particularly
relevant was the choice of the murine BALB-neuT model, which recapitulates several features of
human tumors displaying mutations of the ERBB2 proto-oncogene coding for receptor tyrosine-protein
kinase erbB-2, also known as HER2 (from human epidermal growth factor receptor 2) or HER2/neu [46].
HER2 is a member of the epidermal growth factor receptors (EGFR) family that has a crucial role in
cell proliferation, apoptosis, adhesion, and cellular death; a mutation or an over expression of this
gene can lead to carcinogenesis [47]. Results show that BNS-DOX reduces by 60% the tumor growth
compared to DOX, at a 2 mg/kg dose that is 5-fold lower than the DOX therapeutic one (10 mg/kg).
Indeed, at this dose, the free DOX is almost ineffective. This outcome might be related to the enhanced
permeability and retention (EPR) effect. The irregular formation of blood and lymphatic vessels in
the tumor, favored the extravasation and entrapment of the nanoparticles in the target site. In line
with this possibility, our analysis of drug biodistribution detected higher levels of doxorubicin in the
tumors of the mice treated with BNS-DOX than in those treated with DOX.

Besides these effects, the increased therapeutic effect of BNS-DOX may be partly ascribed to
inhibition of tumor neoangiogenesis and lymphangiogenesis, detected by the immunohistological
analysis of cancer tissue sections, which would limit nutrients and oxygen available to the tumor,
and also tumor metastatic spread. Moreover, decreased lymphangiogenesis would favor entrapment
of BNS-DOX in the tumor. This behavior was already observed with paclitaxel loaded in BNS in
melanoma cell models [48].

Furthermore, the in vivo experiments did not detect severe toxic side effects of BNS-DOX, as a
matter of fact it did not affect the aspect of the fur, weight, consumption of food and water, and viability
of the animals. Interestingly, the drug biodistribution analysis showed drug levels in heart tissue of
mice treated with BNS-DOX are 5-fold lower than those detected in mice treated with DOX, which
may be relevant in decreasing the cardiotoxic side effects of DOX, being this effect the main limitation
of the drug. In line with this observation, histological analysis of heart tissue sections detected signs
of cardiac damage in the DOX-treated mice, but not in those treated with BNS-DOX. A further point
is that, in vitro too, BNS-DOX display less toxicity than DOX on cultures of rat cardiomyocytes. The
low level of heart accumulation might depend on the size (about 300 nm of diameter) and chemical
structure of our BNS, capillary filtration and modality of internalization into cells [49]. This capability
of doxorubicin loaded in nanosponges to reduce the cardiotoxicity was already observed with other
nanosponge formulations [37].

Taken together, all these results underline the promising features of BNS-DOX to improve the
therapeutic outcome of the drug.

4. Materials and Methods

4.1. Materials

The β-CDs were a kind gift from Roquette Italia (Cassano Spinola, Italy). All reagents were of
analytical grade. The laboratory reagents were from Sigma-Aldrich, unless otherwise specified. The
cell culture reagents were purchased from Gibco/Invitrogen (Life Technologies, Paisley, UK), unless
otherwise indicated.
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4.2. Preparation of Doxorubicin-Loaded Nanosponges

BNS were synthetized using β-cyclodextrins as building block and pyromellitic anhydride as
crosslinking agent in 1:4 molar ratio (CD/cross-linker). The synthesis was carried out according our
previous works [48,50].

A blank BNS aqueous nanosuspension (10 mg/mL) was prepared by homogenizing the BNS
coarse powder suspended in saline solution (NaCl 0.9% w/v) firstly with a high-shear homogenizer
(Ultra-Turrax, IKA, Konigswinter, Germany, 10 min, 24,000 rpm) and then with a high-pressure
homogenizer (EmulsiFlex C5, Avastin, Mannheim, Germany, 90 min, 500 bar) to further reduce the
BNS size.

Then, doxorubicin was added to the blank BNS nanosuspension to obtain doxorubicin loaded
BNS (BNS-DOX) at a concentration of 2 mg/mL. The sample was incubated under stirring for 24 h at
room temperature in the dark, to promote the loading. A dialysis step was performed to eliminate the
unloaded doxorubicin.

4.3. Characterization of Doxorubicin-Loaded Nanosponges

BNS and BNS-DOX samples were in vitro characterized by determining their average diameter,
polidispersity index, and zeta potential with dynamic light scattering (90 Plus particle sizer, Brookhaven
Instruments Corporation, Holtsville, NY, USA). The samples were diluted with water (1:30 v/v)
immediately prior the measurements, carried out at a fixed angle of 90◦ and at a temperature of 25 ◦C.
Transmission electron microscopy (TEM) analysis was performed using a Philips CM 10 transmission
electron microscope to observe the morphology of BNS-DOX. The BNS nanosuspensions were sprayed
on Formvar coated copper grid and air-dried before observation.

A weighted amount of freeze-dried BNS-DOX was dispersed in 5 mL of water and sonicated for
15 min. The sample was then centrifuged (10 min, 15,000 rpm) and after the supernatant was analyzed
by High Performance Liquid Cromatography (HPLC), to determine the DOX concentration in the BNS.

The loading capacity of BNS-DOX was calculated according to: Loading capacity (%) = [amount
of DOX/weight of BNS-DOX] × 100. The encapsulation efficiency of BNS-DOX was determined using
the formula: Encapsulation efficiency (%) = [amount of DOX loaded/total amount of DOX] × 100.

The physical stability of BNS-DOX stored at 4 ◦C was assessed up to 1 month, by checking the
physicochemical parameters over time.

4.4. In Vitro Release Studies

The in vitro release kinetics of DOX from BNS-DOX was evaluated with a multi-compartment
rotating cell, using a cellulose membrane (Spectrapore, cut-off = 12,000 Da) to separate the donor
from the receiving compartment. The in vitro drug release studies were performed at two different
pH values (5.5 and 7.4). Samples of receiving phase (phosphate buffered saline, PBS at pH 5.5 or 7.4)
were withdrawn at fixed times and analyzed by HPLC to quantify the amount of drug released from
BNS-DOX over time. DOX was detected using a fluorescence detector at excitation and emission
wavelengths of 480 and 560 nm, respectively.

4.5. Stability and In Vitro Release Studies in Plasma

The stability of BNS-DOX was investigated in plasma, determining their size and DOX
concentration over time after BNS-DOX incubation in plasma at 37 ◦C for 24 h. The in vitro release
kinetics of DOX from BNS-DOX in plasma was also studied. For this purpose 50 microliters of
BNS-DOX were incubated at 37 ◦C with rat plasma diluted with PBS at pH = 7.4 (1:3 v/v). At fixed time
200 microliters of the sample were withdrawn, centrifuged using a centrifugal filter device (Amicon®

Ultra, 20,000 rpm, 10 min) and then the filtrate was analyzed by HPLC to quantify the amount of DOX
released from BNS-DOX over time.
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4.6. Cell Culture Conditions

Cancer cell lines were obtained from the American Type Culture Collection (ATCC; Manassas,
VA, USA). MDA-MB231, MCF-7, H9c2 were grown in culture dishes as a monolayer in Dulbecco’s
Modified Eagle (DMEM) medium (Invitrogen, Burlington, ON, Canada), 4T1 in RPMI 1640, and
EMT6/AR10r DOX resistant in Minimum Essential Medium (MEM), all supplemented with 10%
penicillin-streptomycin (Invitrogen) and 10% fetal calf serum (Invitrogen), in a humidified atmosphere
with 5% CO2. In the case of EMT6/AR10r DOX resistant cell lines, 1 μg/mL of DOX was added in the
culture medium once a week.

4.7. Cell Proliferation

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide; Sigma-Aldrich, St. Louis,
MA, USA) analysis was performed in 96-well plates. Briefly, 1000–2000 cells/well were seeded in
100 μL of complete medium and the day after they were treated with DOX or BNS-DOX (10−5–10−9 M)
for 72 h. Subsequently, cells were supplemented with 5 mg/mL thiazolyl blue tetrazolium bromide
(M2128; Sigma-Aldrich) for 2 h. Thereafter, the medium was removed and cells were lysed with 100 μL
of DMSO. Absorbance was recorded at 570 nm by a 96-well-plate reader (PerkinElmer, Waltham, MA,
USA). Controls were normalized to 100%, and the readings from treated cells were expressed as %
of viability inhibition. Eight replicates were used to determine each data point, and five different
experiments were performed.

4.8. Colony-Forming Assay

Cells (800/well) were seeded into six well plates and treated with the compounds. The medium
was changed after 3 h and cells were cultured for additional 10 days. Subsequently, cells were fixed and
stained with a solution of 80% crystal violet and 20% methanol. Colonies were then photographed and
counted with a Gel Doc equipment (Bio-Rad Laboratories, Hercules, CA, USA). Then, cells were washed
and 30% acetic acid were added to induce a complete dissolution of the crystal violet. Absorbance
was recorded at 595 nm by a 96-well-plate ELISA reader. Controls were normalized to 100%, and the
readings from treated cells were expressed as % of viability inhibition. Five different experiments
were performed.

4.9. Cell Cycle Analysis

Treated and untreated cells were harvested 72 h after the treatment with DOX or BNS-DOX at
different concentrations. Cells were washed with 1× PBS, fixed in 70% cold ethanol, resuspended in a
buffer containing 0.02 mg/mL RNase A (Sigma-Aldrich), 0.05 mg/mL propidium iodide (Sigma-Aldrich),
0.2% v/v Nonidet P-40 (Sigma-Aldrich), 0.1% w/v sodium citrate (Sigma-Aldrich), and analyzed by a
FACS Calibur cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

4.10. Cell Death

Treated and untreated cells were harvested 72 h after the treatment with different concentration
of DOX or BNS-DOX, washed with 1× PBS, and subsequently resuspended in Annexin-V binding
buffer (Life Technologies, Carlsbad, CA, USA) supplemented with 1:100 APC-conjugated Annexin-V
(Immunotools, Friesoythe, Germany). Cells were analyzed by a FACS Calibur cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA). The analysis of apoptosis was performed by measuring the
caspase 3 activity in cell lysates using a fluorimetric assay (BioVision, Milpitas, CA, USA) following
the manufacture’ instructions.

4.11. Cell Uptake Studies

EMT6 cells (4 × 104 cells per well) were seeded on Corning® cover glasses (Sigma-Aldrich) in a
24-well plate. The day after, the cells were incubated with BNS-DOX and DOX (30 μM) for 1 and 3 h.
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Then, the cells were washed with PBS, fixed with 4% paraformaldehyde at room temperature for 15
min, and stained with 4′,6-diamidine-2-phenylindole (DAPI). Finally, coverslips were mounted and
the image acquisition was performed with a Leica SPE Confocal microscope (Leica, Wetzlar, Germany),
with 63X oil-immersion objective. The mean fluorescence intensity of Dox was quantified by ImageJ
software (ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA).

4.12. In Vivo Experiments

Transgenic (BALB-neuT) female mice, which over-express the rat HER2 (neu) oncogene under
the mouse mammary tumor virus (MMTV) promoter [51] and wild type mice (BALB), 16–18 weeks
old, were used. BALB-neuT and BALB mice were treated every week with intravenous injections (i.v.)
of 2 mg/kg of DOX, BNS-DOX, empty nanoparticles (BNS), or PBS as control. Mice were bred under
pathogen-free conditions in the animal facility of the Università del Piemonte Orientale, and treated
in accordance with the Bioethics Committee of University of Turin, protocol NO. 479 of 1 November
2016. Body weight of the animals was monitored over time. Mice were sacrificed 7 weeks after the
beginning of treatment and tumors were harvested and weighed. Immediately after dissection, tumor
samples were embedded in OCT compound, snap-frozen and stored at −80 ◦C until use.

The biodistribution of DOX and BNS-DOXwas evaluated after the mice sacrifice. The different
tissues (liver, spleen, brain, heart, lungs, and kidneys) were collected, washed with saline solution,
weighed, and frozen at −80 ◦C until analysis. Tissue extracts were prepared by adding 200 μL of
methanol and 400 μL of TRIS buffer (1 M, pH 8.5) to the tissue and then homogenizing the mixtures.

The tissue homogenates were kept in ice for 15 min before adding 1.4 mL of acetonitrile. Then,
the samples were vortex and centrifuged for 5 min at 15,000 rpm to separate the precipitated proteins.

After centrifugation clear supernatants (100 μL) were analyzed by HPLC analysis, to quantify the
amount of DOX in the tissue extracts.

4.13. Immunofluorescence

Tumor tissues were cut with a cryostat (thickness 5–6 μm) and treated with 4% paraformaldehyde
(Sigma-Aldrich) diluted in PBS for 5 min at room temperature to fix the sample on the glass slides.
The samples were then blocked with 5% normal goat serum (NGS) in PBS for 1 h, in order to block
aspecific sites to which the primary antibody could bind. To detect CD31 and LYVE-1 expression,
slides were incubated with the primary rabbit antibody anti-CD31 or anti-LYVE-1 (dilution 1:100
and 1:200, respectively; Abcam, Cambridge, UK) overnight at 4 ◦C. The secondary antibody used
was an anti-rabbit Ig Alexa fluor 488-conjugated (Invitrogen), diluted 1: 400. Then the sections were
stained with 0.5 mg/mL of the fluorescent dye 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI,
Sigma-Aldrich) for 5 min, to stain the cell nuclei, and then mounted using Prolong anti-fade mounting
medium (Light AntiFADE Kit, Molecular Probes Invitrogen). The sections were then observed by a
fluorescence inverted Axiovert 40 CFL microscope (Carl Zeiss, Oberkochen, Germany), photographed
with a Retiga 200R digital camera (QImaging, Surrey, BC, Canada), and analyzed with the Image Pro
Plus Software for micro-imaging 5.0 (Media Cybernetics, version 5.0, Bethesda, MD, USA).

4.14. Histopathological Examination

Transverse midsections of hearts were fixed in 10% buffered formalin, embedded in paraffin, cut
into 5 μm sections, and processed for hematoxylin and eosin (H&E) staining to determine the level of
inflammation. Stained sections were analyzed by light microscope (DM 2500 Leica) connected to a
digital camera (DFC 320, Leica, Milan, Italy). The sections were morphologically examined to evaluate
the inflammatory infiltration levels.

85



Cancers 2020, 12, 162

4.15. Data Analysis

Data are shown as mean ± SEM. The statistical analyses were performed with GraphPad Prism 3.0
software (San Diego, CA, USA) using the one-way ANOVA and Dunnett test. IC50 was investigated
using the two tailed unpaired t-test with Welch correction. The significance cut-offwas p below 0.05.

5. Conclusions

BNS-DOX proved to be a promising effective nanoformulation in the treatment of breast cancer.
The increased effectiveness, compared to DOX, may be due to a higher accumulation into the tumor
mass and the neoplastic cells. Moreover, the reduced biodistribution in the heart tissue suggests a
reduced cardiotoxicity of BNS-DOX. Therefore, this nanoformulation, which increases DOX efficacy
and decreases its severe side effects, might be an attractive tool for improving the clinical management
of breast cancer.
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Abstract: Aminobisphosphonates, such as zoledronic acid (ZA), have shown potential in the treatment
of different malignancies, including colorectal carcinoma (CRC). Yet, their clinical exploitation is
limited by their high bone affinity and modest bioavailability. Here, ZA is encapsulated into the
aqueous core of spherical polymeric nanoparticles (SPNs), whose size and architecture resemble that
of biological vesicles. On Vδ2 T cells, derived from the peripheral blood of healthy donors and CRC
patients, ZA-SPNs induce proliferation and trigger activation up to three orders of magnitude more
efficiently than soluble ZA. These activated Vδ2 T cells kill CRC cells and tumor spheroids, and are
able to migrate toward CRC cells in a microfluidic system. Notably, ZA-SPNs can also stimulate the
proliferation of Vδ2 T cells from the tumor-infiltrating lymphocytes of CRC patients and boost their
cytotoxic activity against patients’ autologous tumor organoids. These data represent a first step
toward the use of nanoformulated ZA for immunotherapy in CRC patients.

Keywords: Vδ2 T cells; zoledronic acid; polymeric nanoconstruct; anti-tumor immunity;
colorectal carcinoma

1. Introduction

It is well established that the immune system is involved in controlling the growth and expansion
of solid tumors, including colorectal carcinomas (CRCs) [1,2]. Tumor-infiltrating lymphocytes (TIL)
comprise multiple cell subsets that can either kill tumor cells (effector anti-tumor lymphocytes) or
modulate this response (regulatory T cells, Treg) [3,4]. A recent analysis of the overall survival of
CRC patients revealed that the presence of intratumoral γδ T cells highly correlates with a significant
favorable prognosis [3,4]. These cells are resident in the mucosal-associated lymphoid tissue of the
gut epithelium and play a major role in controlling the integrity of the intestinal barrier when facing
bacterial infections and pathogenic injuries [5–9]. Γδ T lymphocytes can be activated upon recognition
of unprocessed non-peptide small molecules, including phosphoantigens (PA), derived from the
mevalonate pathway in tumor cells [10–12]. Different drugs can be used to enhance γδ T cell activation,
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such as synthetic pyrophosphate-containing compounds [13,14]. Among these, aminobisphosphonates
(N-BPs) are known to induce the activation and proliferation of the Vδ2 γδ T cell subset, thus increasing
their blood concentration and anti-tumor activity [15–18]. For instance, the N-BP zoledronic acid (ZA)
is a chemically stable analogue of inorganic pyrophosphate that inhibits the farnesyl pyrophosphate
synthase (FPPS) of the mevalonate pathway and up-regulates isopentenyl pyrophosphate (IPP)
accumulation, promoting the preferential growth of anti-tumor Vδ2 T cells in vitro and in vivo [19–21].
This immunostimulating property, together with the direct anti-tumor effects, have paved the way for
clinical trials of different N-BPs [22–26]. We have recently reported that epithelial and mesenchymal
cells from CRC specimens, upon exposure to ZA, stimulate the expansion of Vδ2 T cells with anti-tumor
activity [21]. However, one of the main limitations in using free ZA for the treatment of CRC is
its bone tropism. Indeed, N-BPs are used in the therapy of osteoporosis for their ability to reach
the bone and activate the osteo-matrix deposition [16,17]. This property is a clear advantage when
treating bone metastases of carcinomas or bone marrow tumors like multiple myeloma [16–19].
Nevertheless, the strong N-BPs’ concentration in the bone limits the distribution in other districts,
such as a neoplastic mass developing in the colon. Furthermore, as with most small molecules, ZA has
a rapid blood clearance that also limits its effective use in γδ T cell stimulation [27,28]. Therefore, novel
delivery strategies are needed to capitalize on the multifaceted therapeutic properties of ZA. To improve
the biodistribution and bioavailability of N-BPs, prodrugs have been proposed [29]. Although these
have been shown to trigger the expansion of Vδ2 T cells more efficiently than the corresponding soluble
form, these formulations do not warrant a significant reduction in bone tropism.

On the other hand, nanomedicine [30] could represent an ideal tool to enhance the circulation
half-life and intra-tumor accumulation of ZA, while preserving its pharmacological features. Moreover,
the effective use of nanoparticles for stimulating the immune system response against tumors has been
recently demonstrated [31,32].

Nanoparticles (smaller than 200 nm) can exploit the presence of large fenestrations in the tumor
vessels, the so-called enhanced permeation and retention effect (EPR), to increase drug accumulation
in the neoplastic tissue compared to free drugs [33,34]. Moreover, as the molecules are loaded inside
the nanoparticle, drug solubility and stability could be notably improved, preventing degradation by
serum proteins. Finally, it is possible to control the release of the drug, hindering early leakage, and its
natural accumulation in bone tissue [35–37].

In this work, ZA was reformulated into spherical polymeric nanoparticles (ZA-SPNs) with an
aqueous core containing the active molecule, enclosed in a thin polymer matrix and a lipid monolayer.
This architecture confers to ZA-SPNs an appearance similar to biological vesicles. These ZA-SPNs
enhance the efficiency of ZA in the stimulation of CRC patients’ Vδ2 T cells that, in turn, kill autologous
tumor organoids, supporting the proposal to use this drug formulation against CRC.

2. Results

2.1. Synthesis and Characterization of ZA-SPNs

In order to enhance tumor accumulation for future in vivo use, ZA was reformulated into
nanoparticles. Briefly, spherical polymeric nanoparticles loaded with ZA (ZA-SPNs) were obtained via
a double emulsion–evaporation process, modifying the single emulsion protocol that was previously
described by Lee et al. [38]. This formulation comprised an aqueous core, entrapping the hydrophilic ZA
molecule, confined within a polymer shell and an external lipid monolayer. A schematic representation
of a ZA-SPN’s architecture is given in Figure 1A. Note that some of the lipids were conjugated with
2 kDa polyethylene glicole (PEG) chains, which limit unspecific absorption of blood proteins and extend
the half-life of SPNs in circulation [35]. The ZA-SPNs were spherical in shape (Figure 1B), exhibited
a hydrodynamic diameter of ≈170 nm and a polydispersity index (PDI) lower than 0.2, indicating a
monodisperse particle population, and a negative ζ-potential of approximately −40 mV, similar to that
of biological vesicles (Figure 1C). The nanoparticles were found to be stable at 37 ◦C for more than
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2 weeks, preserving both the size and the monodispersity index (Figure 1D). This should be ascribed to
the negative surface ζ-potential that prevented particle aggregation over time. Indeed, the ζ-potential
was also stable over the same period of observation (Figure S1A). Note that the geometry and shell
core structure of ZA-SPNs make them similar to biological vesicles. The pharmacological properties
of ZA-SPNs were analyzed in terms of ZA loading and release. Different input amounts of ZA were
considered in formulating the nanoparticles, namely 50, 100, 300, and 800 μg. The best formulation
was obtained for an initial input of 300 μg, which resulted in a final ZA concentration of ≈100 μM per
batch (Figure 1E) and an encapsulation efficiency, defined as the weight percentage of the encapsulated
ZA amount at the end of the process over the initial amount, of ≈10% (Figure S1B). This was identified
as the best configuration in that it maximized the ZA loading per batch, thus minimizing the mass
of nanoparticles needed to deliver a given amount of ZA. The release of ZA from SPNs is given in
Figure 1F, documenting a modest initial burst, corresponding to≈25% ZA released after 4 h, followed by
a sustained release, with more than 60% of ZA still entrapped in the SPNs after 2 days (50 h). Only after
about 7 days (150 h) had all loaded ZA been released out of SPNs, as evaluated using high pressure
liquid chromatography. This assured that the effects observed further in the experiments were not due
to the early release of ZA, but to the one entrapped within the nanoparticles, and were working only
after they were internalized.

Figure 1. Zoledronic acid–spherical polymeric nanoparticles’ (ZA-SPNs) physico-chemical
properties. (A) Schematic of a ZA-SPN. DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[succinyl(polyethylene glycol)-2000];
PLGA: Poly(D,L-lactide-co-glycolic) acid. (B) SEM images of ZA-SPNs, showing their spherical shape and
dimension (enlargement in the upper-right corner). Scale bar: 100 nm. (C) Size distribution of ZA-SPNs;
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polydispersity index (PDI) and ζ-potential values are also shown. (D) Size and PDI stability over time
of ZA-SPNs. (E) ZA-SPNs batch average molarity (μM) obtained for different input amounts of ZA
in the synthesis process, showing 300 μg as the best input condition. (F) Release profile of ZA from
ZA-SPNs, showing the minimal ZA loss within the first 48 h. Panels C–F: mean values ± SD.

2.2. ZA-SPNs Induce the Proliferation and Activation of Vδ2 T Lymphocytes

To test the ability of ZA-SPNs to trigger the expansion of Vδ2 T lymphocytes, peripheral blood
mononuclear cells (PBMCs) of healthy donors were incubated with decreasing amounts of ZA-SPNs
for 24 h. Then, cell cultures were supplemented with exogenous interleukin-2 (IL-2) and replaced with
fresh IL-2 every three days. The amount of Vδ2 T cells was evaluated using immunofluorescence with an
antibody specific for the Vδ2 chain of the T cell receptor (TCR), followed by florescence activated cell sorter
(FACS) analysis, on days 0, 7, 14, and 21. The expansion rate of Vδ2 T lymphocytes were calculated by
dividing the number of Vδ2 positive T cells at a given time point by their initial number. At the beginning,
the amount of Vδ2 T cells present in the PBMCs was very low (2.5 ± 1.2% n = 10). As documented in
Figure 2A (showing one representative experiment out of 10), both ZA-SPNs and soluble ZA were able to
induce Vδ2 T cell proliferation, with a maximal expansion on day 21, although the effect of ZA-SPNs
was more rapid than that of ZA. The second striking difference was the dose of ZA needed. Indeed,
the maximum increase in the percentage of Vδ2 T cells (>90% of the whole cell culture) was reached in
21 days of culture with 0.05 μM of nanoformulated ZA (ZA-SPNs) against 1.0–5.0 μM of soluble ZA,
depending on the PBMC donor (Figure 2B, mean ± SD of 10 donors). Specifically, the EC50 of ZA-SPNs
was 1.355 × 10−3 μM, while that of ZA was 3.685 × 10−1 μM (Table 1). In other words, an almost 300 times
higher soluble ZA dose was needed to obtain the same effect as ZA-SPNs. The expansion of Vδ2 T cells
in response to ZA-SPNs was remarkable: the number of Vδ2 T cells rose from the initial value of 103 to
23 × 106 after 21 days, with a 23,000 fold increase (EC50 in Table 1); a similar effect was achieved with
soluble ZA, only at two orders of magnitude higher concentrations (Figure 2B).

Due to the remarkable efficiency of ZA-SPNs, we further analyzed whether nanoformulated ZA,
at the concentration of 0.05 μM (5 × 10−2 μM reported in Figure 1B), could trigger the proliferation of Vδ2
T cells, even without the addition of exogenous IL-2. Thus, PBMCs were labelled with carboxyfluorescein
succinimidyl ester (CFSE), and on day 7 of the culture, proliferating Vδ2 T lymphocytes were identified
using a double immunofluorescence assay, as cells with decreasing levels of CFSE content (green
fluorescence intensity is inversely proportional to cell division rate) and reactivity with the anti-Vδ2
specific mAb. As shown in Figure 2C, a significant decrease of CFSE content in Vδ2 T cells was detected
in ZA-SPNs cultures; in addition, an estimation of cell generations on day 7 showed that Vδ2 T cells
incubated with ZA-SPNs had divided six to eight times, whereas cells treated with soluble ZA divided
only one to two times (Figure 2D, ModFit LT analysis). At this time point, the percentage of Vδ2 T cells
proliferating in ZA-SPN-stimulated cultures ranged from 20 to 35% in four out of five donors (Figure 2E);
in contrast, no significant proliferation was detected with soluble ZA (Figure 2C–E) or empty SPNs
(Figure 2E). This finding prompted the evaluation of whether ZA-SPNs could trigger the activation of
Vδ2 T cells. It is well known that the neo-expression of activation antigens, such as cluster differentiation
(CD) 25 and CD69, on T lymphocytes is a marker of cell triggering. Indeed, CD69 can function as a
metabolic gatekeeper increasing glucose uptake [39], while CD25 is the α chain of the IL-2 receptor (IL2R)
that increases the affinity for IL-2 of the βγ dimers of IL-2R [40]. Both these markers are involved in
the growth of T lymphocytes [37,38]. CD25 expression on Vδ2 T cells, upon stimulation with ZA-SPNs,
was detectable at 48 h, whereas no induction of CD25 was observed using soluble ZA or empty SPNs
(Figure 2F). Neo-expression of the CD69 molecule on Vδ2 T cells was faster (detectable after 24 h) and
stronger when PBMCs were incubated with ZA-SPNs compared to soluble ZA (Figure 2G,H). On the
other hand, empty SPNs did not induce the expression of CD69 (not shown). Of note, the one donor
whose Vδ2 T cells did not respond for proliferation (Figure 2E, light blue circle) also failed to express
CD25 upon ZA-SPNs stimulation (Figure 2F, light blue circle). These data indicate that ZA carried by
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SPNs can deliver a strong activation signal to Vδ2 T cells, leading to the neo-expression of activation
antigens and expansion in the absence of exogenous growth factors.

Figure 2. ZA-SPNs stimulated the expansion and activation of Vδ2 T lymphocytes. (A) PBMCs were
incubated with ZA-SPNs (red) or soluble ZA (gray) at the indicated concentrations (μM) for 24 h before
the addition of interleukin (IL)-2. The percentage of Vδ2 T lymphocytes was evaluated at different time
points (7, 14, and 21 days) using fluorescence activated cell sorter FACS analysis. One representative
experiment out of 10 is shown. (B) Left graph: PBMCs were incubated with ZA-SPNs (red) or soluble ZA
(gray) (Log μM) for 24 h before the addition of IL-2. The percentage of Vδ2 T lymphocytes (2.5 ± 1.2%
in the starting PBMCs) was evaluated on day 21 using FACS analysis. Mean ± SD of 10 healthy PBMCs.
Right graph: Results of the left graph expressed as a fold increase of Vδ2 T lymphocytes/mL at the
end of the culture compared to the initial number. Mean ± SD of 10 PBMCs. (C) Carboxyfluorescein
succinimidyl ester (CFSE)-labeled PBMC from two representative donors (HD1, HD2) were cultured
without (CTR) or with ZA-SPNs (0.05 μM) or soluble ZA (1 μM), without the addition of exogenous
IL-2, and the decrease of CFSE intensity (green) was evaluated on day 7. Vδ2 T cells were identified
with the specific mAb (red). (D) Vδ2 T cell proliferation, elicited as in (C), evaluated using the CFSE
decrease in gated Vδ2 T cells with the ModFit LT5.4 software. CTR: CFSE content in cells with the
medium alone. Experimental representative of five replicates performed. (E) Vδ2 T cell proliferation to
ZA-SPNs or ZA or empty SPNs (same nanoparticle amounts as for the ZA-SPNs) elicited as in (C) in
five donors; mean ± SD also shown. CTR: medium alone. (F) Expression of the IL-2Rα chain (CD25) at
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48 h using FACS analysis on Vδ2 T lymphocytes in the indicated experimental conditions (CTR: medium
alone; ZA-SPNs: 0.05 μM; ZA: 1.0 μM; empty SPNs). Results are expressed as a percentage of CD25+

cells in gated Vδ2 T lymphocytes. (G,H) PBMCs cultured as in (C) for 6 h, 24 h, or 48 h were stained with
the anti-Vδ2 and anti-CD69 mAbs and analyzed using FACS. Quadrants: lower-left—CD69−Vδ2− cells;
upper-left—CD69+ cells; upper-right—CD69+Vδ2+ cells; lower-left—Vδ2+ cells. In (H), PBMCs stained
as in (G) and evaluated as the mean fluorescence intensity (MFI, a.u.) of CD69 expression on Vδ2 T
cells at 6 h, 24 h, and 48 h. Mean ± SD from eight donors’ PBMCs. CTR: medium alone.

Table 1. In vitro effect (EC50) of ZA-SPNs and soluble ZA on Vδ2 T lymphocyte expansion.

Compound Vδ2 Expansion a Vδ2 Fold Increase b Vδ2 Expansion from T +Mo c

ZA-SPNs 1.355 × 10−3 2.067 × 10−4 7.096 × 10−4

Soluble ZA 3.685 × 10−1 4.2 × 10−1 5.449 × 10−1

a EC50 value expressed as the μM concentration needed to reach 50% of the maximal percentage of Vδ2 T cells
grown in culture starting from PBMCs. b EC50 value expressed as the μM concentration needed to reach 50% of
maximal fold increase in Vδ2 T cell absolute number versus the initial Vδ2 T cell number. c EC50 value expressed as
the μM concentration needed to reach 50% of the maximal percentage of Vδ2 T cells grown in culture starting from
105 purified T lymphocytes with 103 monocytes (Mo) added (T:Mo ratio 1:100). Results are the average of three
replicates with a standard deviation of <10%.

2.3. ZA-SPNs Mediated Vδ2 T Cell Expansion Is Associated with Isopentenyl-Pyrophosphate (IPP) Production

It is well established that monocytes (Mo) are the main peripheral blood cell population responsible
for the N-BP-mediated triggering of Vδ2 T cells [6,20,21]. This is due to a monocyte’s ability to efficiently
accumulate IPP when exposed to N-BPs, including ZA [6,20]. As such, we examined whether ZA-SPNs
could stimulate Vδ2 T cell expansion from highly purified T lymphocytes co-cultured with Mo and
analyzed after 21 days. Different T cell to monocyte (T:Mo) ratios were considered, ranging from 10:1 to
1000:1. ZA-SPNs triggered the optimal proliferation of Vδ2 T cells at the T:Mo ratio of 10:1–100:1 (105 T
vs. 103–104 Mo) (Figure 3A). Notably, the EC50 for ZA-SPNs was 5.644 × 10−4 μM and 3.527 × 10−1 μM
for ZA using 104 Mo, which was more than 600-fold higher compared to ZA-SPNs (Figure 3A vs.
Figure 3B). With 103 Mo, EC50 became 7.096 × 10−4 μM and 5.449 × 10−1 μM for ZA-SPNs and ZA,
respectively; in this case, the difference was larger than 700 times in favor of ZA-SPNs (Table 1 and
Figure 3A vs. Figure 3B). This demonstrated that ZA-SPNs efficiently stimulated Vδ2 T cell proliferation
in the presence of very few Mo, with a strong gain in EC50. Furthermore, it was assessed whether
ZA-SPNs could stimulate the production of IPP, which is considered the product responsible for
ZA-mediated effects [10–12,21]. Toward this aim, highly purified peripheral Mo were incubated with
either ZA-SPNs (0.5 μM for 106 cells needed for IPP evaluation) or soluble ZA (0.5 μM for comparison
with ZA-SPNs at the same concentration) for 24 h. The IPP concentration was determined using high
performance liquid chromatography/time of flight-mass spectrometry (HPLC/TOF-MS). ZA-SPNs
induced a twofold higher IPP production than soluble ZA, with a mean value of 3 pM for ZA-SPNs
against 1.5 pM for ZA in three out of four Mo donors (Figure 3C). Then, we tested whether IPP
could also be produced by CRC cell lines in response to ZA-SPNs. Indeed, this event is needed to
trigger Vδ2-T-cell-mediated recognition and killing [10–12]. For this experiment, LS180 and SW620
were chosen, since we reported that the two cell lines produce high or low amounts, respectively,
of IPP when stimulated with soluble ZA [21]. LS180 produced about 30% more IPP in response to
0.5 μM ZA-SPNs compared to soluble ZA (14.12 pM vs. 9.92 pM), while SW620 IPP production to
0.5 μM ZA-SPNs was superimposable (≈3 pM) with that obtained with soluble ZA at the same dose
(Figure 3D,E). A small but detectable IPP production was also observed in LS180 using ZA-SPNs at a
0.05 μM concentration (5 pM). Empty SPNs did not evoke the production of IPP (<1 pM, Figure 3D,E).
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Figure 3. Monocyte requirement for Vδ2 T cell expansion and isopentenyl pyrophosphate (IPP)
production in response to ZA-SPNs or ZA. (A,B) A total of 105 purified T lymphocytes were cultured
with different amounts of autologous purified monocytes (Mo), as indicated, in the presence of ZA-SPNs
(A) or soluble ZA (B) at different concentrations for 21 days. The percentage of Vδ2 T cells present in
culture was evaluated using indirect immunofluorescence and FACS analysis; results are the mean ± SD
of T cell populations from six healthy donors. (C) A total of 106 Mo were incubated for 24 h without
(CTR) or with 0.5 μM ZA-SPNs or with 0.5 μM soluble ZA or with empty SPNs, and the amount of
IPP produced (pM) was evaluated using high performance liquid chromatography/time of flight-mass
spectrometry HPLC/TOF-MS. Colors indicate the four Mo donors. The mean ± SD for each condition
is also shown. (D,E) A total of 5 × 105 LS180 or SW620 CRC cells were incubated for 24 h with 0.05 or
0.5 μM ZA-SPNs or 0.5 μM soluble ZA, and IPP production was evaluated as in panel (C). Results are
shown as pmol of IPP extracted by acetonitrile/total protein content in each cell lysate analyzed using
HPLC/TOF-MS. One representative experiment of two performed is shown.

2.4. CRC Cell Death Induced by Vδ2 T Lymphocytes Stimulated with ZA-SPNs

At first, the interaction of Vδ2 T lymphocytes with tumor cells challenged with ZA-SPNs was
qualitatively analyzed through confocal microscopy and SEM imaging. SW620 CRC cells were
incubated with Cy5-labeled ZA-SPNs to prove that nanoparticles could be internalized by tumor
cells. Figure 4A shows that Cy5-ZA-SPNs (orange, arrows) accumulated in CRC cells, evidenced
with the anti-epithelial cell adhesion molecule (EPCAM) mAb (red), in agreement with the notion
that nanoparticles of this size are rapidly (by 4 h) engulfed by any cell, even if not professional
phagocytes [41–43]. Then, Vδ2 T cells were added to CRCs engulfed with ZA-SPNs for a short
incubation time (further 4 h), and their ability to interact with CRC cells was evaluated. Figure 4B
shows an intimate contact between Vδ2 T cells, identified using the specific anti-Vδ2 mAb (green) and
CRC (red); arrows indicate the engulfed Cy5-ZA-SPNs. Moreover, Vδ2 T cells also appeared clustered
on CRCs, as it can be better appreciated in the representative SEM image (Figure 4C) where several
Vδ2 T cells, false-colored in pink, surround and make contact with a much larger cancer cell.
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Figure 4. ZA-SPNs triggered the cytotoxicity of colorectal carcinoma (CRC) cell lines and spheroids
using Vδ2 T cells. (A) Representative confocal microscopy image showing Cy5-conjugated
ZA-SPNs’ (orange, arrows) internalization in CRC cells, identified using the anti-EPCAM mAb
and Alexafluor555 isotype-specific goat antimouse (GAM) (red). Blue: nuclei diamidino phenylindole
(DAPI) staining. Scale bar: 10 μm. (B) Vδ2 T cells identified using the specific anti-Vδ2 mAb and
Alexafluor488-anti-isotype GAM (green) interacting with CRC (EPCAM followed by Alexafluor555
GAM, red) previously exposed (24 h) to ZA-SPNs (white arrows). Blue: DAPI nuclear staining. Scale
bar: 10 μm. (C) SEM images of a similar experiment in which Vδ2 T cells (pink) had surrounded a CRC
(gray). Scale bar: 20 μm. (D) The CRC cell lines SW620, HCT-15, and HT-29 were cultured adherent
in flat bottomed plates with ZA-SPNs (red) or with soluble ZA (gray) at different concentrations and
challenged with activated Vδ2 T cells from healthy donors at the effector:target (E:T) ratio of 3:1 for
48 h. Then, viability was assessed using a crystal violet assay. Data is expressed as a percentage of
living cells as compared to cells cultured in medium alone, are the mean ± SD of three independent
experiments of six different replicates for each condition. (E) Spheroids of the CRC cell lines SW620,
HCT-15, and HT-29 at day 5 were incubated with activated Vδ2 T cells at the E:T ratio of 3:1 and either
ZA-SPNs (red) or soluble ZA (gray) at the indicated concentrations for 48 h. Spheroid cell viability was
assessed using crystal violet assay modified as described in Varesano et al. [45]. Data are the mean ± SD
of three independent experiments of six replicates for each condition.

Having shown that ZA-SPNs can be metabolized by CRC cells, and that Vδ2 T lymphocytes
bind to ZA-SPN-treated CRC, we further analyzed whether these events resulted in an anti-tumor
effect. Toward this aim, Vδ2 T lymphocytes were added to CRC cell lines exposed to ZA-SPNs at an
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effector:target (E:T) ratio of 3:1 to for allow the detection of the effect elicited by the nanoformulated ZA.
Indeed, at this E:T ratio, the cytotoxic activity of Vδ2 T cells to the three CRC cell lines tested (SW620,
HCT-15, and HT-29), evaluated as a reduction of living cells by the crystal violet assay, was almost
negligible (less than 10%; see the cell viability ranging from 90 to 100% with the lowest ZA-SPNs
concentrations in Figure 4D). The percentage of living CRC cells was strongly reduced in the presence
of Vδ2 T cells when serial dilutions of ZA-SPNs were added to the lymphocyte–CRC cell co-cultures
(Figure 4D). The ZA-SPNs’ EC50 of cytotoxic activity was again lower (by 10 to 50 times) than that
found for soluble ZA (Table 2). Both ZA-SPNs and ZA, in the absence of Vδ2 T cells, reduced the
percentage of living adherent SW620 and HT-29 cells to some extent; this effect was more evident on
HCT-15 (Figure S2A), but was always lower than that detected in the presence of Vδ2 T lymphocytes
(EC50 0.5 μM in Figure S2A vs. 0.1 μM depicted in Figure 4A and reported in Table 2).

Table 2. In vitro effect (EC50) of ZA-SPNs and soluble ZA on the Vδ2-mediated cytotoxicity of CRC
cells and spheroids.

SW620 HCT-15 HT-29

Compound Adh a Sph b Adh Sph Adh Sph

ZA-SPNs 8 × 10−2 >6 × 10−1 1 × 10−1 5 × 10−1 1 × 10−1 5 × 10−1

ZA 1.2 1.0 1.0 1.1 1.7 1.0
a The indicated CRC cell lines were cultured adherent to plates and used as targets (Adh). b CRC cell lines were
used as spheroid targets (Sph) in ultra-low attachment plates. The EC50 value is expressed as the micromolar
concentration needed to reach 50% of the maximal cytotoxic effect evaluated calculating the percentage of non-living
cells. Results are the average of three determinations with a standard deviation of <10%.

Since tumor cells grow in vivo as tridimensional (3D) structures, tumor spheroids have been
used to mimic the initial stage of neoplastic growth in vitro [44,45]. Thus, we assessed whether
Vδ2-T-cell-mediated killing of such structures could be stimulated by ZA-SPNs. We analyzed the
tumor spheroids obtained after culturing the representative three CRC cells lines SW620, HCT-15,
and HT-29 in ultra-low attachment plates, as described in Varesano et al. [45]. In these experimental
conditions, spheroids from 50 to 250 μm in diameter can be obtained [45]. CRC tumor spheroids
were able to engulf ZA-SPNs within 24 h of exposure (Figure S3A) and were killed by Vδ2 T cells;
the ZA-SPNs EC50 was superimposable or lower than that of ZA for HCT-15 and HT-29 cell lines,
while for SW620, the EC50 of ZA-SPNs was higher (Figure 4E and Table 2). A possible explanation
for the discordant effect of ZA-SPNs and soluble ZA on SW620 as adherent cells or spheroids could
be related to the different nanoparticle processing and/or mevalonate metabolism that follows the
ZA-SPNs’ entry, despite the detectable engulfment. The direct effect of ZA-SPNs on CRC cells growing
adherent in conventional experimental conditions or cultured as spheroids was also evaluated using a
crystal violet assay. Both ZA-SPNs and soluble ZA reduced the number of living cells by 30% when
used on SW620 and HT-29 CRC cell monolayers, while the HCT-15 cell line was more sensitive (Figure
S2A). On the other hand, SW620 and HT-29 spheroids were not directly affected by ZA-SPNs nor by
soluble ZA at the concentrations used, while the effect on HCT-15 spheroids was detected only with
ZA (Figure S2B). These findings were confirmed even after 96 h of incubation (not shown).

2.5. ZA-SPNs Elicited Vδ2 T Cell Proliferation from CRC Patients and the Killing of Autologous
Tumor Organoids

To plan a potential therapeutic use of nanoformulated ZA, it is essential to prove that ZA-SPNs
are actually able to trigger Vδ2 T cells from CRC patients’ samples. Toward this aim, first, the ability of
ZA-SPNs to expand Vδ2 T cells, either from peripheral blood or from tumor biopsies of CRC patients,
was assessed; then, the cytotoxic potential of these cells from patients’ PBMCs was quantified against
CRC tumor cell lines or autologous tumor cells growing in vitro as colon mucosa organoids. A ZA-SPNs
dose of 0.05 μM was chosen since it was the most effective on healthy donors’ PBMCs (see Figure 1A,B).
Figure 5A shows that expansion of Vδ2 T cells from the PBMCs of CRC patients was obtained with
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0.05 μM ZA-SPNs. This expansion occurred in all samples from CRC patients (n = 20), and in 14 out of
20 samples reached ≈90% after 14 days; however, a 20-fold higher concentration (1.0 μM) of soluble
ZA relative to the ZA-SPN concentration was needed to achieve this effect (Figure 5A). The absolute
Vδ2 T cell numbers are reported in Figure S4. Of note, ZA-SPNs were able to expand tumor-infiltrating
Vδ2 T cells (Table S1 reports the pathological features of these patients) when added to mononuclear
cells isolated from the tumor (Figure 5B); the percentage of Vδ2 T cells obtained ranged from 10 to
90% in 5 out of 10 cases. This result was quite remarkable since in the bioptic cell suspensions, the
starting amount of Vδ2 T cells was mostly lower than 0.1% and the CD45+ leukocytes, containing
infiltrating lymphocytes, were always less than 35% of the total cells (range 3–32% n = 10), as we
reported elsewhere [21,44,45]. In addition, the presence of monocytes in these cell suspensions was
almost negligible (range 0.02–0.5%, not shown) [21,46]. To define whether ZA-SPN-stimulated Vδ2 T
cells from patients’ PBMCs belonged to a population of effector cells, we analyzed the expression of
CD27 and CD45RA that was reported to define different lymphocyte subsets. In particular, naïve (N) T
cells bear CD27 and CD45RA molecules, as well as central memory (CM) T lymphocytes; express only
CD27; effector memory (EM) T cells are double negative; and terminal differentiated memory cells
(TEMRA) are surface CD45RA positive [45,47]. We reported that ZA can drive the expansion of Vδ2 T
cells, showing the characteristics of effector memory (EM) T lymphocytes (i.e., absence of CD27 and
CD45RA) [48]. As shown in Figure S5, also ZA-SPNs-stimulated Vδ2 T lymphocytes displayed an
EM/TEMRA (CD27−CD45RA−/CD27−CD45RA+) phenotype.

Thus, Vδ2 T effector cells obtained upon ZA-SPNs stimulation from the PBMCs of three CRC
patients were tested for their anti-tumor cytotoxic activity against the CRC cell lines HCT-15 and HT-29,
either as adherent monolayers (Figure 5C) or as spheroids (Figure 5D), exposed to ZA-SPNs. The E:T
ratio chosen was again 3:1 to emphasize the effect due to the nanoformulated ZA taken up by tumor
cells. Indeed, at this E:T ratio, the percentage of living tumor cells upon incubation with Vδ2 T cells
was still more than 80% for HCT-15 and ≈70% for HT-29 (Figure 5C,D). When the target tumor cells
or spheroids were challenged with 0.05 μM ZA-SPNs, the cytotoxic effect of Vδ2 T effector cells was
much more evident, as living tumor cells were less than 50% in all instances, decreasing by up to 20%
for adherent HT-29 or HCT-15 spheroids (Figure 5C,D).

To test whether ZA-SPNs-expanded Vδ2 effector T lymphocytes could kill tumor cells in an
autologous setting, organoids were derived from specimens of five CRC patients (listed in Table S1)
in serum-free controlled culture conditions. Figure S6A shows these organoids, with variable sizes
(perimeters and areas in Figure S6B), and expressing the epithelial marker EPCAM (Figure S6C).
In particular, OMCR18-006TK organoids display a morphology typical of mucinous tumors, according
to the histopathological diagnosis (Table S1). We first demonstrated the ability of organoids to engulf
ZA-SPNs within 24 h of exposure (Figure S3B). Then, organoids, labeled with the green fluorescent
probe calcein-acetoxy methyl ester (AM) and seeded in Geltrex domes, were exposed to ZA-SPNs (0.05,
0.1, 0.5 μM) and cultured with the corresponding autologous ZA-SPN-expanded Vδ2 T lymphocytes
for 6 days to allow the effector cells to enter the domes and reach the organoids. Figure 5E shows a
representative co-culture with Vδ2 T cells invading some organoids, where one is evident in subpanel
a, and one appears almost destroyed in b; this is also shown with Z-stack images in Figure S7.
The cytotoxic effect of Vδ2 T cells was evaluated by measuring the decrease in green fluorescence,
as previously reported by Chung et al. [49]. Autologous ZA-expanded Vδ2 T cells decreased the vitality
of tumor organoids by 10–30%; this cytotoxic effect was further increased when ZA-SPNs were added
during the cytolytic assay. Indeed, in the presence of 0.05 μM ZA-SPNs, Vδ2 T cells could reduce the
organoid viability by 50% (Figure 5F). In turn, 10- to 50-fold higher concentrations of soluble ZA were
needed to obtain superimposable effects with soluble ZA (Figure 5F). Altogether, these results are the
experimental proof that ZA-SPNs can efficiently trigger the growth and function of Vδ2 anti-tumor
effector T cells from CRC patients.
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Figure 5. ZA-SPNs triggered the expansion of CRC patients’ Vδ2 T lymphocytes to be able to
kill CRC spheroids and autologous organoids. (A) PBMC from CRC patients were cultured with
ZA-SPNs (0.05 μM) or soluble ZA (1.0 μM) and 10 ng/mL (30 IU/mL) IL-2. The percentage of Vδ2 T
lymphocytes was evaluated using FACS analysis on days 7 and 14. Vδ2 T cells in the starting PBMCs:
1.4 ± 1.6%, mean ± SD of 20 patients. (B) Tumor cell suspensions were cultured as in (A), and Vδ2 T
lymphocyte expansion was determined on days 7 and 14. Results are expressed as percentages of
Vδ2 T lymphocytes as mean ± SD of 10 patients’ specimens. Vδ2 T cells in the starting tumor-derived
populations: 0.04 ± 0.05% (mean ± SD of 10 patients). (C,D) HCT-15 or HT-29 as adherent cells (C) or
spheroids (D) were incubated with ZA-SPN-expanded Vδ2 T cells obtained from the PBMCs of three
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CRC patients. ZA-SPNs (0.05μM) were further added or not (CTR) at the onset of the 48 h assay. E:T ratio
was 3:1. Data expressed as a percentage of living CRC cells (crystal violet staining) as mean ± SD
of six replicates/condition in three independent experiments. (E) Representative co-cultures of
ZA-SPN-expanded Vδ2 effector T cells and the autologous OMCR-016TK organoids exposed to ZA-SPN.
Upper-left image: 100×. Scale bar: 100 μm. Upper-right image: 200×. Lower panels: enlargements of
quadrants a, b, and c in the upper-right panel. Asterisks in each panel: organoids. Arrows in each
panel: Vδ2 T cells invading organoids (c, one almost destroyed in b) or in their neighborhood (c).
(F) Organoids from five patients (OMCR18-006TK, green; OMCR18-006TK, red; OMCR19-006TK, blue;
OMCR19-009TK, yellow; OMCR19-016TK, purple) were labeled with calcein-acteoxy methyl ester
(AM) and challenged with autologous ZA-SPN-expanded Vδ2 T cells for 6 days without ZA-SPNs
(CTR) or in the presence of ZA-SPNs or soluble ZA at the indicated concentrations. E:T ratio was 3:1.
Fluorescence of each culture well was quantified using spectrofluorometry and compared to that of
organoid cultures considered to be 100%. Data expressed as a percentage of green fluorescence as
mean ± SD of three independent experiments with six replicates/condition. The p-values of ZA-SPNs
versus CTR are shown.

2.6. ZA-SPNs-Vδ2 T Lymphocytes Transendothelial Migration Toward CRC Tumor Cells in a
Microfluidic System

To test the ability of ZA-SPN-expanded Vδ2 T cells (i.e., Vδ2 T lymphocytes obtained from PBMCs
upon stimulation with ZA-SPNs and further culture for 21 days) to extravasate and reach CRC cells,
a double-channel microfluidic chip was used [50]. This device comprised a vascular compartment (VC),
uniformly coated with human umbilical vascular endothelial cells (HUVECs), and an extravascular
compartment (EC), hosting a Matrigel matrix with CRC cells. The two compartments were separated by
an array of micropillars, equally spaced by 3 μm (Figure 6A). HUVECs were seeded and also grew on
the micropillars area, realizing an authentic vascular bed (Figure 6A,B showing the 3D reconstruction).
By using this microfluidic system, the dynamics of ZA-SPN-expanded Vδ2 T cells infused into the VC
was monitored over time. In the time-lapse experiments, these Vδ2 T cells fluxed into the VC (visible
in blue due to the nuclear staining) and were able to cross HUVEC monolayer (red, CM-Dil membrane
staining), and through the array of pillars, infiltrate the Matrigel matrix and reach the tumor cells
(green, GFP+) (Figure 6C).

The fluorescence intensity of the Vδ2 T cell nuclear staining was measured after 12 and 24 h in
the VC and EC using the Image J software, quantifying the percentage increase over time in different
regions of interest (ROIs) set for each channel (Figure 6D). Extravascular Vδ2 T cell accumulation was
detectable within 24 h, with a fluorescence increase of about 300% in EC (Figure 6D, black histograms).
While transported by the flow into the VC, the fluorescence increased up to 140 and 190% within the
first 12 and 24 h of observation, respectively, documenting the interaction of Vδ2 T cells with endothelial
cells (HUVECs) during the migration process (Figure 6D, white histograms). This interaction was
also visible in confocal images of a separate experiment, in which Vδ2 T cells (CM-Dil stained, red)
appeared in part in contact with HUVEC (green, phalloidin staining F-actin) in the VC and in part
adherent to the CRC in the EC (green, phalloidin staining F-actin); notably, CRC cells interacting
with Vδ2 T lymphocytes displayed a dim fluorescence and an altered actin distribution (Figure 6E).
In conclusion, Vδ2 T cells grown upon a ZA-SPN stimulation, and tested in the microfluidic system,
displayed the ability to extravasate and interact with tumor cells in the EC.
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Figure 6. Transendothelial migration of ZA-SPN-expanded Vδ2 T lymphocytes toward CRC cells in a
microfluidic system. (A) Double-chamber microfluidic chip [50] composed of a vascular compartment
(VC), uniformly coated with human umbilical vascular endothelial cells (HUVECs), and an extravascular
compartment (EC), hosting a Matrigel matrix with CRC cells. The two compartments were separated
by an array of micropillars, equally spaced by 3 μm. ZA-SPN-expanded Vδ2 T cells were infused
through the inlet into the VC, and their extravasation was mainly analyzed around the pillar area.
(B) 3D reconstruction (lateral view) of the double channel microfluidic chip, showing on the right
the HUVECs covering all of the channel (green/blue, phalloidin/DAPI) to mimic a complete vessel
(VC); on the left, tumor cells (CRC, nuclear blue staining) in the EC. P: micropillar zone. Some Vδ2 T
cells stained with CM-Dil (red) were visible in both compartments. Scale bar: 100 μm. (C) Time-lapse
images following the localization of ZA-SPN-activated Vδ2 T lymphocytes before (time 0) and after
(12 h, 24 h) injection into the VC. HUVEC membranes were stained using CM-Dil (red) and Vδ2 T cell
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nuclei were stained by DAPI (blue). EC: extravascular channel populated with GFP+ SW480 CRC cells
(green). P: micropillars. Scale bar: 100 μm. (D) Quantification (Image J software) of DAPI fluorescence
intensity increase measured at 12 h and 24 h compared to time 0 (addition of Vδ2 T cells) in the VC
(white columns) or the EC (black columns). Data expressed as a percentage of fluorescence increase,
compared to time 0; mean ± SE. The p-values are shown. (E) Representative confocal image (top view)
showing Vδ2 T cells (red, CM-Dil, white arrows), close to HUVECs in the VC, and surrounding CRC
cells in the EC. Phalloidin (green) stained the F-actin filaments to show the organization of HUVECs;
actin filaments were also visible in the CRC. DAPI (blue) stained both the HUVEC and CRC nuclei.
P: micropillar zone. Scale bar: 100 μm.

3. Discussion

A major challenge in the hypothetical use of N-BPs as stimulators of anti-tumor Vδ2 T lymphocytes
in solid cancers is related to the bone tropism of these compounds [16,17]. The encapsulation of ZA
into spherical polymeric nanoparticles (ZA-SPNs), with a characteristic size of ≈200 nm, appears to be
an effective solution to this hindrance. Indeed, nanoparticles up to a few hundreds of nanometers in
diameter tend to passively accumulate in tumor tissues, following the so-called enhanced permeability
and retention (EPR) effect [30,33,34]. This effect warrants the release of the drug into the tumor,
preventing its early leakage and its natural accumulation in bone tissue.

In this work, we have demonstrated that SPNs can efficiently load ZA in such a way that large-scale
production for clinical translation could be possible and that the payload was stably retained within its
aqueous core for up to approximately one week. The architecture of ZA-SPNs, with an aqueous core
confined within a lipid monolayer, resemble that of natural vesicles, likely favoring their penetration
into cells. This would cause a progressive release of ZA inside tumor cells, leading to prompt activation
of the mevalonate pathway responsible for IPP production [10], which eventually induces the activation
and proliferation of Vδ2 T lymphocytes with anti-cancer functions.

Interestingly, not only do ZA-SPNs stimulate Vδ2 T cells at a concentration about 300-fold lower
compared to soluble ZA, but can also, and unexpectedly, trigger their proliferation without exogenous
IL-2, which is usually needed for T cells expansion. Possibly, ZA-SPNs induce a stronger signal than
soluble ZA onto Vδ2 T cells, and in this way, promote the expression of activation molecules, such
as the metabolic gatekeeper CD69 and the α-chain of the IL-2 receptor (CD25). Indeed, although not
shown, a small fraction (≈17%) of Vδ2 T lymphocytes could actually express intracytoplasmic IL-2
upon stimulation with ZA-SPNs. Thus, ZA-SPNs could sensitize Vδ2 T cells to cytokines and growth
factors present in the extracellular milieu. Yet, the underlying mechanism would have to be more
precisely characterized in further studies.

Of note, ZA-SPNs were able to enhance the proliferation of Vδ2 T lymphocytes derived from
the peripheral blood or tumor specimens of CRC patients. Based on the EC50, the efficiency of
ZA-SPNs to expand Vδ2 T lymphocytes was 2 to 3 orders of magnitude higher than that of soluble
ZA. These Vδ2 T lymphocytes behaved as effector cells, exerting a strong cytolytic activity against
CRC tumor cells exposed to ZA-SPNs. This was tested in two different 3D models, namely tumor
spheroids and patient-derived organoids, to mimic cancer cell growth in vivo more closely. Indeed,
there is increasing evidence that both tumor development and response to therapy in humans are not
always predictable in animals [51,52]. Recently, zoledronic-acid-containing nanoparticles have been
reported to localize into extra-skeletal tumors in a murine model, thus avoiding bone sequestration of
such drug formulation [53]. This would also reinforce the proposal to use ZA-SPNs in therapeutic
schemes aimed to activate an anti-cancer immune response, mainly through the activation of γδ T
lymphocytes. Regrettably, murine cancer models present several limitations, considering that the two
major γδ T cell subsets do not have orthologues in mice [54,55], and that even syngeneic mice would
not be adequate as the response to N-BPs of γδ T cells is different in rodents than in humans [6,8].
On the other hand, 3D culture systems, including spheroids and organoids, have been validated as
preclinical models to overcome these inconveniences by the present authors and others [44,45,56,57].
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In a first set of 3D experiments, spheroids with diameters ranging from 50 to 250 μm
were considered to mimic tumors at early stages. In this case, ZA-SPNs could trigger Vδ2 T
lymphocyte-mediated cytotoxicity with different efficiencies depending on the used cell line. It is of
note that this difference among the used CRC cell lines was not evident on the cell monolayers. This may
have been due to the spatial heterogeneity in the IPP production by CRC cells because of the diverse
depths of penetration of the drug within the 3D cell aggregates. The cell line SW620 generates compact
spheroids that, although capable of ZA-SPNs engulfment, may limit drug penetration compared
to HCT-15 and HT-29 spheroids [45]. Another explanation is based on the different mevalonate
metabolism and IPP production that follows ZA-SPNs’ entry; these features might be constitutive of
each cell line or vary depending on the 3D structure acquired during tumor growth. Interestingly, the
cytotoxic efficiency of ZA-SPNs was remarkable when patients’ organoids were exposed to autologous
Vδ2 T cells that had expanded upon stimulation with ZA-SPNs. This demonstrated the potential
therapeutic relevance of ZA-SPNs in CRC patients, suggesting that 3D culture systems may have
specific features influencing the treatment outcome. Although validated using reliable pre-clinical
models [44,56,57], both spheroids and organoids have some limitations, including the lack of different
cellular components of the tumor microenvironment. It should be recalled that effector lymphocytes
must exert their anti-tumor activities in a microenvironment populated by suppressive cells, such as
mesenchymal stromal cells (MSC), regulatory T lymphocytes (Treg), and myeloid derived suppressor
cells (MDSC) [46,58].

Nevertheless, the present authors and others have previously reported that microenvironment
immunosuppression can be reverted using ZA or phosphoantigens, resulting in Vδ2 T cell
activation [48,59]. It is still to be established whether ZA-SPNs can affect the regulatory functions of
Treg and MDSC. However, it is likely that ZA-SPNs could influence the function of leukocytes since a
remarkable Vδ2 T cell stimulation was observed in the presence of a few monocytes. This should most
likely be ascribed to the enhancement of IPP production by these cells.

Another property of ZA-SPN stimulation was that of enhancing the ability of Vδ2 T cells to
sense tumor cells. Specifically, in a microfluidic chip, ZA-SPN-expanded Vδ2 T cells were able to
extravasate and migrate toward tumor cells, overcoming the vascular barrier and the extracellular
matrix. These findings indicate that Vδ2 T cells, after being activated by ZA-SPNs, could reach tumor
cells and recirculate, even if triggered away from the tumor site.

4. Materials and Methods

4.1. Reagents

Zoledronic acid (ZA) was purchased from Selleckchem (Aurogene, Rome, Italy).
Poly(D,L-lactide-co-glycolic) acid (PLGA, 50:50, CarboxyTerminated, molecular weight ≈ 60 kDa) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[succinyl(polyethylene glycol)-2000]
(DSPE-PEG), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) were obtained from
AvantiPolar Lipids (Alabaster, AL, USA). Analytical grade dimethyl sulfoxide (DMSO), acetonitrile,
chloroform, absolute ethanol, dipotassium hydrogen phosphate anhydrous, and tetra butyl ammonium
Bi-sulphateand 5(6) carboxyfluoresceindiacetate N-succinimidylester (CFSE) were purchased from
Sigma-Aldrich (Milan, Italy). RPMI-1640 and FBS (One Shot™ Fetal Bovine Serum) were obtained from
Gibco (Thermo Fisher Scientific, Monza, Italy). DMEM-F12,L-Glutamine, and penicillin/streptomycin
(BioWhittaker® Reagents) were purchased from Lonza (Basel, Switzerland). Epidermal growth factor
(EGF) was purchased from Peprotech Europe (London, UK) while IL-2 was purchased from Miltenyi
(Miltenyi Biotec Italia, Bologna).

105



Cancers 2020, 12, 104

4.2. Zoledronic Acid-Loaded Spherical Polymeric Nanoparticles (ZA-SPNs) Synthesis

Spherical polymeric nanoparticles (SPNs) were obtained using a double emulsion–evaporation
procedure, modifying the single emulsion protocol previously described by Lee et al. [38]. Briefly, ZA,
dissolved in the aqueous phase, was slowly added under probe sonication to an organic phase
containing 10 mg of PLGA and DPPC dissolved in chloroform. This first emulsion was added
dropwise to a 4% ethanol solution containing DSPE-PEG under probe sonication. The molar ratio of
DPPC:DSPE-PEG was 7.5:2.5, while both the lipids were at 20% w/w of the polymer. Empty SPNs were
prepared following the same procedure, but without ZA in the aqueous phase. Fluorescent ZA-SPNs
were prepared by substituting a small fraction of DPPC (10% of the total amount) with DSPE-Cy5.
After the evaporation of all the organic solvent in a reduced pressure environment, SPNs were purified
and collected through sequential centrifugation steps. The first centrifugation was performed at 1200
rpm for 2 min to remove large debris from the synthesis process. The supernatant was then centrifuged
at 12,000 rpm for 15 min, and the remaining pellet was centrifuged at the same speed several times in
order to remove the ZA not incorporated into the SPNs. Finally, the resulting SPNs were resuspended
in 1 mL aqueous solution before their use in all the subsequent experiments.

4.3. ZA-SPNs Physico-Chemical and Pharmacological Characterization

The nanoparticle size distribution and PDI were measured at 37 ◦C using dynamic light scattering
(DLS) with the Zetasizer Nano ZS (Malvern, UK). By using proper zeta-cells, the nanoparticles’
ζ-potential was also measured. For the stability study, both the size and PDI were measured over
time for a period of 2 weeks while maintaining nanoparticles at 37 ◦C in deionized (DI) water.
Also, ζ-potential was measured and monitored for the same time period. To study the nanoparticle
morphology, SPN samples were dropped on a silicon wafer and dried. Samples were then gold
sputtered and analyzed using a JSM-7500FA (JEOL, Milan, Italy) analytical field-emission scanning
electron microscope (SEM) at 15 keV. The amount of ZA entrapped in the nanoparticles (n = 3 for
each experimental condition) were measured using HPLC (1260 Infinity, Agilent Technology, Milano,
Italy), using a reverse phase C-18 column (Zorbax Eclipse plus, Agilent Technology, Milano, Italy).
Samples were eluted in isocratic conditions using a mixture of methanol (5%), acetonitrile (12%), and
a buffer made out of 4.5 g of dipotassium hydrogen phosphate anhydrous plus 2 g of tetra butyl
ammonium bi-sulphate in 1 L of DI water. The provided molarity refers to the molarity of one batch of
ZA-SPNs resuspended in 1 mL of solution. To evaluate the release profile of ZA from the nanoparticles,
a known amount of ZA-SPNs was loaded into Slide-A-Lyzer MINI dialysis microtubes with a molecular
cut-off of 10 kDa (Thermo Fisher Scientific, Waltham, MA, USA), and placed in 4 L of PBS in order
to simulate the infinite sink condition. At predetermined time points (namely 1, 4, 24, 48, 72, 112,
and 158 h), three samples were collected and the amount of ZA was measured using high pressure
liquid chromatography (HPLC).

4.4. Patients

Twenty-six CRC patients suffering from CRC were studied (institutional informed consent signed
at the time of donation and EC approval PR163REG201 renewed in 2017). The localization of tumors
was determined by the surgery staff of the Oncological Surgery Unit of the Istituto di Ricerca e Cura
a Carattere Scientifico (IRCCS) Ospedale Policlinico San Martino. The tumor stage was determined
according to the Union for International Cancer Control (UICC) and Dukes classification modified by
Aster and Coller [60], and the microsatellite status was analyzed by the Pathology Unit. The PBMCs
were isolated from all patients and used for measuring Vδ2 T lymphocyte proliferation and cytotoxic
activity in an allogenic or autologous setting. Tumor specimens from 14 patients were analyzed
(Table S1): 10 for the isolation of cell suspensions, used in experiments aimed to determine the ability
of ZA-SNPs to trigger the expansion of Vδ2 T cells, and 5 for the generation of organoids and used,
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within the fourth passage of culture, as targets to evaluate the cytotoxic activity of Vδ2 T cells from
autologous PBMCs.

4.5. Ex Vivo Expansion of Vδ2 T Cells

ZA was solubilized in DMSO, following the manufacturer’s instructions. The amount of soluble
ZA to trigger Vδ2 T cell proliferation or activation of Vδ2-T-cell-mediated tumor cell lysis ranged
from 0.5 μM to 5 μM, in keeping with our previous data [21,45,48]. At these concentrations, the
dilution of DMSO in culture was less than 1:103 (between 1:2 × 103 and 1:2 × 104). Neither DMSO
at 1:103 nor ZA at concentrations up to 1 μM induced toxic effects, as evaluated using a crystal
violet assay and propidium iodide (PI, Sigma-Aldrich) staining, on the cells used in this study, nor
did they influence the proliferation or cytotoxicity of Vδ2 T lymphocytes [45]. Using ZA at a 5-μM
concentration, about 20% of dead cells were detected among the Vδ2 T cells after 14 days of culture.
The amount of ZA-SPNs to be used for triggering the expansion of Vδ2 T cells was determined in
preliminary experiments by adding decreasing amounts of SPNs to cell cultures (namely 0.5, 0.25,
0.12, 0.05, 5 × 10−3, 5 × 10−4, 5 × 10−5 μM). Notably, in all the in vitro experiments, the maximum
concentration used of ZA-SPNs was 0.5 μM and the optimum was 0.05 μM, the latter being more than
a thousand times lower than the batch concentration and free of direct toxic effect on T lymphocytes.
Similarly, this protocol was used also to estimate the non-toxic amount of nanoparticles for PBMCs (not
shown). As a control, empty nanoparticles were used, with the same polymer amounts used for the
ZA-SPNs. A concentration of 0.5 μM for 105 cells, the highest concentration tested, was not toxic for
either lymphocytes nor monocytes. A concentration of 50 nM of ZA-SPNs (from now on 0.05 μM for
easier comparison with soluble ZA) was experimentally found to be adequate to follow the expansion
of Vδ2 T cells in in vitro cultures.

PBMCs were obtained from both healthy adult donor’s buffy coats (institutional informed
consent signed at the time of donation) and venous blood samples of CRC patients using density
gradient centrifugation with Lymphocyte Separating Medium (Pancoll human, density: 1.077 g/mL,
PAN-Biotech, Munich, Germany), as described in Zocchi et al. [21]. To obtain Vδ2 T lymphocyte
populations, PBMCs were cultured in 96-well U-bottomed plates in 200 μL of RPMI-1640 medium
supplemented with 10% FBS, penicillin/streptomycin, and L-glutamine, and with serial dilutions of
either free ZA or ZA-SPNs, in a 37 ◦C humidified cell incubator with 5% CO2.

After 24 h, and on days 5 and 7, 100 μL of culture supernatant were discarded and substituted
with 100 μL of fresh medium containing recombinant human IL-2 (30 UI/10 ng/mL final concentration,
Miltenyi Biotec Italia, Bologna). On day 10, cells were split in the medium supplemented with IL-2 and
this was repeated every three days. The percentage of Vδ2 T lymphocytes was determined at different
time points (days 0, 7, 14, 21) using indirect immunofluorescence and cytofluorimetric analysis,
which was always performed by gating viable cells using the anti-Vδ2 TCR specific monoclonal
antibody (mAb) γδ123R3, as described in Musso et al. [48]. Lymphocyte populations were used as
effector cells in co-culture experiments with tumor cells or tumor cell spheroids after day 21 when
the percentage of Vδ2 lymphocytes were more than 96% of the total cells. In some experiments,
T lymphocytes and monocytes (Mo) were isolated from PBMC using specific negative selection kits
(Stemcells Biotecnologies, Voden, Italy). The purity of the selected T lymphocyte and Mo populations
was always more than 97% and 95%, respectively; this was determined using immunofluorescence
with specific anti-CD3 (to identify T cells) or anti-CD14 (to stain Mo) mAbs and FACS analysis
(see below). Then, T cells and Mo were co-cultured in the presence of soluble ZA or ZA-SPNs at
different T:Mo ratios (10:1, 20:1, 40:1, 100:1, 200:1, 1000:1) and the percentage of Vδ2 cells was analyzed
using immunofluorescence with the specific anti-Vδ2 mAb.

4.6. Immunofluorescence Assay and Analysis of Lymphocyte Proliferation

The immunofluorescence assay was performed as described in Musso et al. [48] with anti-Vδ2
mAb (γδ123R3, IgG1) or anti-CD3 mAb (289/10/F11, IgG2a) or anti-CD69 (31C4, IgG2a) or anti-CD25
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(4E3, IgG2b, Miltenyi Biotec) or anti-CD45RA (T60, IgG2a) or anti-CD27 (MT271, IgG1, Miltenyi
Biotec), anti-EPCAM (15806, IgG2b, R and D System, Minneapolis, MN) or anti-CD14 (TUK4, IgG2a,
Thermo Fisher Scientific) mAbs, followed by Alexafluor 647 or PE-anti-isotype specific goat anti-mouse
antiserum (GAM) (Life Technologies, Milan, Italy). At least 104 cells/sample were run on a CyAn ADP
cytofluorimeter (Beckman-Coulter Italia, Milan, Italy), and results were analyzed with the Summit 4.3
software (Beckman-Coulter) and expressed as percentage of fluorescent cells or mean fluorescence
intensity arbitrary units (MFI a.u.).

To measure the proliferation of Vδ2 T lymphocytes, the PBMCs were labelled with CFSE as
described in Musso et al. [61]. Briefly, 106 cells were incubated for 30 min at 37 ◦C in a water bath
in complete medium with 100 nM CFSE. Then, cells were extensively washed and put in culture at
105 cells/microwell in 96-well U-bottomed plates. ZA (1 μM) or ZA-SPNs (0.05 μM) were added and
the proliferation was analyzed at 7 days after labelling cells with anti-Vδ2-specific mAb, followed by
Alexafluor 647 GAM. Samples were analyzed on a CyAn ADP cytofluorimeter and proliferation was
indicated by the reduction of CFSE in the cell generations compared to the content of CFSE in the
parental component. The different cell generations were defined using the software ModFit LT 5.4
(Verity Software House, Topsham, ME, USA) with different colors.

4.7. CRC Cell Cultures and Spheroid Generation

The human CRC cell lines SW620, HCT-15, HT-29, LS180, SW-48, and SW480, provided and
certified as mycoplasma-free by the cell bank of the IRCCS Ospedale Policlinico San Martino (Blood
Transfusion Centre, B. Parodi, Genoa, Italy), were cultured in RPMI-1640 medium supplemented with
10% FBS, penicillin/streptomycin, and L-glutamine in adherent culture plates in a humidified incubator
at 37 ◦C with 5% CO2. Experimental conditions for the generation of tumor cell spheroids were selected
starting with decreasing numbers of each tumor cell line (2 × 104 to 1 × 104 to 5 × 103 per well) in
flat-bottom 96-well plates (Ultra-Low attachment multiwell plates, Corning®Costar®, New York City,
NY, USA), with DMEM-F12 serum free medium supplemented with EGF (Peprotech Europe, London,
UK) at a 10 ng/mL final concentration (≥1 × 106 IU/mg). EGF was selected, among other natural
ligands of epidermal growth factor receptor (EGFR), due to reasons previously described in detail in
Varesano et al. [45]. When plating, 104 cells of SW620, HCT-15, or HT-29 tumor cell spheroids were
obtained in 5–6 days after changing the culture medium every two days [45].

On day 5, CRC spheroids with a maximum diameter of about 250 μm were composed of living
cells, as assessed by culturing a sample under adherent conventional conditions for 24 h and the
subsequent identification of living cells with propidium iodide (PI, Sigma-Aldrich) staining and a
crystal violet assay (data not shown) as described in Varesano et al. [45]. Spheroid dimensions were
measured using images taken with the Olympus IX70 bright field inverted microscope equipped with
a CCD camera (ORCA-ER, C4742-80-12AG, Hamamatsu, Japan) via the analysis of regions of interest
after defining each spheroid with the CellSens software (version 1.12, Olympus, Tokyo, Japan) [43].

4.8. CRC Cell Viability and Cytotoxicity Assay

The CRC cell viability was determined using the Crystal Violet Cell Cytotoxicity Assay Kit
(Biovision, Milpitas, CA, USA) either upon exposure to serial dilution of ZA-SPNs from 0.5 to 0.005 μM
or ZA from 5 μM to 0.5 μM, and/or following co-culture with Vδ2 T cells. In conventional adherent
cultures, CRC cells were incubated with ZA-SPNs or free ZA at the above-mentioned concentrations
with Vδ2 T cells for 48 h, while finding the minimum time point to detect cytotoxicity with this
system [45]. The optimal amount of Vδ2 T cells to detect the cytotoxic effect elicited by the drugs
added, as determined in preliminary experiments, was 7.5 × 104 Vδ2 T cells/2.5 × 104 CRC cells,
corresponding to a 3:1 effector to target (E:T) ratio. Similarly, CRC spheroids were exposed to ZA-SPNs
or ZA, as above, and co-cultured for 48 h with Vδ2 T cells at the E:T ratio of 3:1 calculated as described
in Varesano et al. [45]. Then, spheroids were transferred in conventional adherent plates and incubated
for an additional 24 h to allow for plastic attachment. The CRC cells were then washed four times with
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PBS and the adherent cells were stained with crystal violet following the manufacturer’s instructions.
The amount of crystal violet, proportional to the amount of adherent/living cells, was measured with
the Victor X5 multilabel plate reader (Perkin Elmer Italia SPA, Milan, Italy) at 595 nm [45]. Results are
expressed as a percentage of living cells calculated as follows: (OD595 CRC/OD595 CRC plus drug
and/or Vδ2 T cells) × 100%.

4.9. CRC Organoid Generation and Vδ2 T Cell Cytotoxicity Elicited Using ZA-SPNs

Primary CRC organoid cultures were obtained following published guidelines [62,63].
Tissue samples, obtained after patient informed consent (PR163REG2014 renewed in 2017) and
collected by a trained pathologist, were enzymatically digested by collagenases type I and II in
Leibovitz L15 medium (Gibco-Thermo Scientific Italia, Milan, Italy) without serum. The digested
tissue was passed through a 100-μm strainer to completely eliminate the residual matrix and mucus.
Cripts were washed several times in fresh L15 medium to eliminate cell debris, mixed with Geltrex
(LDEV-free, hESC-qualified, reduced growth factor; Gibco-Thermo Scientific), and plated in a 24-well
plate. After polymerization at 37 ◦C, Geltrex domes were covered with 500 μL of medium per
well (DMEM-F12 plus B27 plus 10 ng/mL of EGF, ≥106 IU/mg) supplemented with antibiotics.
Different cocktails of inhibitors were tested on different wells [61] to identify the best culture condition
for each CRC tumor sample. This culture method naturally selects pure colorectal epithelial cells within
a few in vitro passages, while not allowing for the expansion of other contaminating populations [64].
The absence of wnt3a and R-spondin in the culture medium excluded the contamination of normal
epithelial cells from mucosa. In this study, we tested five organoid cultures (OMCR18-006TK,
OMCR18-006TK, OMCR19-006TK, OMCR19-009TK, and OMCR19-016TK), as detailed in Table S1,
which were photographed using a Leica DM-LB2 microscope (Leica Biosystems, Milan, Italy), equipped
with a GX-CamU3-18 camera (GT-Vision, Stansfield, UK) and depicted in Figure S6.

Organoids in Geltrex domes (3 μL) were labeled with calcein-AM (Sigma-Aldrich, 500 nM),
washed with culture medium, seeded in 96-well flat-bottomed plates (1 dome/well), and challenged with
autologous Vδ2 T cells, previously expanded with ZA-SPNs, at the E:T ratio of 3:1. The number of tumor
cells in the 3-μL dome was evaluated via counting with the Miltenyi MACS Quant Cytofluorometer
(Miltenyi Biotec srl, Bologna, Italy). The E:T co-culture was performed in the presence of ZA-SPNs
(0.5, 0.1, 0.05 μM) and prolonged for 6 days to allow for the penetration of lymphocytes into the
domes (3–4 days, as evaluated using conventional microscopy in preliminary experiments, not shown),
followed by effector cell function. Then, fluorescence of each culture well was quantified using
spectrofluorometry (Ex:488 nm, Em: 530 nm, Victor X5, Perkin Elmer) and compared to the fluorescence
of organoid cultures without Vδ2 T cells, which was considered to be 100%. Data are expressed as a
percentage of green fluorescence.

4.10. Cell Preparation for Confocal and SEM Imaging

SW-48 cells were seeded on circular glass slides previously coated with fibronectin (1 mg/mL,
Sigma-Aldrich). After 24 h at 37 ◦C, to allow for cell attachment on the slide, samples were incubated
with 0.05 μM Cy5-conjugated ZA-SPNs for 4 h. Vδ2 T cells were then added for an additional 4 h.
For confocal imaging, cells were washed three times with PBS, fixed with 4% paraformaldehyde,
and stained with DAPI and anti-EPCAM mAb, followed by Alexafluor555 GAM for CRC cells and
with the anti-Vδ2 specific mAb or Vδ2 followed by Alexafluor488 GAM. Images were taken with
a spinning disc confocal microscopy system (Eclipse Ti with Revolution XDi acquisition System,
Nikon Instruments, Firenze, Italy) in sequence mode to avoid overlapping among the different
fluorochromes. In some experiments, SW620 spheroids, the OMCR18-016TK organoids, or Vδ2 T cells
obtained from the PBMCs were exposed to 0.05 μM Cy5-ZA-SPNs for 24 h. Spheroids and T cells were
also stained with 20 nM Syto16 (Life Technologies, Thermo Fisher Scientific, Milan, Italy) to identify
nuclei (blue pseudocolor). Spheroids or Vδ2 T cells were seeded onto glass slides, while organoids
were analyzed in Geltrex domes seeded into 96-well black plates with a clear bottom (Costar, Corning.
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Inc., Minneapolis, MN, USA). In another series of experiments, ZA-SPN-expanded Vδ2 T cells were
labeled with CFSE and incubated with the OMCR18-016TK organoids for 48 h and then analyzed
using confocal microscopy. Samples were run under a FV500 confocal microscope (Olympus Italia srl,
Milan, Italy with a PlanApo 20× objective or 40×NA1.00 oil objective, and data was analyzed with
FluoView 4.3b software (Olympus Italia srl, Milan, Italy). Images were taken in sequence mode and
shown in pseudocolor. For SEM, samples were washed with PBS and fixed with glutaraldehyde 2%
in a sodium cacodylate buffer 0.1 M at pH 7.4; then, samples were post-fixed with osmium tetroxide
1% solution, dehydrated with a series of alcohol at 4 ◦C, and infiltrated with hexamethyldisilazane.
After an overnight drying, they were sputter-coated with a thin (10 nm) layer of gold to protect them
and make their surface conductive. Imaging was performed with an analytical low-vacuum SEM JSM
6490 (JEOL (Italia), Milan, Italy), at 15 kV.

4.11. Microfluidic Chip Fabrication

The double-channel microfluidic chip was realized following the same protocols of the present
authors’ recent paper [50]. Briefly, by using a direct laser writing machine (DWL 66+, Heidelberg
Instruments, Heidelberg, Germany), optical masks were obtained and then used in sequential
photolithographic processes to impress the two channels and the raw pillars, which separated them
on the resist spun on a silicon wafer. After the resists development, the entire 2D geometry was
made tridimensional through the inductively coupled plasma – reactive ion etching (ICP-RIE) that,
using a Bosh process, dug the pattern into the silicon. This entire design was then transferred to
polydimethylsiloxane (PDMS), the final material of the chip, by casting the latter onto the silicon and
baking it at 60 ◦C overnight. Finally, the PDMS was treated with an oxygen plasma (20 W for 20 s) and
bonded to a glass coverslip to produce a closed hollow structure. A biopsy punch was used to create
the inlets and outlets. The final microfluidic chip presented two channels, which were 210 μm wide
and 50 μm high. The region of contact of the two channels (500 μm in length) was constituted by an
array of pillars, separated by a 3-μm gap.

4.12. Microfluidic Experiments

Before the seeding of the cells in the channels, the chip was autoclaved at 120 ◦C. A solution
of Matrigel (8–12 mg/mL, Sigma-Aldrich) was half diluted with a suspension of the CRC cell lines
SW-48 or SW-480 GFP+ (kindly provided by Dr. N.Ferrari, 15 × 106 cells/mL) and inserted in the
extravascular channel. For the gelation of Matrigel, the chip was kept in an incubator for 5 min at 37 ◦C.
Then, fibronectin (20 μg/mL, Sigma-Aldrich) was pipetted into the vascular channel, and after 15 min,
HUVECs (6 × 106 cells/mL, PromoCell GmbH, Heidelberg, Germany) were inserted into the same
channel. Experiments were then performed after overnight incubation in order to get an endothelial
vessel in the vascular channel and to allow tumor cells to attach and adapt to the extravascular channel
environment. Vδ2 T cells, previously stained with DAPI or CM-(Invitrogen Thermo Fisher Scientific,
Milan, Italy) were injected into the vascular channel through a syringe pump (Harvard Pump 11 Elite,
Harvard Apparatus, Holliston„ MA, USA) at a flow rate of 50 nL/min and at a E:T (Vδ2:CRC) ratio of
3:1. A Spinning disc confocal microscopy system (Nikon EclipseTi with Revolution XDi acquisition
System) acquired images at predefined time intervals (4 min) for 24 h. Images were analyzed using
the ImageJ software (1.52n, NIH, USA), quantifying the percentage increase in fluorescence intensity
(i.e., DAPI for Vδ2 T cells) in different regions of interest (ROIs, 500 μm in length and 215 μm in height),
close to the pillar area. Data represent the percentage increase of such fluorescence, compared to
time 0, and are expressed as mean ± SE. For the confocal images, F-actin cytoskeleton filaments were
stained in green using phalloidin (Alexa Fluor phalloidin, Life Technologies, Thermo Fisher Scientific,
Milan, Italy), nuclei with DAPI and Vδ2 T cells with CM-Dil. Images were acquired using a confocal
microscope (Nikon A1).
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4.13. HPLC Negative-Ion Electrospray Ionization TOF-MS

The production of IPP by monocytes or LS180 or SW620CRC cells, after treatment with different
amounts of 0.5 or 0.05 μM ZA-SPNs or 0.5 μM soluble ZA for 24 h, was evaluated on cell extracts,
dissolved via vortex mixing in 80 μL MilliQ water and 250 μL Na3VO4, and cleared using centrifugation
in an Eppendorf Minifuge (Eppendorf srl, Milan, Italy) (13,000 rpm, 3 min) using HPLC negative-ion
electrospray ionization time of flight mass spectrometry (HPLC/TOF-MS) according to the method
described by Jauhiainen et al. [65] with some modifications reported in detail in Zocchi et al. [21].
Calibration curves for IPP were generated with standards diluted in MilliQ water/0.25 mM Na3VO4 in
the range 0.1–15 μM. The IPP content was determined using HPLC/TOF-MS, operating in reflection
negative ion mode, using an Agilent 1200 series chromatographic system, equipped with G1379B
degasser, G1376A capillary pump, and G1377A autosampler. Negative full-scan mass spectra were
recorded using the Agilent’s Mass Hunter software version n. B.05.00 in the mass range of m/z
60–500. The full scan data were processed using the Agilent Mass Hunter Qualitative Analysis, ver.
B.02.00 software. The amount of IPP was measured using the extracted ion current (EIC) peak area
(EIC m/z 244.99 [M-H]−). Results are shown as pmol of IPP extracted using acetonitrile/total protein
content in each cell lysate. The chromatographic method used could not separate the isomers IPP
and 3,3-dimethylallyl pyrophosphate (DMAPP). The identity of the parent ion present in our cell
extracts was confirmed by verifying the formation of fragment ions (m/z 79, m/z 159, m/z 177, and m/z
227), generating negative MS/MS spectra with a mass spectrometer Agilent 1100 series LC/MSD Trap,
equipped with an orthogonal geometry electrospray source and ion trap analyzer (not shown) [21].

4.14. Statistical Analysis

Statistical analysis was performed using a two-tailed unpaired Student’s t-test. For the time-lapse
confocal studies, at first for assessing the homogeneity of variances, the equal-variance assumption
was tested using the Brown–Forsy test. ANOVA was performed to evaluate the differences between
groups, followed by the Tukey-HSD post-hoc test. The p-values are shown in the text or in the figure
legends. Results are shown as mean ± SEM or mean ± SD.

4.15. Human Subjects

All human studies described in this manuscript have been approved by the appropriate institutional
review board(s) as indicated in the Ethic Committee approval PR163REG2014 renewed in 2017.
The written informed consent was received from participants prior to inclusion in the study and it is
stored in the Molecular Oncology and Angiogenesis Unit.

5. Conclusions

In conclusion, this study demonstrates, for the first time to the present authors’ knowledge,
that the encapsulation of ZA into spherical polymeric nanoparticles can lead to the stimulation of Vδ2
T cell expansion and activation of anti-tumor activity far more effectively than soluble ZA. Moreover,
the awareness that both peripheral-blood and tumor-infiltrating Vδ2 T cells can respond to ZA-SPNs
and efficiently induce tumor cell death in patients’ organoids in an autologous setting, would further
support the use of this ZA nanoformulation in CRC. The eventual therapeutic plan may be preceded by
testing the IPP production and Vδ2 T cell activation in the patient-specific 3D model of tumor organoids
in order to pursue a personalized therapy. These results are a step toward the use of ZA-SPNs to
trigger anti-tumor immunity in CRC and their possible translation in clinical practice.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/104/s1.
Figure S1: ZA-SPNs ζ-potential over time and encapsulation efficiency, Figure S2: Effect of ZA-SPNs and ZA
on CRC viability, Figure S3: ZA-SPNs were internalized by CRC spheroids and organoids, Figure S4: ZA-SPNs
triggered the expansion of CRC patients’ Vδ2 T lymphocytes, Figure S5: Expression of CD45RA and CD27 in
Vδ2 T lymphocytes after stimulation with ZA-SPNs, Figure S6: Colon organoid characterization, Figure S7:
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ZA-SPN-expanded Vδ2 T cells can infiltrate colon organoids, Table S1: Pathology features of CRC patients from
which tumor cell suspensions and/or organoids were derived.
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Abstract: Radioisotope-guided sentinel lymph node dissection (sLND) has shown high diagnostic
reliability in prostate (PCa) and other cancers. To overcome the limitations of the radioactive tracers,
magnetometer-guided sLND using superparamagnetic iron oxide nanoparticles (SPIONs) has been
successfully used in PCa. This prospective study (SentiMag Pro II, DRKS00007671) determined
the diagnostic accuracy of magnetometer-guided sLND in intermediate- and high-risk PCa. Fifty
intermediate- or high-risk PCa patients (prostate-specific antigen (PSA) ≥ 10 ng/mL and/or Gleason
score ≥ 7; median PSA 10.8 ng/mL, IQR 7.4–19.2 ng/mL) were enrolled. After the intraprostatic
SPIONs injection a day earlier, patients underwent magnetometer-guided sLND and extended lymph
node dissection (eLND, followed by radical prostatectomy. SLNs were detected in in vivo and in
ex vivo samples. Diagnostic accuracy of sLND was assessed using eLND as the reference. SLNs
were detected in all patients (detection rate 100%), with 447 sentinel lymph nodes SLNs (median 9,
IQR 6–12) being identified and 966 LNs (median 18, IQR 15–23) being removed. Thirty-six percent
(18/50) of patients had LN metastases (median 2, IQR 1–3). Magnetometer-guided sLND had 100%
sensitivity, 97.0% specificity, 94.4% positive predictive value, 100% negative predictive value, 0.0%
false negative rate, and 3.0% additional diagnostic value (LN metastases only in SLNs outside
the eLND template). In vivo, one positive SLN/LN-positive patient was missed, resulting in a
sensitivity of 94.4%. In conclusion, this new magnetic sentinel procedure has high accuracy for nodal
staging in intermediate- and high-risk PCa. The reliability of intraoperative SLN detection using this
magnetometer system requires verification in further multicentric studies.

Keywords: lymphadenectomy; magnetometer; prostate cancer; sentinel lymph node dissection;
SPION; superparamagnetic iron oxide nanoparticles

1. Introduction

Histopathological examination or pelvic lymph node (LN) dissection (LND) is still the gold
standard for LN staging in clinically localized prostate cancer (PCa). The number of removed LNs or
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the extent of LND directly influence the rate of detected LN-positive patients [1]. On the other hand,
complications arise along with the number of LNs removed [2].

Because of relevant importance for further therapy and the complication rate of extended
LND (eLND), as well as the low detection rate of limited LND methods, the concept of targeted
radioisotope-guided sentinel LN (SLN) identification used in other tumor entities was implemented in
PCa [3]. Conventionally, marking of SLNs with technetium-99m (99mTc) nanocolloid and a gamma probe
for intraoperative SLN detection are used for the established radioisotope-guided SLN identification
in PCa patients. The diagnostic accuracy of this radioactive sentinel LN dissection (sLND) approach
was determined in a systematic literature review. Twenty-one studies including 2509 patients were
analyzed [4]. The findings demonstrated that the diagnostic reliability of eLND and sLND were almost
comparable. In sentinel cohorts, targeted sLND detected a higher rate of LN-positive patients than
were expected from established nomograms [5–7].

Because of the ionizing radiation emitted by the radioactive tracer material, the benefits of the
established SLN procedure are associated with certain limitations. The dependence on radioisotopes or
nuclear medicine facilities imposes restrictions on patient planning and hospital logistics. In principle,
the application of this procedure is thus limited to small parts of the developed world. Moreover,
surgical staff and patients are exposed to ionizing radiation.

Superparamagnetic iron oxide nanoparticles (SPIONs) have received much attention in bioscientific
research since the first report in the 1980s and have increasingly been used clinically in recent years.
Biocompatible SPIONs with a suitable surface architecture have triggered research efforts for both
cellular imaging and drug-delivery applications. One of the main features of SPIONs is the ability
to show magnetization only in an applied magnetic field. SPIONs have the ability to form stable
colloidal suspensions, which is crucial for in vivo biomedical applications [8]. SPIONs enhance both
T1 and T2/T2* relaxation. In consequence, the uptake of SPION contrast agents results in a drop of
signal intensity (‘negative contrast’) on T2* (susceptibility)-weighted magnetic resonance imaging
(MRI) sequences [9]. In conjunction with a particle size optimized for filtration and retention by
SLNs, these characteristics enable preoperative visualization of SLNs using MRI before intraoperative
detection by handheld magnetometers [10,11]. The natural dark brown color can help to further
identify SLNs intraoperatively and eliminates the need for separate (carbon or blue) dye injections in
sentinel-guided surgery.

Based on these advantageous properties, SPIONs have been successfully applied for marking and
intraoperative detection of SLNs in breast cancer to overcome the drawbacks of the radioisotope-based
sentinel procedure [12]. In a pilot study, we presented the first results on the intraoperative detection of
SLNs in PCa patients using a handheld magnetometer system after intraprostatic injection of SPIONs
and demonstrated the feasibility and safety of this magnetic SLN identification procedure in PCa [13].

In view of these findings, we hypothesized that magnetometer-guided sLND based on
intraoperative identification of SPION-marked SLNs would have high reliability in the identification
of LN-positive PCa patients, being comparable with the radioisotope-guided sentinel procedure.

To assess the diagnostic accuracy of magnetometer-guided sLND in PCa, this prospective
single-center study analyzed intermediate- and high-risk PCa patients who underwent
magnetometer-guided sLND and eLND, followed by radical retropubic prostatectomy. The diagnostic
accuracy of magnetometer-guided sLND was determined using eLND as the reference standard.

2. Results

As planned, the study included 50 intermediate- or high-risk PCa patients who underwent radical
retropubic prostatectomy with magnetometer-guided sLND after intraprostatic injection of SPIONs,
with eLND being performed as the reference standard. Table 1 summarizes the patient characteristics.
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Table 1. Patient characteristics.

Characteristics
Overall Patients with Negative LNs Patients with Positive LNs

n = 50 n = 32 (64%) n = 18 (36%)

Age, years (median) 69.5 68.5 71.5
IQR 64–73 64–73 64.5–73

Total PSA, ng/mL (median) 10.8 9.8 12.0
IQR 7.4–19.2 6.9–14.7 8.3–30.1

Number of LNs removed
(median) 18 19 17.5

IQR 15–23 15–23 16–22

Number of SLNs removed
(median) 9 9 10

IQR 6–12 5–11 7–12

Number of positive LNs
(median) 2

IQR 1–3

Tumor stage (%)
T1c 28 (56) 22 (68.8) 6 (33.3)
T2a 2 (4) 1 (3.1) 1 (5.6)
T2b 6 (12) 4 (12.5) 2 (11.1)
T2c 12 (24) 5 (15.6) 7 (38.9)
T3 2 (4) 0 (0) 2 (11.1)

Biopsy Gleason score (%)
6 (3 + 3) 8 (16) 8 (25.0) 0 (0)
7 (3 + 4) 26 (52) 18 (56.3) 8 (44.4)
7 (4 + 3) 6 (12) 5 (15.6) 1 (5.6)
≥8 10 (20) 1 (3.1) 9 (50.0)

Postoperative Gleason score (%)
6 (3 + 3) 2 (4) 2 (6.3) 0 (0)
7 (3 + 4) 23 (46) 19 (59.4) 4 (22.2)
7 (4 + 3) 14 (28) 8 (25.0) 6 (33.3)
≥8 11 (22) 3 (9.4) 8 (44.4)

Pathologic stage (%)
pT2 24 (48) 22 (68.8) 2 (11.1)
pT3a 12 (24) 7 (21.9) 5 (27.8)
pT3b 12 (24) 3 (9.4) 9 (50.0)
pT4 2 (4) 0 (0) 2 (11.1)

IQR, Interquartile range; (S)LN, (sentinel) lymph node; PSA, prostate-specific antigen.

In all, 966 LNs (median 18 per patient, interquartile range (IQR) 15–23) were removed. At least
one SLN was successfully detected by magnetometer-guided sLND in all patients (50/50), resulting in
a detection rate of 100%. According to the ex vivo measurements of magnetic LN activity, a total of
447 SLNs were identified. The median number of detected SLNs was 9 (IQR 6–12).

SLNs were also localized outside the established eLND template (e.g., the periprostatic region: 3.6%;
presacral region: 2.2%). Figure 1 shows the detailed distributions of all SLNs per anatomical region.
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Figure 1. Areas and anatomical distribution of the 447 prostate sentinel lymph nodes from the
50 intermediate- or high-risk patients based on magnetometer-guided detection after intraprostatic
injection of superparamagnetic iron oxide nanoparticles.

LN metastases were found in 36% (18/50) of patients. In total, 43 LNs were metastasis-positive,
with the median number of positive nodes (when present) being 2 (IQR 1–3). Taking eLND as the
reference standard, the sensitivity of the magnetic SLN procedure was 100%, i.e., all patients with LN
metastases were correctly detected as LN-positive. The magnetometer-guided sLND results had a
specificity of 97.0%, positive predictive value (PPV) of 94.4%, and negative predictive value (NPV) of
100%, resulting in a false negative rate of 0.0%. sLND was shown to be of additional diagnostic value
in one of the 18 LN-positive patients. In this case, sLND resulted in the detection of one LN metastasis
outside the eLND template (presacral), while eLND did not reveal any metastases (false positive
rate 3%). Figure 2 shows the distribution of all detected LN metastases per anatomical region.

Figure 2. Areas and anatomical distribution of lymph node metastases (n = 43) detected by
extended pelvic lymph node dissection and/or magnetometer-guided sentinel lymphadenectomy
after intraprostatic injection of superparamagnetic iron oxide nanoparticles in 18 lymph node-positive
patients with intermediate- or high-risk prostate cancer.

The percentage of LN-positive patients with metastases only in SLNs was 77.8% (n = 14).
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Intraoperative measurement of magnetic activity or detection of SLNs using the handheld
magnetometer missed one LN-positive patient, in whom one positive SLN was not detected, resulting
in a sensitivity of 94.4% (17/18).

3. Discussion

After the successful application of the magnetometer-guided sentinel approach in breast cancer,
the feasibility and safety of intraoperative detection of SPION-marked SLNs using a handheld
magnetometer following intraprostatic SPIONs injection was demonstrated in PCa [13]. Currently, the
use of this magnetic sentinel procedure is also being investigated in other tumor entities, for example,
initial positive results have recently been shown for penile cancer [14].

On the basis of results comparable to the radioactive marking of SLNs in breast cancer and the
promising first results presented in our PCa pilot study (SentiMag Pro I) [12,13,15], we hypothesized
that magnetometer-guided sLND would also have high reliability in the identification of SLNs or
LN-positive PCa patients, being comparable to the radioisotope-guided sentinel approach.

In the results presented for the SentiMag Pro II trial, which included PCa patients with an
intermediate- or high-risk for the presence of lymphatic metastasis, SLNs were identified in all
patients, resulting in a detection rate of 100%. This is better than in our pilot study, that included
PCa patients with the same risk factors, where the magnetic technique successfully identified SLNs in
only 89.5% of cases [13]. For radioisotope-guided sLND, a detection rate of 98.0% was reported in a
study including over 2000 low-, intermediate-, and high-risk PCa patients [16]. One meta-analysis
demonstrated a pooled detection rate of 93.8% for the radio-guided sentinel approach [17]. A systematic
literature review considering 21 studies recruiting 2509 patients, found a median cumulative percentage
detection rate of 95.9% (IQR 89.4–98.5%) [4]. However, in the SentiMag Pro II study, we adjusted the
exclusion criteria according to some of the fundamental limitations of sLND already described by us
and others (e.g., previous hormonal treatment or prostate surgery), which may have improved our
detection rate [13].

In the ex vivo analysis using the handheld magnetometer to identify SLNs, all LN-positive patients
were correctly detected in the SentiMag Pro II study. However, one metastatic SLN was not detected
intracorporeally using the SentiMag probe, resulting in the missing of one LN-positive patient and
a sensitivity of 94.4%. This patient had a high-risk tumor with large volume (Gleason score 4 + 5,
pT3b (Union for International Cancer Control (UICC) tumor–node–metastasis (TNM) classification of
malignant tumors, 7th Edition), PSA 44 ng/mL), which may have obstructed the outflow of the tracer.
In vivo, only one SLN showing weakly magnetic activity (11 counts) could be identified using the
SentiMag probe. In ex vivo measurement, magnetic activity was detected in five of the 35 LNs removed,
which, like the metastasis-positive SLN overlooked intraoperatively (50 counts), had a comparatively
low activity. The positive SLN, which was not detected intraoperatively, was located in the deep
presacral area, so that the limitations of the intracorporeal detection of SPION-marked SLNs described
in the next but one paragraph may have become noticeable, taking into account the weak activity.

In the systematic literature review mentioned above, the median cumulative percentage results
for sLND showed a sensitivity of 95.2% (81.8–100%) and false negative rate of 4.8% (0–18.2%),
taking into account in vivo SLN identification [4]. Accordingly, the SentiMag Pro II results can be
considered comparable, and indicate that the use of intraprostatically injected SPIONs combined
with intraoperative use of a handheld magnetometer forms a reliable replacement for the radioactive
approach in PCa patients. In a meta-analysis of SLN biopsy in breast cancer using the same magnetic
technique for SLN biopsy, pooled data could show that the magnetic technique was non-inferior to
the standard technique (z = 3.87, p < 0.001), too. The mean detection rates for the technetium-based
standard and magnetic techniques alone were 96.8% (94.2–99.0%) and 97.1% (94.4–98.0%), respectively.
Mean false-negative rates were 10.9% (range 6–22%) for the standard technique and 8.4% (2–22%)
for the magnetic technique. Using a random-effects model, the total number of LNs removed was
significantly higher with the magnetic technique (p = 0.003) [18]. Similarly, in the SentiMag Pro II
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Study, the number of SLNs removed (median 9, IQR 6–12) was higher than described in our own
previous studies using the technetium-based procedure, in which 6 SLNs (median; IQR 4–8) were
resected [5]. A possible cause for this could be the smaller size of SPION (60 nm; 99mTc nanocolloid:
<80 nm) which could result in marking of secondary landing sites, too [19].

There are various possible causes limiting the effectiveness of intracorporal detection of
SPION-marked SLNs using a magnetometer. One problem of intracorporeally detection is that
adipose tissue surrounding SLNs can limit the proximity of the probe to the LN, resulting in insufficient
exposure of the LN. An insufficient measurement of the magnetic signal can be the result. Moreover, the
presence of tissue in the vicinity of the probe tip of the magnetometer and the LN reduces the in vivo
magnetic signal because of the negative magnetic susceptibility of surrounding tissue [20]. The limited
spatial resolution of the SentiMag® probe (~20 mm) could restrain the differentiation of SLN signals
from the background signal from the injection site. In the near future, the higher resolution of novel
probes using magnetic tunneling junction techniques (resolution ~4 mm) could lead to a sustainable
improvement in intracorporeally SLN identification [20]. In addition, the now available possibility
of preoperative localization of magnetically marked SLNs using magnetic resonance imaging (MRI)
could further improve intraoperative detectability [10].

Other disadvantages of the magnetometer-guided procedure are the need for frequent balancing
of the magnetic baseline level and the requirement for use of plastic or other non-magnetic retractors
during surgery [18]. This circumstance also complicates the development of laparoscopic probes for
magnetic SLN detection [21]. Another limitation of the magnetic technique is the maximum depth
at which the magnetic signal can be detected. Currently available handheld magnetometers do not
reach the same depth as a gamma probe (e.g., SentiMag: ~20 mm; TAKUMI® magnetic probe: 10 mm),
which can have consequences for the identification of deeper nodes [22,23]. In the MELAMAG Trial,
patients with melanoma who underwent SentiMag-guided SLN biopsy in the axillary basin had a
lower SLN identification rate than those who required SLN biopsy in the groin basin, seemingly owing
to SLNs being located deeper in the axilla compared with the groin [23]. In principle, it must be taken
into account that unlike radioactive marking or the use of a gamma probe, contact of the magnetometer
with the tissue is mandatory. This circumstance must be considered during intraoperative use of
magnetometers and requires a certain adaptation to the radioactive approach.

Preoperative SLN identification offers the surgeon a roadmap with solid information on individual
location of draining LNs. So far, lymphoscintigraphy cannot be undertaken without a radioisotope
tracer. However, preoperative SLN visualization on MRI after intraprostatic SPION injection was
demonstrated recently in PCa patients and could replace the conventional lymphoscintigraphic
procedure [10]. MRI is highly sensitive to very small concentrations of SPION and very small SLNs
could be visualized. The high spatial resolution of MRI allows the for differentiation of SLNs adjacent
to each other, which appear as one hotspot in lymphoscintigraphy. In contrast, the spatial resolution of
radioisotope-based lymphoscintigraphy is quite limited (~7–8 mm), which makes identification of
smaller LNs, typical of pelvic LNs, difficult. The differentiation of SLNs, especially in the periprostatic,
presacral, and perirectal region, is difficult because of high periprostatic activity and excreted radiotracer
in the bladder [19].

Another important advantage for routine clinical use of the magnetic sentinel method is that this
non-radioactive procedure does not require a radiation-controlled area or imaging facilities and can be
safely implemented without facilities’ restrictions in large parts of the world. For example, in Japan,
currently, approximately 30% of the facilities do not have a radiation-controlled area [22]. Furthermore,
SPION tracer is retained in LNs for a longer time, allowing for delayed sLND (up to 7 days for Sienna+
in breast cancer), which facilitates the patient planning. There is no dependence in radioactive isotope
supply, which in recent years has been problematic because of cutbacks in production. Furthermore,
the exposition of patients and surgical staff to ionizing radiation is avoided.

In the SentiMag Pro II study, in 22.2% (n = 4) of LN-positive cases, metastases were also found in
non-SLNs. All four cases were patients with high aggressive PCa (PSA > 40 ng/mL, Gleason score ≥ 8),
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in accordance with previous reports showing poorer outcomes for sLND with highly aggressive
tumors [24]. One fundamental problem of the SLN approach is that fully metastasized LNs or blocked
lymph pathways can redirect the tracer, as has already been described for lymphatic spread, and LNs
not detected by sLND might already be connected downstream [25]. However, magnetometer-guided
sLND may detect LN metastases outside the established eLND template. For example, in the SentiMag
Pro II study, 7% of positive nodes were detected in the presacral region. Others demonstrated that 7%
of preoperatively SLNs were identified in the presacral region, and 8% of patients with LN metastasis
would have been missed if an LND in the presacral region had not been performed [26]. Thus, if the
goal is to remove as many positive LNs as possible and not just SLNs, sLND must be combined with
eLND in high-risk PCa patients.

The limitations of this study include those inherent to the selection bias associated with surgical
series from a single institution and a small sample size. In terms of limitations, it should be noted that
the study center that conducted the SentiMag Pro II trial has a very high level of expertise in sLND
approaches, which may have introduced bias. However, it remains to be emphasized that the staging
reliability and rates of LN metastasis detected by magnetometer-guided sentinel lymphadenectomy
in the monitored sample compare well with results from other sLND series [4]. To overcome these
limitations, multicenter studies with a larger number of cases should be performed. In addition, a
direct comparison of the new magnetic procedure with the radioisotope-guided approach, which can
be accomplished by injecting both tracers, as performed by others in breast cancer patients, would be
desirable [12,27]. However, our ethics committee did not allow us to perform this in the SentiMag
Pro II study.

Initial studies on the magnetic sentinel method have also been carried out on several other tumor
entities, which are to be continued in a comparable manner. Recently, the feasibility of intraoperative
magnetic SLN identification using the SentiMag system in penile cancer patients could be shown in
two pilot studies [14,28]. In addition, our working group was able to demonstrate the visualization of
SLNs using MRI after peritumoral SPION injection in penile cancer [14]. Klimczak et al. compared the
efficacy and safety of SLN detection in eight vulvar cancer patients using the SentiMag system with the
standard radioactive tracer and reported a high detection rate (100%) and complete concordance to the
standard procedure [29]. The magnetic sentinel technique is also feasible for SLN biopsy in melanoma
with a high SLN identification rate [23]. However, comparing with the standard dual technique, the
predefined non-inferiority margin was not reached in the MELAMAG Trial [23]. Furthermore, initial
data on the use of magnetometer-guided SLN detection in lung cancer and colorectal cancer were
reported [30,31].

In the future, non-invasive techniques could supplement surgical LN staging, including the
sentinel procedure, or partially replace LND in longer term. Recent work highlights circulating tumor
DNA (ctDNA) present in the blood as a supplemental, or perhaps an alternative, source of DNA to
identify the clinically relevant cancer mutational landscape. This noninvasive approach may facilitate
repeated monitoring of disease progression and treatment response. Potential applications of this
noninvasive information in tumor staging, treatment, and disease prognosis are under discussion [32].
For example, Yang et al. propose the development of a staging system including analysis of ctDNA
from liquid biopsy (B) (TNMB staging system) to enhance the current TNM cancer staging system.
This model assumes that there is no LN metastasis in the case of undetectable ctDNA mutations
in the blood [32]. A systematic metanalysis could demonstrate that cell-free DNA (cfDNA) levels
detected by liquid biopsy can be predictive of axillary LN metastasis in patients with breast cancer [33].
Circulating epithelial tumor cells (CTCs) themselves can also provide noninvasive insights in the
state of metastasis. However, CTCs are rare, comprising as few as 1–10 cells per 109 hematological
cells, and CTC shedding from a solid tumor into the bloodstream is a highly discontinuous process.
Thus, the isolation of CTCs with high purity is still a very significant challenge [34]. To meet this
challenge, Loeian et al. developed a nanotube-CTC-chip for isolation of tumor-derived epithelial cells
(CTCs) from peripheral blood, with high purity, by exploiting the physical mechanisms of preferential
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adherence of CTCs on a nanotube surface [34]. In clinical studies they used this nanotube-CTC-chip
to isolate CTCs with high purity from breast cancer patients. In this initial investigation, CTCs were
captured in patients that were LN-positive and negative. However, an apparent increase in CTC counts
between early stage (stage 1–3) and advanced disease (stage 4) using the nanotube-CTC-chip could be
shown. In order to be able to use the chance, which these new non-invasive techniques offer also for
the selection of LN-positive patients, their results should be correlated in further investigations also
with the results of targeted sentinel lymphadenectomy showing a high reliability in the detection of
patients with LN metastases.

4. Materials and Methods

4.1. Study Design and Patients

The prospective monocentric SentiMag Pro II study (German Clinical Trials Register:
DRKS00007671) investigated the diagnostic accuracy of a novel technique for intraoperative SLN
detection in PCa patients, using SPIONs and a handheld magnetometer.

Fifty patients with intermediate- or high-risk PCa (European Association of Urology risk group
definitions) scheduled for open radical retropubic prostatectomy and pelvic LND between February
and September 2015 were included in this study [35]. Inclusion criteria were a PSA level ≥10.0 ng/mL
and/or a Gleason sore ≥7. Exclusion criteria included a known intolerance or hypersensitivity to iron
or dextran compounds, iron overload disease, a pacemaker or other implantable device in the chest
wall, hormonal treatment, and previous prostate surgery.

4.2. Magnetic Superparamagnetic Iron Oxide Nanoparticle (SPION) Tracer

The SPION tracer (Sienna+®) used in this study is a component of the SentiMag® system
(Endomagnetics Ltd., Cambridge, UK). This system for marking and identifying SLNs comprises a
handheld magnetometer, the SentiMag® unit, and the Sienna+® magnetic tracer. All are Conformité
Européene (CE) certified as class IIa medical devices. The particles have a carboxydextran coating and
a mean hydrodynamic diameter of 60 nm. Sienna+ has comparable functional properties to that of
99mTc nanocolloid, because upon interstitial injection the tracer flows through the lymph system and
gets trapped in SLNs in the same manner as the radionuclide.

4.3. Tracer Injection

The sentinel technique in PCa differs from that in other tumor types. In breast cancer and
malignant melanoma, a well-directed peritumoral injection is used to observe the lymphatic drainage
of the tumor only. In PCa, which commonly occurs as a multifocal malignancy, it is not known with
absolute certainty from which part of the organ the metastatic spread originated, or which lesion is the
index lesion. Therefore, the aim of prostate lymph scintigraphy must be the imaging of all the primary
draining LNs of the prostate, which must therefore include the SLN of the cancer.

In this study, one urologist injected 2 mL of SPION (Sienna+) into the prostate of patients using
transrectal ultrasound guidance 24 h before surgery. Based on our examinations and those of others,
the tracer was evenly spread as three deposits on both sides of the prostate in all cases, as described
previously [13].

4.4. Magnetometer-Guided sLND, eLND, and Histopathological Examination

Patients underwent magnetometer (SentiMag)-guided sLND and eLND, followed by radical
retropubic prostatectomy. All cases were performed by two high-volume surgeons, who applied the
same anatomical template during eLND. The eLND template included the area along the external
iliac vessels, with the distal limit being the femoral canal. Proximally, eLND was carried out to, and
included, the bifurcation of the common iliac artery. All lymphatic fatty tissue along the internal iliac
artery and within the obturator fossa and the area dorsal to the obturator nerve was removed, as
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described by Weingärtner et al. [36]. The lateral limit consisted of the pelvic sidewall, while the medial
dissection limit was defined by the perivesical fat.

During sLND, all metal retractors were removed from the surgical field and polymer retractors
(SUSI®, Aesculap®; B. Braun Melsungen AG, Melsungen, Germany) were used to avoid interference
with the magnetometer when detecting SLNs with the SentiMag probe. All SLNs detected by the
SentiMag were removed, with each magnetically active LN being considered as an SLN. In addition, the
magnetic activity of all LNs was measured ex vivo. For surgical reasons, LNs other than SLNs directly
adjoining and adhering to SLNs were also removed if in situ separation was not possible. In such
cases, LNs were macroscopically detected (tactile and visually) ex vivo and the surgeon separated
them from each other or from the containing fibro-fatty tissue. Thereafter, eLND was conducted to
remove the remaining lymphatic fatty tissue from the above-named regions. Afterwards, LNs were
macroscopically detected and separated from those containing fibro-fatty tissue by the surgeon.

Postoperatively, all LNs were detected and separated by the surgeon (SLNs and non-SLNs), cut
into 3 mm transverse sections, and routinely processed and embedded in paraffin, while 4–5 μm-thick
sections were further cut and stained with hematoxylin-eosin.

4.5. Outcome Measures of Magnetometer-Guided sLND

As established by our and other working groups, and in line with the results of an international
sentinel consensus meeting, the diagnostic accuracy of sLND was assessed using conventional eLND
in the same cohort as the reference standard [4,37]. Compliance with this standard ensures that our
results can be compared with the results of other sentinel techniques.

The outcomes used to analyze the diagnostic test accuracy were detection rate (patients with
at least one detected SLN/total number of patients operated on), sensitivity, specificity, PPV, NPV,
false-positive, and false-negative rates, with all being measured at the patient level. False-negative
cases were defined as patients with a histologically negative SLN, whilst cancer was found in other LNs.
False-positive cases were defined as patients with SLNs containing metastases found outside the eLND
template, while the eLND template did not reveal any metastases [4]. Thus, the false-positive rate
provides a measure of the additional diagnostic value of sLND over and above eLND (false-negative
on eLND).

A 2 × 2 table with sLND as the index test and eLND as the reference standard was used to
calculate sensitivity, specificity, NPV, and PPV. Additionally, the anatomical distributions of detected
LN metastases and identified SLNs were analyzed.

4.6. Ethical Approval

All subjects gave their informed consent for inclusion before they participated in the study.
The protocol followed in this study was in accordance with the ethical standards of the 1964 Helsinki
Declaration and its later amendments. The protocol was approved by the Medical Chamber of Lower
Saxony, Germany (Bo/24/2014).

5. Conclusions

After interstitial injection, SPIONs are filtered and retained in SLNs allowing intraoperative
identification of SLNs using handheld magnetometers. Based on these characteristics, SPIONs have
been successfully applied for marking and intraoperative detection of SLNs in breast cancer to overcome
the drawbacks of the radioisotope-based sentinel procedure. In several studies including breast cancer
patients, the magnetic SentiMag technique for SLN biopsy was non-inferior to the standard method.
The results of this prospective clinical trial suggest that the magnetometer-guided radiation-free
sentinel procedure could be a reliable replacement for the established radioisotope-based approach in
PCa patients who are at intermediate- or high-risk for LN involvement, too. With the aim of detecting
all LN metastases in high-risk patients, sLND should be performed in addition to eLND, because
of its additional diagnostic value and the detection of LN metastases outside the extended template.
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The reliability of intraoperative SLN detection using the SentiMag system requires verification in
further multicentric studies, including comparisons with other new magnetometer modalities (e.g.,
probes with permanent magnet and hall sensor or magnetic tunneling junction sensors), which were
presented recently. In addition, the promising initial results in other tumor entities such as melanoma,
vulvar, and penile cancer should also be pursued.
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Abstract: Cancerous cells and the tumor microenvironment are among key elements involved in cancer
development, progression, and resistance to treatment. In order to tackle the cells and the extracellular
matrix, we herein propose the use of a class of silica-coated iron oxide nanochains, which have
superior magnetic responsiveness and can act as efficient photothermal agents. When internalized by
different cancer cell lines and normal (non-cancerous) cells, the nanochains are not toxic, as assessed
on 2D and 3D cell culture models. Yet, upon irradiation with near infrared light, the nanochains
become efficient cytotoxic photothermal agents. Besides, not only do they generate hyperthermia,
which effectively eradicates tumor cells in vitro, but they also locally melt the collagen matrix,
as we evidence in real-time, using engineered cell sheets with self-secreted extracellular matrix.
By simultaneously acting as physical (magnetic and photothermal) effectors and chemical delivery
systems, the nanochain-based platforms offer original multimodal possibilities for prospective cancer
treatment, affecting both the cells and the extracellular matrix.

Keywords: magnetic silica-coated iron oxide nanochains; nanoparticles; photothermal treatment;
hyperthermia; cancer; collagen; cellular microenvironment

1. Introduction

Iron oxide nanoparticles (IONPs) are among the most popular and most extensively studied
inorganic nanoparticles, which have enabled a series of distinct therapeutic approaches in various
biomedical domains [1].

Iron oxide nanoparticles were historically used as contrast agents for magnetic resonance imaging
(MRI), mostly to detect liver metastases [2]. Subsequently, IONPs use evolved with the development of
MRI-based technologies, enabling the in vivo tracking of single cells [3]. The magnetic responsiveness
of IONPs [4] paved the way to magnetic cell manipulation approaches.
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In order to be useful in biomedicine, nanoparticles should be superparamagnetic.
Superparamagnetism is a form of magnetism where magnetization randomly flips at room temperature.
In the absence of an external magnetic field, the overall magnetization of a group of superparamagnetic
nanoparticles (smaller than 20 nm for iron oxides) is zero, because the magnetic moment of the
nanoparticles is randomly distributed. The weakness of the attractive magnetic interactions among the
superparamagnetic nanoparticles does not to allow them to magnetically aggregate. This magnetic
behavior is crucial for the preparation of ferrofluids, which can therefore be applied to biological
systems, because superparamagnetic nanoparticles remain well dispersed. Nevertheless, when an
external magnet is applied, all magnetic moments align in the same direction, leading to a net
magnetization. Nevertheless, individual superparamagnetic nanoparticles are too small for their
effective translational movement even in the strongest magnetic fields. Therefore, in view of magnetic
manipulation, iron oxides can be loaded in liposomes, confined within cell-derived vesicles or loaded
within cells. When IONPs are loaded within the cells, the latter become magneto-responsive, and can
thus migrate along a magnetic field gradient, allowing distal guidance of nanoparticle-loaded cells to
the site of therapeutic interest [5].

Alternatively, to preserve superparamagnetism and achieve strong magnetic responsiveness, we
here present a method by which we group a number of small superparamagnetic nanoparticles into
larger and defined nanoparticle clusters. Such clusters are highly magnetically responsive and therefore
form chain-like structures once exposed to magnetic field. In order to obtain permanent chain-like
structures—the magnetic “nanochains”—we optimized the synthesis protocol. The nanochains are
thus obtained when a suspension of superparamagnetic nanoparticle clusters is exposed to a defined
magnetic field, while silica is added to fixate the clusters into permanent nanochains. Such nanochains
are superparamagnetic, with superior magnetic responsiveness due to much larger magnetic moment
(larger magnetic volume) than that of individual nanoparticle clusters.

In addition to magnetic targeting, other biomedical applications are applicable to IONPs. When
magnetic nanoparticles are submitted to a high frequency alternating magnetic field (AMF) with
suitable amplitude, the magnetic energy is transduced to nanoparticle heating, which dissipates into
the surroundings. This phenomenon is exploited in magnetic hyperthermia [6], an experimental
cancer treatment, where magnetic nanoparticles are locally injected and heated, in order to destroy
unresectable tumors. Magnetic hyperthermia has an important advantage over other, more common
hyperthermia treatments, such as the ones generated by microwaves, radiofrequency, or ultrasound.
This advantage relies on the potential to heat solid tumors from the inside, preventing the heating
of bystander tissues, located between the energy source and the target zone. Nevertheless, the main
drawbacks for magnetic hyperthermia are: (1) the requirement of injecting high amounts of IONPs in
order to obtain significant heating, thus requiring local (intra-tumoral) nanoparticles injections, and (2)
the necessity to keep nanoparticles outside the cells, as intracellular processing dramatically decreases
nanoparticle heating potential [7].

For a long time, magnetic hyperthermia was considered as the only nanoparticles-mediated
thermal modality for cancer treatment. However, a few years ago, their remarkable conversion of
light to heat in the near infrared window was demonstrated [8]. Photothermal therapy is a treatment
that relies on the conversion of the energy of light into thermal energy. This phenomenon occurs
because iron oxides are semiconductors, and have a small band gap between valence and conduction
electrons. This band gap can be bridged by excitation, provided by the optical energy (the photons)
of a laser beam. After excitation, valence electrons stay in the conduction band for a limited time,
after which they fall back to the valence position. When this fall occurs, heat is emitted [9]. As light
sources, such as lasers, can be accurately focused, the photothermal treatment can be limited only to
the zone of therapeutic interest. The main advantage of photothermia over magnetic hyperthermia is
that the treatment could be efficient even after cellular internalization of nanoparticles and at lower
local nanoparticles concentrations [7].
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Photothermia has been used in preclinical research, and mainly relies on heat generation mediated
by gold [10], silver [11], and copper [12] nanoparticles or carbon nanotubes [13] and graphene [14].
These nanomaterials have a different mechanism for heat generation than IONPs. In metals, such
as gold, silver, and copper, the light to heat conversion occurs when light interacts with conduction
electrons on the surface of metallic nanoparticles [15]. In carbon-based nanoparticles, the delocalized
electrons absorb light and the energy is converted to vibrations of the C-C reticule, which is released as
heat when the vibrational states decay [15].

Photothermal therapy using gold nanoparticles already reached clinical trials (ClinicalTrials.
gov Identifiers: NCT01270139 and NCT01436123), yet, as these materials might be extremely
bio-persistent [16] and can potentially be toxic [17,18], we suggest alternative bio-compatible materials.
Among them, iron oxides appear particularly attractive. The median lethal dose of intravenously
applied citrate-coated IONPS (diameter 8.6 nm) to mice is very high, and was reportedly greater than
949 mg (17 mmol) Fe/kg body weight [19]. Indeed, once administered by the intravenous route, IONPs
mainly accumulate in the liver. There they may induce oxidative stress, which results in an increased
level of liver enzymes. Nevertheless, these changes are transient, and they do not lead to significant
adverse reactions [20]. When synthetic nanoparticles degrade, the iron loads into ferritin proteins
and integrates iron’s physiological pathways of iron re-use or elimination [21]. Alternatively, the iron,
released from synthetic nanoparticles, can be re-assembled in cells to form nanoparticles anew, and
prevent the toxicity of ferrous iron [22].

While IONPs potential for MRI, magnetic targeting, and magnetic hyperthermia have been broadly
documented in the literature, IONP-induced photothermia recently emerged [8,23].

With the aim to create bio-compatible, magnetically guidable, and photothermally responsive
nanoparticles with long-term multimodal imaging properties, we intentionally prepared and optimized
the functionalization protocol, as well as biologically tested magnetic silica-coated iron oxide
nanochains [24]. The chains have an iron-oxide core and a silica shell, within which we covalently
linked a fluorescent dye, allowing fluorescence imaging follow-up. The core conveys magnetic and
photothermal properties, and the shell provides both (i) a large platform for nanoparticles surface
functionalization and (ii) a porous compartment, which can covalently bind molecular components,
such as dyes or drugs. The nanochains, which are presented in this study represent a promising and
unique nanomaterial, possessing superparamagnetism, superior magnetic responsiveness, and good
photothermal properties, which have been rarely combined in single nanostructures.

Cancerous cells and their microenvironment both play a pivotal role in cancer development,
progression, and resistance to treatment [25]. In this regard, the nanochains, presented herein, which
heat and thus simultaneously affect cellular and environmental components, could radically improve
the therapeutic outcome. Moreover, one of the very important advantages of the magnetic nanochains
is their superior magnetic responsiveness. The latter could be used for all applications where magnetic
guidance is desired, such as magnetic drug delivery or magnetic targeting.

2. Results

2.1. Nanochains Characterization

Short, less than 1 μm long, anisotropic by shape, and superparamagnetic nanochains were
synthesized by magnetic assembly of few (5 ± 1.4) nanoparticle clusters (Figure 1A, Scheme S1). The
size of nanoparticle clusters coated with a 3-nm-thick silica shell was measured from TEM micrographs
(>100 nanochains counted) and measured 90 ± 28 nm. The synthesis of nanoparticle clusters is based
on self-assembly of 70 ± 14 superparamagnetic iron oxide (maghemite) nanoparticles within the size
range of 10.4 ± 1.4 nm [24,26,27]. The core–shell nature of the nanochains, with the closely packed
maghemite nanoparticles cluster cores and the amorphous silica shell, can be clearly distinguished in
TEM micrographs (Figure 1A). Functionalized fluorescent nanochains showed superparamagnetic
properties, excellent colloidal stability, and high magnetic responsiveness (Figure S1). When the
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suspension was placed on a magnet, the nanochains (Figure 1B left) readily assembled into slightly
larger anisotropic nanochain bundles that could be detected by optical microscopy (Figure 1B right).
These bundles are disaggregated as soon as the external magnet is removed. The nanochains’
saturation magnetization Ms is ~37 Am2kg−1 (Figure 1C). The efficiency of the functionalization
was assessed using the Kaiser test, FTIR-ATR (Figure S2), and indirect methods such as the
zeta-potential measurements of the fluorescent silica-coated nanochains (RB-nanochains), fluorescent
amino-functionalized nanochains (RB-nanochains-NH2), and fluorescent carboxyl functionalized
nanochains (RB-nanochains-COOH) in aqueous suspensions (Figure 1D). The accessible primary
amines on the surface of the RB-nanochains-NH2 was quantified by Kaiser test. The spectroscopically
determined mean value is 145 μmol per gram of the RB-nanochains-NH2. A FTIR-ATR surface analysis
method confirmed the transfer of surface amines of the RB-nanochains-NH2 into carboxyl groups on
the surface of the RB-nanochains-COOH (see Figure S2). The spectrum of the RB-nanochains-COOH
shows the distinctive bands at wavenumbers 1703.1 cm−1, 1442.9 cm−1, and 1402.7 cm−1, confirming the
presence of carboxyl group and amide bond. However, the primary amines of the RB-nanochains-NH2

are not clearly visible because they are overlapped with intensive silanol OH of silica at wavenumbers
above 3000 cm−1. The electrophoretic mobilities of the RB-nanochains, RB-nanochains-NH2, and
RB-nanochains-COOH were measured as the function of the operational pH. The silica surface shows
a relatively acidic character, because its structure comprises negatively charged –OH groups at pH
values above the isoelectric point (IEP) at ~ pH 3. The zeta-potential curve of pristine silica-coated
nanochains reaches negative values of less than 15 mV at pH above 7. After amine functionalization,
the zeta-potential of the RB-nanochains-NH2 changed significantly and reached the value of ~ 6 mV
at physiological pH 7.4. More pronouncedly, after carboxyl functionalization, the zeta potential
significantly decreases to negative values, reaching negative values of less than ~ 40 mV at pH
above 7. The high absolute values of the zeta-potential provide strong electrostatic repulsive forces
between the nanochains, and result in a good colloidal stability of the suspension in neutral and
alkaline conditions [28]. Therefore, the carboxyl-functionalized nanochains (nanochains-COOH and
RB-nanochains-COOH) were chosen for further investigation. The heating efficiency was evaluated in
nanochains suspensions up to [Fe] = 130 mM (7.3 gFe/L). The magnetic hyperthermia (MHT) yield
after exposure to an alternating magnetic field was low even at the highest concentrations (130 mM):
a 400 s exposure of the nanochains suspension led to a temperature increase of only 3.5 ◦C ± 0.2 ◦C.
Heating potential can be evaluated using the mass-normalized specific absorption rate (SAR) parameter,
expressed in W per gram of iron. Herein, the MHT SAR reached 25 ± 9 W/gFe. Conversely, the
RB-nanochains-COOH suspension provided a high photothermal yield (Figure 1E) upon laser excitation
at 808 nm and laser power density of 0.3 W/cm2. A 400 s exposure of the same suspension led to a
temperature increase of about 15.7 ± 2 ◦C (Figure 1E), and corresponded to a SAR of 202 ± 25 W/gFe.
Indeed, the thermal yield is proportional to the laser power density, and reached a temperature increase
of 30 ± 2 ◦C for the same suspension volume (100 μL) and iron concentration (130 mM), irradiated at λ
= 808 nm at a laser power density of 1 W/cm2.
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Figure 1. Structure and properties of RB-nanochains-COOH. (A) Transmission electron micrograph
showing darker spherical nanoparticles cluster cores and less contrasted amorphous silica shell forming
permanently sintered anisotropic nanochains, composed of ∼5 clusters per nanochain. (B) Fluorescence
micrographs of RB-nanochains-COOH dispersed in Dulbecco’s Phosphate Buffered Saline (PBS) imaged
(left) without the presence of a magnet and (right) with the magnet placed below the suspensions,
showing the bundles of chains, which form well-defined, stable, transient super-assemblies, which
align with the direction of magnetic field lines, and disassemble into individual nanochains as soon
as the external magnet is removed. The inset shows a magnified view of the selected zone. Scale
bar 100 μm (Mag. ×20). (C) Room-temperature measurements of the magnetization as a function
of magnetic field strength (in emu/g of RB-nanochains-COOH). (D) The curves of the zeta-potential
as a function of pH for RB-nanochains (white squares), for RB-nanochains-NH2 (black spheres) and
RB-nanochains-COOH (black squares). (E) Temperature elevation curve of RB-nanochains-COOH in
100 μL of aqueous suspension measured in an Eppendorf tube upon laser irradiation at λ = 808 nm
and laser power density of 0.3 W/cm2 at different iron concentrations expressed in millimoles (the bars
represent the standard deviation (SD) obtained from 3 independent measurements).

2.2. Cell Loading

The cells were efficiently loaded with RB-nanochains-COOH, as shown in Figure 2A–D.
RB-nanochains-COOH were internalized to the highest degree by the largest cells—the fibroblasts,
while HCT-116 (wild type), HCT-116-GFP, and HeLa GFP-Rab7 internalized comparable quantities
of chains, as assessed by average fluorescence intensity measurements. The mean red fluorescence
intensity of internalized chains was 105 ± 6 for fibroblasts, 72 ± 1 for HeLa GFP-Rab7 cells, 74 ± 2
for HCT-116-GFP cells, and 71 ± 2 for HCT-116 wild type cells, respectively. Within the cells, the
nanochains localized within endosomes, as evidenced in Figure 2E,F, showing HeLa cells expressing
a green fluorescent rab7 protein, which is associated to early and late endosomes [25]. In HCT-116
wild type cells, which internalized the smallest amount of RB-nanochains-COOH, we quantified the
iron load by single cell magnetophoresis, and determined an uptake of 17.3 ± 2.6 pg of iron per cell
(Figure 2G). The mass of a single nanochain composed of 5 nanoparticle clusters is estimated to be
2.1 × 10−14 g. Since iron represents approximately 45% of nanochains, this equals 0.9 × 10−14 g of
iron per chain. We thus estimate around 1800 ± 270 nanochains per cell in cancer cells. The uptake
comparison among different cell types, used in this study, is shown in Figure 2H. While cancer cells
internalized comparable amounts of RB-nanochains-COOH, the fibroblasts internalized about 30%
more nanochains.
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Figure 2. Cellular uptake of RB-nanochains-COOH obtained at an extracellular iron concentration
of 5 mM within the RPMI medium. (A–D) Bright field (top) and fluorescence (bottom) micrographs
showing RB-nanochain-COOH-loaded cells (A) Normal dermal fibroblasts, (B) HCT-116 wild type
cells, (C) HCT-116 GFP cells, and (D) HeLa GFP-Rab7 cells (Scale bar 20 μm, Mag. ×40. Cell nuclei are
stained in blue—Hoechst 33342 fluorescent stain. Insets in (C,D) show the intrinsic green fluorescence
of GFP-expressing cells). (E) Left: Green fluorescence micrograph of a HeLa GFP-Rab7 cell, exhibiting
characteristic green fluorescing endosomes, and right: green and red fluorescence micrographs overlay
showing the co-localization of green fluorescing endosomes (white dashed line squares) with red
fluorescing RB-nanochains-COOH clusters (squares and arrows) (Mag. ×100), (F) Representative
transmission electron micrograph showing a loaded HCT-116 wild type cell (left) and the magnified view
of internalized chains (right). N denotes the cell’s nucleus. (G) Iron quantification in loaded HCT-116
wild type cells, as determined by single cell magnetophoresis. The graph shows the distribution of
internalized iron (expressed in picograms of iron per cell) after cells incubation with 5 mM extracellular
iron concentration. (H) RB-nanochains-COOH internalization in different cell types expressed as mean
fluorescence intensity determined in a population of 500 cells. The error bars represent the SD of mean
fluorescence intensities determined from 6 experiments per cell type.
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2.3. Short and Long-Term Toxicity Assessment

Cell incubation with RB-nanochains-COOH (performed at 5 mM extracellular concentration of
iron) did not alter cell viability of HCT116, HCT116-GFP, HeLa GFP-Rab7, and normal human dermal
fibroblasts, as assessed with the Trypan Blue Exclusion Test, performed 24 h after cell loading. The
viability of control and loaded cells was above 90%, respectively. In order to assess the long-term effect
of RB-nanochains-COOH on cell survival and proliferation, we performed two distinct tests. The
first approach involved a clonogenic test (Figure 3A,B). In the case of HCT-116, HCT-116-GFP, and
HeLa-Rab7-GFP cells, the cells exhibited a colony-forming capacity of 83%, 90%, or 112%, respectively.
In the case of normal dermal fibroblasts, the colony-forming capacity of loaded cells was of about 70%
compared to control cells.

 
Figure 3. Colony-forming ability of control and RB-nanochain-COOH-loaded cells. (A) Images showing
cell colonies after crystal violet staining. (B) Graph showing the number of colonies counted at D7
for cancer cell lines and at D 14 for normal dermal fibroblasts the term “loaded cells” refers to cells
that internalized the RB-nanochains-COOH. The results (expressed as mean ± SEM) were obtained in
three independent experiments made in triplicates. Differences between groups were assessed by an
unpaired Student t-test and a p-value < 0.05 was considered significant.
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The second approach involved the formation of cellular spheroids with unloaded (control) or
loaded cells and the monitoring of spheroid growth over 9 days (Figure 4A). Unloaded- and loaded-cells’
spheroids exhibited comparable growth (Figure 4B).

 

Figure 4. Control and RB-nanochain-COOH-containing cells (referred to as “loaded” in the figure),
used to assess multicellular spheroids formation and growth. (A) Representative bright field and
fluorescence micrographs overlays showing spheroids formation and growth over time. At the day of
seeding (day 0—D0), the red fluorescence in cells, that internalized RB-nanochains-COOH, directly
correlates with nanoparticle load. At D0 we see individual cells, which gradually agglomerate at day
1 after seeding (D1) and start forming cellular spheroids (D3 and onward). Scale bar 300 μm (mag.
×10). (B) Spheroid growth curve over time. Growth curves plotted from the area (mean± standard
error mean), n= 3 experiments, n = 6 spheroids per experiment per condition. Two-way ANOVA,
p-value < 0.05 was considered significant.
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2.4. Nanochain Distribution within Tumor Cells and Dermal Fibroblasts Spheroids

The distribution of RB-nanochains-COOH within the spheroids was assessed by a TEM
investigation (Figure 5). In cellular spheroids composed of normal dermal fibroblasts, the nanochains
are localized in endo-lysosomal compartments within the cells, and within the extracellular matrix,
while in MCS made of cancer cells the nanochains are exclusively found in the endo-lysosomal
compartments within cells.

 
Figure 5. RB-nanochain-COOH distribution within multicellular spheroids. Left: Bright-field and
fluorescence micrographs overlays of whole multicellular spheroids (scale bars 300 μm) fixed at day
11 and right: transmission electron microscopy (TEM) micrographs showing sections obtained at the
equatorial plane of the spheroids. Nanochains are indicated with red arrows, N denotes cells’ nuclei,
* denotes the collagen fibers as evidenced within the extracellular matrix of the fibroblasts in the top
right panel.
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Within the extracellular matrix of spheroids, made of normal dermal fibroblasts, the
RB-nanochains-COOH were found confined in the extracellular vesicles (Figure 6A) and non-confined,
surrounded by fibrillary structures of the extracellular matrix (Figure 6B).

Figure 6. Comparison of extracellular locations of RB-nanochains-COOH within the extracellular
matrix in multicellular spheroids. (A) Representative TEM micrograph showing RB-nanochains-COOH
confined in extracellular vesicles (white dashed line squares) and (B) Non-confined RB-nanochains-
COOH within fibroblast-secreted extracellular matrix.

2.5. Photothermia

After ascertaining that nanochains are well tolerated and not toxic to different cell types in vitro,
we evaluated their potential for photothermal therapy. Plated cells, loaded with nanochains-COOH, or
engineered cell sheets loaded with RB-nanochains-COOH, were exposed to the laser source operating
within the multiphoton microscope. When loaded cells were exposed to the laser, all of them almost
instantaneously underwent cell death. Figure 7A shows a characteristic example of loaded cells, which
after nanochain-COOH heating underwent cell death, as evidenced by propidium iodide uptake
(Figure 7B). Cell sheets, made of normal dermal fibroblasts, have a rich collagenous matrix. In the
absence of RB-nanochains-COOH, the cells and their matrix were not altered after laser exposure
under our experimental conditions (Figure 7C). When RB-nanochains-COOH were added to cell sheets
(Figure 7D), they distributed transversally within the sheets and were found within both the cells and
the collagen matrix (Figure 7E). While at low laser power (20 mW) the collagen remained unaltered,
when the laser power was increased to 33 mW, the nanochains heated and melted the adjacent collagen
fibers. The heating was well localized and was limited only to zones rich in nanochains and exposed
to the higher laser power, as evidenced in Figure 7F. Zones where nanochains were not present and
control cell sheets were not altered after 33 mW laser exposure.
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Figure 7. Nanochains as photothermal mediators affecting the cells and the extracellular matrix.
(A) HCT-116-GFP cells (green) loaded with nanochains-COOH (white spots), exposed to the laser
within the multiphoton microscope. (B) Nanochains-COOH-loaded HCT-116-GFP cells, which
underwent cell death and thus internalized propidium iodide after laser exposure (the red fluorescence
derived from cell-internalized propidium iodide is here represented by a magenta pseudo-color).
(C) Representative micrograph of a control cell sheet exhibiting a rich collagenous matrix (turquoise)
among auto-fluorescent (green) fibroblast cells (D) Representative micrograph of a cell sheet loaded
with red-fluorescent RB-nanochains-COOH surrounded with collagen (turquoise) and fibroblasts
(green). (E) TEM micrograph showing the distribution of RB-nanochains-COOH within the cell sheet. N
denotes cell nucleus, yellow arrows point to intracellularly localized nanochains and red arrows point
to extracellular nanochains. Green asterisks denote the collagen fibers in the extracellular matrix.
(F) Representative micrograph of a cell sheet: exhibiting on the left side the intact collagen fibers
(exposed to 20 mW laser power), and on the right side the melted collagen fibers (exposed to 33 mW
laser power power). Scale bars in (A–D,F) equal 20 μm. White arrow in (F) points to a characteristic
“drop” of melted collagen fibers.
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3. Discussion

In this work we characterized a novel platform made of superparamagnetic iron oxide
nanoparticle assemblies—silica-coated iron oxide nanochains [24]—that could have therapeutic
potential once photoactivated.

Nanochains have high magnetic responsiveness, as we previously reported [24] and evidenced in
Figure S2. Herein, we labeled the nanochains with rhodamine, which was covalently bound into the
silica shell. This fluorescent labelling allows nanochains tracking by fluorescence imaging, while the
surface of nanochains was functionalized with carboxyl groups (Figure 1), which are advantageous for
cell-uptake, and allow endowing the cells with a high amount of nanoparticles (Figure 2). Presented
nanostructures were characterized by different physico-chemical tests. Dynamic light scattering is
frequently applied for determination of colloid hydrodynamic size, yet this analysis is designed for
isotropic (spherical) particles. This method is therefore useless for characterization of nanochains
due to their highly anisotropic shape. Alternatively, the behavior of colloidal stability in suspension
could be estimated by monitoring the spontaneous sedimentation of the colloids over time. The
RB-nanochains-COOH remained in suspension for at least three weeks (Figure S1A) and then only
gradual could color change be seen, indicating a good stability for such relatively large “colloids”.
The RB-nanochains-COOH sediment completely due to gravity in two months, but they can be
easily redispersed with a single gentle shake by hand. Another indirect method to determine the
colloidal stability is the measurement of the RB-nanochains-COOH zeta potential, where high absolute
values (over ± 30mV) at physiologically relevant pH 7.4 suggest good colloidal stability. In contrast,
RB-nanochains are slightly negatively charged (−12 ± 3 mV) and RB-nanochains-NH2 are slightly
positively charged (6 ± 5 mV) at pH 7.4. These values are both inappropriate for achieving a suitable
colloidal stability, but useful in biological settings. We therefore focused on carboxyl-functionalized
nanochains (nanochains-COOH and RB-nanochains-COOH) for our in vitro studies.

Cell-loaded nanoparticles equaled a minimum of about 15 pg of iron per cell, as measured in
HCT-116 cells (Figure 2), which were the smallest cells among the ones we used in this study and
exhibited the lowest average red-fluorescence intensity. The quantity of iron per cell was determined by
magnetophoresis. In the same way as for spherical nanoparticles, once internalized by cells, nanochains
end up in large endo-lysosomal compartments [29], showing no shape anisotropy. Therefore, in the same
way as for other nanoparticle-loaded cells, the translational movement of magnetic-nanochain-loaded
cells derives from the overall load, which provides a global magnetic moment of the cell. Indeed, as the
proportion of internalized material depends on cell size [29], fibroblasts internalized higher amounts
of nanoparticles (Figure 4) and fluoresced about 30% more than cancerous cells.

In this study, the in vitro toxicity of nanochains was evaluated for the first time. The nanochains
were not toxic to cancerous and non-cancerous cells (normal dermal fibroblasts, isolated from a skin
biopsy), as assessed by three distinct approaches (trypan blue exclusion test, colony-forming ability, and
RB-nanochain-COOH-loaded cells spheroid growth). While iron oxides are generally considered as safe
and biocompatible, the toxicity assessment was indeed necessary because of the size and anisotropy of
tested nanomaterials. In this regard, the toxicity was evaluated at different time points after cellular
uptake of RB-nanochains-COOH. At first, we thus performed the toxicity assessment 24 h after cell
loading. Cell viability (and thus short-term toxicity) is commonly evaluated using metabolic assays,
which rely on read-out principles that include absorbance (colorimetry), fluorescence, or luminescence.
Nevertheless, as iron oxides absorb light, colorimetric assays (such as MTT or MTS) or bio-luminescent
tests (such as the ATP-based assays) might lead to false readouts, as studies reported [30]. Moreover,
iron oxides can act as fluorescence quenchers [31–33], therefore redox-based viability tests, using
fluorescent dyes, were also considered inappropriate for our study. We therefore assessed the viability
with the trypan blue exclusion test [34]. This test relies on the capacity of viable cells to exclude the
dye and the viability was assessed by direct visualization of cells and manual counting. As trypan
blue exclusion only provides information about early events that occur after nanoparticles uptake,
we used 2 additional tests, by which we evaluated the toxicity in the long term (7 days and beyond).

140



Cancers 2019, 11, 2040

Our results indicate that nanochains are well tolerated by the cells. In the case of fibroblasts, we
could observe a 30% decrease in colony-forming ability. This is probably due to two factors. Firstly,
the fibroblasts have a surface that is relatively larger than the ones of cancerous cells, therefore they
internalize more nanoparticles at the same extracellular nanoparticles concentration [35] (Figure 2H).
Secondly, when cells divide, the nanoparticles load divides between daughter cells [36]. When cells
have a short doubling time, which is the case of cancer cells, the iron load quickly splits and the burden
of oxidative stress diminishes. The dermal fibroblasts which were used in this study had a doubling
time of about 40 h, which was twice as much as the doubling time of cancer cells. Thus, fibroblasts were
more exposed to the strain of oxidative stress, due to high, persistent, and prolonged iron presence.
Moreover, studies show that gene expression of ferritin, the iron storage protein, and other proteins
involved in iron homeostasis are upregulated after cell internalization of iron oxide nanoparticles [37],
and this is even more emphasized in different cancers, as numerous studies suggest [38]. This explains
why the colony-forming ability of cancer cells, used in this study, was less affected: cancer cells adapted
easier than fibroblasts. In order to verify if nanoparticles could have a pro-proliferative effect, an
additional test was made, and consisted in making cellular spheroids with cells, which were loaded
with RB-nanochains-COOH. Spheroid growth was subsequently followed over 9 days (Figure 4). A
modest but significant difference was only noted in the case of dermal fibroblasts, where spheroids
made with particle-loaded cells were slightly larger than the spheroids made with unloaded cells. We
assume that this difference is due to the overall volume of nanoparticles, internalized by cells, rather
than to any potential cell growth stimulation, as the slopes of loaded and unloaded MCS growth curves
are equivalent. As the volumes of cancer cell spheroids were much larger, the slight volume increase,
which might be due to nanoparticles presence, affected the final volume to a much smaller extent, and
the differences between loaded and non-loaded cells spheroids sizes were not significant. This result
also allowed us to exclude a pro-proliferative effect induced by nanochains.

The distribution of nanochains was assessed on the ultrastructural level with transmission electron
microscopy (TEM), by which we analyzed cells in 2D (at D1 post nanochains uptake—Figure 2) and
3D cultures (cellular spheroids—Figure 5, Figure 6 and Figure S3), as well as cell sheets (Figure 7).
Nanochains are localized within cancer cells in multicellular spheroids, while in spheroids made of
fibroblasts and in cell sheets the nanochains are distributed within cells and the extracellular matrix.
On the ultrastructural level, the cells exhibited a normal morphology and we did not observe any signs
of autophagy [28]. Nanochain load was much more prominent in spheroids made of fibroblasts, as
these cells internalize more nanoparticles and have a smaller proliferation rate (as they exhibit contact
inhibition when grown in 3D structures). This also explains why cell spheroids made of fibroblasts
remain much smaller than the spheroids made of cancer cells and explains the auto-fluorescence of
control fibroblasts spheroids, which started fluorescing (at λEx = 560/40 nm and λEm = 630/75 nm)
from day 5 onwards (Figure 4E first column). Dead cells have an increased autofluorescence, which is
due to a decreased metabolic activity, and increased levels of denatured proteins [39,40]. Moreover,
while cancerous cells divided their nanochain load and kept it within the cells, fibroblasts “expelled”
nanochains into the matrix, (Figure 6), where chains were either contained within extracellular
vesicles [41] or were not enclosed in membrane-derived structures. Based on this evidence, we stipulate
that normal cells, which internalize more nanoparticles, have a smaller proliferation rate and a higher
death rate (with respect to the overall number of cells constituting the spheroids), and generate more
extracellular vesicles, which delocalize nanoparticles outside the cells into the extracellular matrix.

On the nanoparticle level, the nanochains did not undergo any major structural disintegration
(Figure 6 and Figure S3). Their architecture at day 11 (when the spheroids were fixed and processed for
TEM, as evidenced in multicellular spheroids in Figure 5, Figure 6 and Figure S3), remained comparable
to their initial structure, which was observed in freshly loaded cells (Figure 2B) when the cells were
seeded to form spheroids. Indeed, over time the chains are expected to degrade, as silica metabolizes
to silicic acid [42], which is excreted in the urine [43]. On the other hand, the iron, stemming from iron
oxides, is integrated into the metabolic pathway of endogenous iron [44].
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Finally, our study demonstrates that presented nanochains have an excellent photothermal yield
(Figure 1E), which can lead to both cell death (Figure 7B) and the melting of the extracellular matrix
(Figure 7F). Most anticancer agents target cancerous cells. Nevertheless, the cellular matrix, which
constitutes the tumor microenvironment, provides cancer cells with nutriments and structural support,
as well as represents a substantial barrier to anticancer agent penetration. Moreover, the mechanical
compression exerted by the tumor matrix was recognized to induce the metastatic phenotype in tumor
cells [45].

Heat-induced cell death was previously reported for magnetic hyperthermia [6]. Nevertheless,
magnetic heating can only occur when magnetic nanoparticles have enough freedom to rotate.
When magnetic nanoparticles are submitted to an alternating magnetic field, they orient their
magnetic moments. Magnetic energy is thus dissipated through nanoparticle movement, either
by nanoparticle rotation due to Brownian relaxation or by the rotation of the magnetic moments within
nanoparticles’ cores due to Néel relaxation [7]. Therefore, if magnetic nanoparticles are confined, their
magneto-thermal yield becomes much lower [7]. Nanoparticle confinement, for example, occurs within
endo-lysosomes. In order to prevent such confinement after cellular internalization and in order to
prevent nanoparticles dissemination throughout the body, the current therapeutic strategy (used by
Magforce, the company that implemented the clinical use of magnetic hyperthermia) relies on the use of
an aminosilane coating, which allows the formation of “stable deposits” within the tumoral tissue [46].
The nanochains, which are described in this study, are made of iron oxide nanoparticles confined
within a silica shell. The low magnetic hyperthermia yield (ΔT = 3.5 ◦C) was thus not surprising,
and magnetic hyperthermia was not considered as a modality of choice. In contrast, the nanochains
appeared to be excellent candidates for photothermia [7], exhibiting a high photothermal yield, even
at low and physiologically useful laser power density (ΔT = 30 ◦C at light wavelength of 808 nm
and laser power density of 1 W/cm2 and ΔT = 15.7 ◦C at a laser power density of 0.3 W/cm2). The
photothermal functionality is particularly attractive, because the thermal yield does not decrease after
endo-lysosomal internalization [7]. Nanochains can thus heat the surrounding environment when
they are located outside and inside the cells (Figure 7).

Iron oxide nanoclusters, made of Fe3O4 nanocrystals interconnected by amorphous matrix bridges,
were previously reported as efficient photothermal agents [23]. While this study was among the first
to evidence that nanoclusters generate more heat than individual, non-clustered nanoparticles, the
photothermal effect was obtained using a laser power density of 5 W/cm2 [23]. Such laser power is
high and detrimental to the tissue, and far exceeds the Maximum Permitted Exposure for the skin, as
suggested by the American National Standards Institute Z136. In comparison, the nanochains could
yield significant heat (more than 15 ◦C) at a much lower, and physiologically tolerable, laser power
density of 0.3 W/cm2.

The heating of nanochains was sufficient to induce cell death and to melt the collagen matrix,
as evidenced in Figure 7. We have previously reported on collagen fibers slackening after tumor
exposure to magnetic hyperthermia, generated by iron oxide cubic nanocrystals [47]. This slackening
allowed a better permeation of doxorubicin, which was applied intravenously in a combined treatment
with magnetic hyperthermia [47]. Collagen fiber slackening was assessed post mortem and was
characterized by a larger spacing between collagen fibers, probably due to the phase transition of
the collagen, in tissues that underwent hyperthermia [47]. Conversely, in the case of photothermia,
performed in this study, we could observe how photothermia kills cancer cells, or disrupts (or melts)
the extracellular matrix in a 3D micro-tissue model. These phenomena were observed in real time after
cells (Video S1) or cell-sheets (Video S2) exposure to the laser within a multi-photon microscope.

Photothermal treatment could have an enormous potential for tackling highly desmoplastic tumors,
which have an extremely poor therapeutic outcome. The tumor microenvironment, particularly the
tightly woven collagen matrix, has a recognized capability to reduce the penetration of conventional
(molecular) therapeutics and immune cells, therefore the nanochains, which could disrupt the collagen
matrix, have a significant therapeutic perspective. In the future, such nanochain-based platforms could
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offer entirely new, synergistic, and multimodal possibilities. The latter would combine physical and
chemical means in one individual nanostructure platform, allowing magnetic guiding, drug delivery,
and cellular matrix destruction, as well as tumor cell eradication upon heat activation with a source
of light.

4. Materials and Methods

4.1. Nanoparticles Synthesis, Functionalization, and Characterization

4.1.1. Raw Materials

The chemicals used for the synthesis of the superparamagnetic nanochains were of reagent grade
quality and were obtained from commercial sources. Primary magnetic nanoparticle clusters were
provided by Nanos SCI company (Ljubljana, Slovenia), and are commercially sold as iNANOvative™
(Nanos SCI, Ljubljana, Slovenia). Succinic anhydride (SA, 99%) and NH4OH (28–30%) were supplied
by Alfa Aesar (Lancashire, UK). Acetone (AppliChem GmbH, Darmstadt, Germany) and ethanol
absolute (Carlo Erba, reagent—USP, Milano, Italy) were used without further processing. Hydroxy
(polyethyleneoxy) propyl triethoxysilane (silane-PEG, 50% in ethanol) was supplied by Gelest
Inc. (Morrisville, PA, USA). Tetraethoxysilane (TEOS; 98%), rhodamine B isothiocyanate (RB),
(3-aminopropyl) triethoxysilane (APS; silane-NH2, 99%), dichloromethane (DCM), dimethylformamide
(DMF), Keiser test kit, and polyvinyl pyrrolidone (PVP, 40 kDa) were obtained from Sigma Aldrich (St.
Louis, MO, USA).

4.1.2. Syntheses of the Nanochains and Rhodamine-B-Labelled Nanochains

The commercial custom-made nanoparticle clusters with a ~3-nm-thick silica shell were provided
by Nanos SCI company. The nanochain synthesis is based on dynamic magnetic assembly approach
where parameters, such as (i) magnetic field strength, (ii) amount of TEOS added, (iii) duration
of the exposure to the magnetic field, (iv) initial nanoparticle clusters concentration, and (v)
nonmagnetic stirring rate, are precisely defined in order to control the nanochains length. The
detailed syntheses procedures for the silica-coated nanoparticle clusters and nanochains have been
published elsewhere [24,26,27,48]. Schematic demonstration of the crucial synthesis steps is presented
in Supplementary Materials Scheme S1. Briefly, nanochains composed of approximately 5 nanoparticle
clusters were prepared as follows. The suspension of commercial nanoparticle clusters was admixed
with the polyvinyl pyrrolidone (PVP, molecular weight 40 kDa, pH 4.3 adjusted by 0.1M HCl) solution
to reach final PVP concentration of 1.25 × 10−4 M and the final nanoparticle cluster concentration of
2.2 × 10−8 M. The reaction mixture (volume 90 mL) was stirred mechanically with glass propeller at
250 rpm for 8.5 h. The nanochain fabrication took place at a TEOS concentration of 45 mM, and an
exposure to a magnetic field of 65 ± 15 mT. The whole amount of TEOS was admixed into the reaction
mixture 10 min after the transfer of the nanoparticle clusters into the PVP solution. The silica was
deposited on the chain-like nanostructures formed by a magnetic assembly of nanoparticle clusters
after the pH was increased to a value 8.5 using NH4OH. The pH was increased after 80 min of the
TEOS addition. The nanochain synthesis with a ~15-nm-thick silica shell was completed in 3 h. The
assemblies obtained by the mentioned procedure are denoted as “nanochains”. For fluorescent labelling,
rhodamine-B (RB) was covalently integrated into the matrix of the silica shell. The reaction between
RB and APS was carried out first in the mixture of DCM/DMF = 4/1 overnight at room temperature.
RB (0.00933 mmol) was dissolved in the solvent mixture (0.5 mL) and then APS (0.186 mmol) was
added. Subsequently, the volatile solvent was removed using nitrogen flow and the product (RB-APS)
was mixed with TEOS for the fluorescent silica coating. RB-labelled nanochains are denoted as
“RB-nanochains”. Finally, the synthesized nanochains and RB-nanochains were magnetically separated
from the suspension and washed first with EtOH and then rinsed 3 times with distilled water.
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4.1.3. Nanochains Functionalization

In order to improve the colloidal stability, the nanochain surface was modified by functionalization
with carboxyl-carrying moieties. First, the amino-functionalized nanochains were prepared with the
grafting of APS to the nanochains and RB-nanochains silica surface, as described elsewhere [35,49].
In brief, nanochains (150 mg, 15 mL distilled water) were diluted with 15 mL of ethanol to which 75μL of
APS and 250 μL of NH4OH were added while the reaction mixture was stirred mechanically with glass
propeller at 400 rpm for 5 h at 55 ◦C. The synthesized nanochains-NH2 were magnetically separated
from the suspension and washed first with ethanol and then rinsed 2 times with distilled water and
transferred in DMF. For the preparation of carboxyl-functionalized nanochains (nanochains-COOH),
the nanochains-NH2 were further reacted with succinic anhydride (SA), applying a ring-opening
elongation reaction. The nanochain-NH2 suspension (50 mg in 35 mL DMF) was led to react with
SA (10 mg in 15 mL DMF) solution, where a 0.5 mL aliquot of the solution of SA in DMF was added
per minute into nanochain-NH2 suspension, while being stirred mechanically with a glass propeller
at 600 rpm overnight at room temperature. The produced nanochains-COOH formed a colloidal
aqueous suspension. The same procedure of carboxyl functionalization was applied to RB-nanochains
in order to produce RB-nanochains-COOH. Finally, both types of carboxyl-functionalized nanochains,
nanochains-COOH and RB-nanochains-COOH, were thoroughly washed with acetone and ethanol,
and dispersed in distilled water.

4.1.4. Nanochains Characterization

The RB-nanochain-COOH structure was assessed by transmission electron microscopy (TEM).
A drop of RB-nanochains-COOH suspension was deposited on a copper grid coated with a perforated,
transparent carbon foil. The suspension was dried prior to TEM observations performed with a
transmission electron microscope (Jeol, JEM, 2100, Akishima, Japan), operating at 200 kV. Magnetic
properties of the RB-nanochains-COOH were measured at room temperature by vibrational sample
magnetometry (VSM) (Lake Shore 7307 VSM). The zeta-potential measurements as a function of the pH
of the RB-nanochains, RB-nanochains-NH2, and RB-nanochains-COOH suspensions (volume 15 mL)
at final nanochains concentration of 0.2 mg/mL were monitored in an aqueous solution containing
KCl (final concentration 10 mM). Zeta-potential measurements were performed on Zeta PALS,
Brookhaven Instruments Corporation. FTIR-ATR analysis of the powders of the freeze-dried samples
(RB-nanochains-NH2, and RB-nanochains-COOH; 15–20 mg each) was performed on Perkin Elmer,
Spectrum 400 Spectrometer. The quantitative analysis of primary amines of the RB-nanochains-NH2

was determined by Keiser test, where accurately weighed 10 mg of the freeze-dried RB-nanochains-NH2

was applied in the reaction with ninhydrin while following the manufacturer’s protocol specified in
the Kaiser kit.

4.2. Cell Culture and Loading of Cells with RB-Nanochains-COOH

The experiments were performed on four cell lines: the wild type human colorectal carcinoma cell
line (HCT116) (ATCC® CCL-247TM), green fluorescent protein-expressing human colorectal carcinoma
cell line (HCT116–GFP) [50], HeLa cells (ATCC® CCL-2TM) stably expressing GFP-RAB7 (HeLa
GFP-Rab7) [51], and primary normal human dermal fibroblasts, isolated from a healthy skin biopsy [52].
Cells were grown the Dulbecco’s Modified Eagle Medium (DMEM, Gibco-Invitrogen, Carlsbad, CA,
USA) containing 4.5 g/L glucose, L-Glutamine and pyruvate, 1% of penicillin/streptomycin, and 10% of
fetal bovine serum (the medium with additives is denoted as cDMEM). The cells were grown under
standard cell-growing conditions (5% CO2, 37 ◦C).

When the cells attained 60% confluence, they were rinsed with Dulbecco’s Phosphate Buffered
Saline with calcium chloride and magnesium chloride (Gibco-Invitrogen; PBS in the following text)
and were incubated for 1 h with silica-coated iron oxide nanochains, dispersed in RPMI Medium 1640
(which was not supplemented with glutamine, serum, or antibiotics). Cells were either incubated
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with rhodamine-loaded functionalized silica-coated iron oxide nanochains (RB-nanochains-COOH)
at iron concentrations of 5 mM; or 5 mM rhodamine-free carboxyl functionalized silica-coated iron
oxide nanochains (Nanochains-COOH). The nanochain suspension dilutions used for cell loading were
obtained after diluting a volume of the concentrated stock suspension of RB-nanochains-COOH or
Nanochains-COOH (which had a known concentration of 62 mM of iron, as determined by chemical
and magnetic measurements) in the RPMI Medium 1640. Cell loading was performed in T-25 flasks
containing 2 mL of RPMI and the aliquot containing nanochain suspension, to obtain the final
concentration of 5 mM of iron. Nanochains-COOH were favored in experiments involving multiphoton
imaging, described in Section 4.8, last paragraph. During this imaging protocol, we intended to avoid
red-fluorescence signal of RB-nanochains-COOH, in order to visualize propidium iodide uptake, which
emits in the same spectrum and was used in this case as a cell viability probe during laser exposure
under the multiphoton microscope.

After the one-hour incubation period with nanoparticle suspension in RPMI medium at 37 ◦C,
the cells were gently rinsed with PBS and placed in cDMEM for an overnight chase. Particle-loaded
cells were detached following the standard trypsin/EDTA-based cell detachment protocol and either
fixed and processed for transmission electron microscopy (TEM) analyses, or re-plated for bright field,
fluorescence, and multiphoton imaging (which included laser exposure and heating induction) or used
to form multicellular spheroids (MCS) in toxicity/proliferation tests.

Cell sheets were made with primary normal human dermal fibroblasts, as previously described [53].
In summary, thirty thousand cells were plated in 24-well plates containing a round filter paper band
(approximately 3 mm wide), where they grew for 6 weeks. During this period, the cells were
supplied with cDMEM freshly supplemented with 50 μg/mL ascorbic acid (Sigma- Aldrich, St Quentin
Fallavier, France), three times per week. Cell sheets were rinsed with PBS and co-incubated with
RB-nanochains-COOH at iron concentrations of 0.25 mM in 500 μL RPMI during an incubation period
of 1 h at 37 ◦C. The sheets were then rinsed with PBS and cDMEM was added for the overnight chase.

4.3. Bright Field and Fluorescence Microscopy and Image Analysis

Cells were imaged with a wide field Leica DM IRB microscope (Leica Microsystems, Wetzlar,
Germany) coupled to a CoolSNAP HQ camera (Roper Scientific, Photometrics, Tucson, AZ, USA), using
the following filter sets: for the GFP λEx = 480/40 nm and λEm = 527/30 nm, for the RB-nanochains-COOH
λEx = 560/40 nm and λEm = 630/75 nm, and for Hoechst stain λEx = 360/40 and λEm > 425 nm.

Cellular spheroids were monitored for 9 days using the IncuCyte Live Cell Analysis System
Microscope (Essen BioScience IncuCyte™, Herts, Welwyn Garden City, UK) at a magnification × 10.

Images were analyzed with the ImageJ software (U.S. National Institute of Health, Bethesda,
MD, USA). The software was used to determine the mean fluorescence intensity of loaded cells,
and to measure spheroid growth. The average fluorescence intensity was measured on the first day
after cellular uptake of RB-nanochains-COOH and comprised all cells that were seeded to form a
spheroid. The mean average intensity was obtained by averaging 6 intensities of cells forming 6
different spheroids per cell type. Spheroid growth follow-up was obtained by measuring spheroid
diameters (as the spheroids formed sphere-like structures). From the diameter of the whole spheroid,
measured on daily basis, we calculated the equatorial area, which was used for growth comparison.

4.4. Transmission Electron Microscopy of Biological Matter

Cells, cellular spheroids, and engineered cell sheets were fixed (2% glutaraldehyde in 0.1 M
sodium cacodylate buffer), post-fixed (1% osmium tetroxide), gradually dehydrated in ethanol, and
embedded (Embed 812 resin, Electron Microscopy Sciences). Thin sections (70 nm thick) were observed
with a HT 7700 Hitachi transmission electron microscope equipped with a CCD AMT XR41 camera.
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4.5. Nanochains Acute and Long-Term Toxicity Assessment

4.5.1. Cell Viability Assessment by Trypan Blue Exclusion Test

Cell viability was determined 24 h after cellular uptake of RB-nanochains-COOH. The viability
was assessed on the whole cell population: adherent cells and cells, which might have been floating in
the culture medium. The media in which the cells were cultured and the tripsinized cells were pooled
and centrifuged (5 min, 100× g). The supernatants were discarded and the pellets were re-suspended
in PBS. Ten microliters of resulting cells suspensions were mixed with 10 μL of 0.4% Trypan Blue
solution by gentle pipetting. Cells were manually counted using a Malassez hemocytometer within
less than three minutes after preparation, and viability was calculated from the proportion of viable
(undyed cells) in respect to the total number of cells (dyed and undyed). The counts were made in
triplicates for each condition.

4.5.2. RB-Nanochain-Loaded Cells Survival and Proliferation Assessment

A clonogenic assay [54] was used to assess the impact of the RB-nanochains-COOH on cell long
term survival. Five hundred unloaded (control) or loaded cancerous cells (prepared as described in
Section 4.2.) or 250 unloaded or loaded normal dermal fibroblasts were seeded in 6-well plates. Seven
or fourteen days after seeding (in case of cancer cells or fibroblasts, respectively), the colonies were
rinsed with PBS, fixed with methanol, and stained with crystal violet (0.5% w/v) for 15 min under gentle
stirring at room temperature, rinsed 3 times with PBS, and left to dry prior colony counting.

The impact of RB-nanochains-COOH on cell survival and proliferation was also determined
in 3D cell cultures, where chain-loaded cells were used to make cellular spheroids. Multicellular
cell spheroids (MCS) were made following the non-adherent technique, by seeding cells in Costar®

Corning® Ultra-low attachment 96-well plates (Fisher Scientific, Illkirch, France). Approximately five
hundred unloaded or loaded cancer cells (HCT116, HCT116-GFP, or HeLa GFP-Rab7) of five thousand
unloaded or loaded fibroblasts were seeded per well in 250 μL of cDMEM. Plates were cultivated in 5%
CO2 humidified atmosphere at 37 ◦C. Single MCS were obtained in each well 24 h after seeding. The
MCS growth was followed over a period of 9 days with video-microscopy, as described in Section 4.3.
At the end of this period, the spheroids were fixed and processed for TEM, as described in Section 4.4.

4.6. Intracellular Iron Quantification by Single Cell Magnetophoresis

The iron load in loaded cells was determined by single cell magnetophoresis [55], which consists
of measuring the velocity of cells loaded with magnetic nanoparticles, when loaded cells are submitted
to a magnetic field gradient (B = 150 mT, gradB = 17 T/m). The migration of 100 cells was tracked by
videomicroscopy for each cell-loading condition. Cell velocity and the average iron mass per cell were
assessed as previously described [55].

4.7. Thermal Measurements

Thermal measurements were performed on nanoparticle aqueous suspensions. The measurements
were made in 0.5 mL Eppendorf tubes containing 100 μL of RB-nanochains-COOH suspended in
water, at an iron concentration of 130 mM. An alternating magnetic field generating device (DM3,
NanoScale Biomagnetics, Zaragoza, Spain) operating at 471 kHz and 180 G was used to induce
magnetic hyperthermia. Photothermal heating was obtained after NIR laser illumination operating at
808 nm at laser power densities of 0.3 and 1 W/cm2. The temperature elevation was measured as a
function of time using an infrared camera (FLIR SC7000) and imaging the sample from the side.

4.8. Second Harmonic Generation Imaging and Photothermal Treatment of Plated Cells and Cell Sheets

Second harmonic generation (SHG) imaging was performed with a 7 MP multiphoton laser
scanning microscope (Carl Zeiss, Jena, Germany), equipped with a mag. 20 × objective (with a
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numerical aperture of 0.95), coupled to a Ti–sapphire femtosecond laser, Chameleon Ultra 2 (Coherent
Inc., Santa Clara, CA, USA) tuned to 880 nm. In order to avoid nanochain heating and obtain the image
of engineered cell sheets, we fixed the laser power to 18%, attaining an equivalent of the laser power of
20 mW, while non-descanned detectors collected emitted light from nanochains, SHG, and dermal
fibroblasts through 565–610 nm, 435–485 nm, and 500–550 nm bandpass filters, respectively. The
micrographs were acquired using a laser dwell time of 0.58 or 0.92 μs per pixel at an X, Y resolution of
0.15 μm, and the micrographs were obtained after averaging 4 frames. In experiments which involved
nanochains heating, the laser power was fixed to 26%, attaining an equivalent a the laser power of
28 mW, and 30 images were acquired over a period of 8 min (4 s/image). In experiments involving
the heating of nanochain-loaded green fluorescent protein (GFP) expressing plated HCT-116 cells, the
laser power was fixed at 40%, attaining an equivalent of a laser power of 33 mW, while non-descanned
detectors collected emitted light from permeabilized cells (propidium iodide positive) and GFP through
565–610 nm and 500–550 nm bandpass filters, respectively. Sixty images were acquired during 2 min
using a laser dwell time of 0.79 μs per pixel, at a X, Y resolution of 0.415 μm.

4.9. Statistical Analysis

All biological tests were made in triplicates performed in three independent experiments, except
for experiences where spheroid growth was monitored over time, where 6 spheroids were made per
condition and three independent experiments were made. The results are expressed as mean ± SEM
and the differences between groups were assessed by unpaired Student t-test or two-way ANOVA
depending on data set. A p value < 0.05 was considered significant.

5. Conclusions

In the present study, we characterized and biologically tested nanochains, prepared by magnetic
assembly of nanoparticle clusters, and coated with an additional layer of fluorescent silica. These
nanochains have an extraordinary therapeutic potential and are not toxic to different cancerous and
non-cancerous cells (human dermal fibroblasts). After irradiation with near infrared light, such
nanochains eradicate tumor cells in vitro and have the capacity to melt the collagen matrix, as showed
using engineered cell sheets made of cells secreting their own extracellular matrix. Further tests,
namely tests on large cell populations and animal studies, will now be undertaken to go beyond
the proof of principle described in this study, and to ascertain the practical therapeutic value of
presented nanochains. The capacity of a therapeutic agent to act concomitantly on cancer cells and
their environment could be a game changer in cancer treatment.
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Abstract: DNA origami systems could be important candidates for clinical applications. Unfortunately,
their intrinsic properties such as the activation of non-specific immune system responses leading
to inflammation, instability in physiological solutions, and a short in vivo lifetime are the major
challenges for real world applications. A compact short tube DNA origami (STDO) of 30 nm in
length and 10 nm in width was designed to fit inside the core of a stealth liposome (LSTDO) of
about 150 nm to remote load doxorubicin. Biocompatibility was tested in three-dimensional (3D)
organoid cultures and in vivo. Efficacy was evaluated in different cell lines and in a xenograft breast
cancer mouse model. As described in a previous work, LSTDO is highly stable and biocompatible,
escaping the recognition of the immune system. Here we show that LSTDO have an increased
toleration in mouse liver organoids used as an ex vivo model that recapitulate the tissue of origin.
This innovative drug delivery system (DDS) improves the antitumoral efficacy and biodistribution
of doxorubicin in tumor-bearing mice and decreases bone marrow toxicity. Our application is an
attractive system for the remote loading of other drugs able to interact with DNA for the preparation
of liposomal formulations.

Keywords: DNA origami; liposome; breast cancer; remote loading; doxorubicin; acute toxicity;
organoids

1. Introduction

Cancer is the second major cause of death worldwide every year [1]. The standard methods
to treat this deadly disease are surgery and chemotherapy with cytotoxic antitumor drugs [2].
Chemotherapeutic drugs possess unspecific targeting with a large biodistribution, leading to several
side effects that make chemotherapy painful and even fail in some cases [3]. To overcome these
limitations, the use of nanotechnologies marked important progressions in the development of a
drug delivery system (DDS) able to improve the chemical, physical and pharmacological properties
of drugs [4]. Ideally, the DDS to be applied in clinic should have the following properties: low
toxicity, the ability to cross physiological barriers, high stability in body fluids (in particular in the
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blood stream), high loading efficiency and controlled drug release [5]. In order to meet the clinical
requirements, nanotechnology plays a vital role in the development of smart delivery systems with
excellent features such as size (around 100 nm), various functionalization and a high surface to
volume ratio of nanomaterials. Recently, even though different nanomaterials like polymers and
metal nanoparticles have been proposed for the development of nanostructures for smart DDS [6], the
construction of biocompatible and stable vehicles for in vivo applications still remains the challenge
for clinical therapy [7]. In the last decade, DNA technology received considerable attention for
many attractive features such as easy synthesis in the predicted shape, precise nanopatterning, and
mechanical rigidity, making DNA an interesting candidate for biomedical applications [8]. In the last
three decades, scientists have developed different shapes of DNA nanostructures but, since 2000, the
field was innovated with the advent of a folding technique called DNA origami [3]. DNA origami
provides a platform for next generation DDS, becoming a potential candidate for clinics. In this regard,
Hogberg et al. tested two different kinds of DNA origami structures for doxorubicin loading on three
different breast cancer cell lines [5]. Ding et al. used self-assembled DNA origami as a carrier for
doxorubicin that was able to circumvent drug resistance on multi-drug resistant breast cancer cells
(MDR-MCF7) [6]. Yang et al. designed and synthesized triangular shaped DNA origami for the loading
of doxorubicin to be used as a vehicle for in vivo cancer therapy [7]. Even though DNA nanostructures
are an interesting DDS, they possess some limitations which prevent their in vivo application [9]. In
particular, DNA nanovehicles, once in the blood stream, are rapidly recognized by circulating DNAses
and by the immune system, inducing inflammatory responses. The possibility to encapsulate DNA
nanostructures in double-layer membranes or in a protein coating could avoid DNAse degradation and
immune system activation, improving pharmacokinetics, bioavailability and biodistribution [10–12].

Among the clinical-grade nanoparticle-based technologies, liposomal technology has become a
very successful and rapidly developing area of preclinical and clinical research. With the advantages
of biocompatibility, biodegradability, low toxicity, and aptitude to trap both hydrophilic and lipophilic
drugs [13] as well as a desirable accumulation in tumor tissues [14], liposomes are very attractive and
have been extensively investigated as a DDS. The size of liposomes makes them suitable to cross the
fenestrations of blood vessels in the tumor site and to remain entrapped in the extracellular matrix.
The long circulation time in the blood stream is obtained by adding polyethylene glycol (PEG) chains
on the surface of the liposome, which allow it to escape the reticuloendothelial system (RES) and
the immune system [15]. On this topic, Doxil represents one of the main examples of a liposomal
formulation of doxorubicin. This anthracycline is loaded inside the liposome through a process called
remote loading, by which doxorubicin precipitates inside the liposome, avoiding its release [16]. The
net result is a high drug/lipid ratio that is essential for clinical application. Unfortunately, the liposomal
system has certain limitations such as reaching an efficient drug loading only with weak base or acid
molecules. Therefore, to overcome these limitations and improve the DNA nanostructure limitations
(biodegradation and immune system activation), our group developed, for the first time, a robust bullet
biomimetic system by making short tube DNA origami (STDO) of approximately 30 nm in length and
10 nm in width with high stability in physiological conditions for up to 48 h [17]. The compact size
of STDO precisely fittted inside a stealthy liposome of about 150 nm and doxorubicin was efficiently
remote loaded in liposomes (LSTDO). The LSTDO system had a controlled release at pH 7.4 with an
increased release rate in acidic conditions (pH 5.5) typical of the tumor microenvironment. LSTDO also
improved the biocompatibility of DNA origami injected into immunocompetent mice (FVB/N) [17].
Therefore, there was a need to test the system (LSTDO) in vivo in order to determine if it could be used
in clinics for a better cancer therapy.

In this work, we studied the LSTDO remotely loaded with doxorubicin for in vivo applications.
The combined properties of liposomes and DNA origami allowed for the introduction of a biocompatible
innovative system for the delivery of doxorubicin, which improved tumor accumulation of the drug
and efficiently inhibited tumor growth in mice (Figure 1).
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Figure 1. Schematic representation of the new liposomal/origami technology for the drug delivery of
doxorubicin. (a) Liposomal short tube DNA origami (LSTDO) decreases the adverse effect of STDO on
mouse liver derived organoids. (b) LSTDO-doxo increases the antitumor effect of doxorubicin on mice
bearing breast cancer tumor cells.

2. Results

2.1. Synthesis and Characterization

The original data were published by our group in Palazzolo et al. [17]. Briefly, STDO was
assembled in a one-step reaction. The expected dimensions were about 30 nm in length and 10 nm
in width. After synthesis, STDO was purified by PEG precipitation as described by Stahl et al. [18].
The lipid composition used to create the liposomes to encapsulate the STDO was derived from Doxil.
Liposomes were synthesized by applying the membrane extrusion method in a physiological buffer
containing STDO (see Materials and Methods). After this process LSTDO were purified by removing
excess of STDO with a cationic resin able to remove free DNA origami without interfering with
liposomes. The DDS were analyzed by transmission electron microscopy (TEM) and dynamic light
scattering (DLS). The calculated hydrodynamic radius of the STDO and of the LSTDO before and after
purification from unencapsulated STDO were 37.6 ± 5.4 nm, 170.1 ± 67.0 nm and 163.9 ± 54.2 nm,
respectively (Supplementary Materials Figure S1).

LSTDO was able to load doxo at about 50% (w/w) loading efficiency. The release of LSTDO was
pH dependent and increased at pH 5.5, a typical condition of the tumor microenvironment. Other data,
including STDO agarose gel electrophoresis, size distribution and stability in physiological conditions
were described in Palazzolo et al. [17].

2.2. Liver Organoid Toxicity

Mouse liver organoids were isolated from eight weeks-old C57BL6 mice. Organoids were
phenotypically characterized by histological and immunohistochemical (IHC) staining for the most
common liver markers (Figure 2). In accordance with cyto-morphological evidence reported in
the literature [19], microscopic examination of haematoxylin and eosin (H&E) staining showed
that liver organoids had the typical features of hepatic progenitors and mature hepatocytes. Liver
organoids retained their stemness and proliferative potential, confirmed respectively by the strong
immunopositivity for CD133 and octamer-binding transcription factor 4 (OCT4) stem cell markers and
Ki67 proliferation marker. Transcription factor SOX9 and cytokeratin 19 (KRT19)-immunopositive
cells, typical markers of premature ductal hepatocytes, were observed in the single-layer epithelium
(Figure 2a). Cells of the stratified epithelium differentiated into mature hepatocytes and resulted in
albumin (ALB+) and HNF4α-positive (HNF4α+) cells (Figure 2a). Therefore, our results highlight that
mouse liver organoids maintain their commitment to their tissue of origin.

On this note, a single-layer epithelium was composed of cuboidal cells positive for E-cadherin
(E-Cad+) (Figure 2a), which surround a central lumen and alternated with pseudostratified epithelium
in a structure that resembles a primordial hepatic diverticulum.

Since the liver is the organ which accumulates the majority of compounds administered
intravenously and is the organ which detoxifies the blood from toxic substances, we decided to
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test if our DDS is biocompatible with liver organoids to predict in vivo biocompatibility. Organoids
were plated and treated with STDO, LSTDO and liposomes at two different concentrations (100 μg/mL
and 10 μg/mL). After 24 h, the caspase 3/7 assay was used to determine the activation of apoptotic
enzymes (Figure 2b). The level of caspase 3/7 was increased significantly after treatment of liver
organoids with 100 μg/mL of STDO compared with organoids treated with LSTDO or only liposomes.
The quantity used is the same amount employed to treat mice.

Figure 2. DNA origami-induced toxicity on mouse liver organoids. (a) Cytomorphological and
immunohistochemical characterization of mouse liver organoids as a model to test the toxicity induced
by origami. (b) Induced apoptosis (Cas 3/7 assay) as a toxicity marker of LSTDO and STDO. (c)
Cytomorphological changes (H&E) induced by STDO (Panel 1) and LSTDO (Panel 2) compared with
the control and liposomes (Panel 3 and 4, respectively). Ki67 expression in mouse liver organoids
treated with STDO (Panel 5) and LSTDO (Panel 6) compared with the control and liposomes (Panel 7
and 8, respectively). Image magnification: 20×. (* p-value < 0.05).

Morphological examination of H&E staining revealed that organoids treated for 48 h with
100 μg/mL STDO exhibit cytostructural changes. Indeed, compared with the control, STDO induced
a loss of epithelial cells and a loss of organoid structural complexity. Moreover, cellular atypia and
nuclear karyorrhexis and karyolysis, accompanied by irregular clumping of chromatinic material, were
detectable (Figure 2c, Panel 1). Treatment with 100 μg/mL of LSTDO did not affect the general structure
of organoids, displaying unremarkable changes such as slight visible nuclear pyknosis and slight
cellular atypia (Figure 2c, Panel 2). Untreated and liposome-treated mouse liver organoids appeared
as similar glandular structures with active proliferations (Figure 2c, Panels 3 and 4).

In order to assess if STDO-induced cytotoxicity could affect organoid cell proliferation,
immunohistochemical analysis of Ki67 was performed. The results showed a remarkable reduction of Ki67
staining in mouse liver organoids treated with 100 μg/mL STDO for 48 h (Figure 2c, Panel 5) compared
with LSTDO- and liposome- treated and untreated organoids (Figure 2c, Panels 6, 7 and 8, respectively).

2.3. In Vitro Efficacy

After purification, STDO and LSTDO were loaded with doxorubicin (see Materials and
Methods) [17]. The cytotoxic effects of STDO-doxo and LSTDO-doxo were tested on breast (MCF7
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and MDA-MB-231) and colon (LoVo) cancer cell lines. The cell viability experiments showed no
significant differences among the effects of free doxorubicin, STDO-doxo and LSTDO-doxo (Figure 3
and Supplementary Materials Figure S2). These results are in line with previous publications [5]
and are supported by data obtained with liposomal doxorubicin which shown a benefit only in
in vivo models [20]. Similarly, our group has previously demonstrated that doxorubicin encapsulated
in exosomes, i.e., natural vesicles lined with a bilayer of phospholipids, was able to increase the
therapeutic index of this drug only in vivo [21,22].

  

Figure 3. Cytotoxicity of LSTDO-doxo, STDO-doxo and doxo on (a) MCF7, (b) MDA-MB-231 breast
cancer cell lines. Histograms represent the cell viability. Experiments were done in triplicate.

2.4. In Vivo Toxicity

To establish the toxic effect of LSTDO-doxo, STDO-doxo and doxorubicin, mice were
intraperitoneally (i.p.) injected with a high dose of doxorubicin (15 mg/kg) and the acute toxicity was
evaluated (Figure 4a). Body weight was monitored as a quantitative parameter describing animal
health, with progressive weight loss indicating deteriorating health. Mice treated with STDO-doxo
showed rapid weight loss over five days, after which they were sacrificed. On the other hand, the
mice treated with LSTDO-doxo exhibited the same body weight decrease of those treated with free
doxorubicin (Figure 4b).

Figure 4. LSTDO-doxo is less toxic than STDO-doxo in vivo. (a) Schematic design of the study.
Three mice per group were injected intraperitoneally (i.p.) with 15 mg/kg of doxo, STDO-doxo and
LSTDO-doxo on day 0 and their body weight was measured at the indicated intervals. (b) Mice
body weight was followed up for 12 days as an index of illness. Mice treated with LSTDO-doxo w
comparable to mice treated with doxo. Mice treated with STDO-doxo had more rapid weight loss and
were sacrificed earlier.

These results showed that LSTDO-doxo was safer than STDO-doxo. To explain the observed
toxicity, the tissues of mice were analyzed by histopathology. Among the analyzed tissues (heart,
liver, lung, kidney, intestine, spleen and skin; data not shown), we observed a reduced number of
blasts in the bone marrow of STDO-doxo treated mice compared to doxo- or LSTDO-doxo-treated
mice (Figure 5a,b), which could be a symptom of the observed toxicity.
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Figure 5. Bone marrow histological analysis of mice treated for acute toxicity. (a) The bone marrow was
analyzed by histopathology. Representative H&E staining of the bone marrow at 40×magnification
(upper panel). Lower panel shows examples of blasts (arrows). (b) The number of blast cells was less
in STDO-doxo treated mice compared to the other treatments. (* p-value < 0.05).

2.5. LSTDO-Doxo is More Effective than Free Doxo In Vivo

To test the antitumor efficacy of LSTDO-doxo, the MDA-MB-231 cell line was orthotopically
implanted into the breast of nude mice. After tumors reached >50 mm3, mice were treated three times
intravenously once per week with 3 mg/kg of doxo, STDO-doxo and LSTDO-doxo. Tumor volumes
were followed up (Figure 6a). After 17 days, mice treated with LSTDO-doxo showed a reduced tumor
burden compared to mice treated with STDO-doxo or free doxo (27%; p-value < 0.05) (Figure 6b). At
the end of the experiment, the survival rate of doxo-treated mice was 0%, STDO-doxo was 12.5% and
LSTDO-doxo was 33.3%. To support our data, the concentration of doxo was measured in the tumor.
As demonstrated in Figure 6c, LSTDO-doxo accumulated in the tumor more than STDO-doxo and free
doxo (1.39 fold; p-value < 0.05), confirming again that the new DDS presented in this work effectively
delivered the drug at the target site, increasing its efficacy.

Figure 6. LSTDO-doxo increases the efficacy of doxo in vivo. (a) Schematic design of the tumor growth
study. Mice were treated three times (3 mg/kg, once a week) and tumor volumes (n = 8) were followed
up. (b) After 14 days, mice treated with LSTDO-doxo had a reduced tumor volume compared with
mice treated with doxo and STDO-doxo (* p-value < 0.05). (c) After 72 h post-doxo injection, mice were
sacrificed and tumors (n = 8) were collected to quantify the amount of doxo. (ng of doxo/mg of tissue; *
p-value < 0.05).
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Although the difference between LSTDO-doxo- and doxo-treated tumors are not impressive, we
are proposing an alternative remote loading system based on DNA nanoparticles. Considering that
DNA nanostructures have the ability to be functionalized with different chemical groups, we are able
to customize the DNA origami accordingly with the drugs to loaded inside the liposomes.

3. Discussion

DNA nanotechnology is based on the properties of DNA to form structures through complementary
base pair interactions such as robust self-assembly, which allows the design of DNA nanostructures
with the required shape, geometry and additional functionalization sites. The modulation of size, shape
and net charge of DNA nanostructures has been demonstrated to be important in order to overcome
natural cell membrane barriers to deliver naked DNA or siRNA that otherwise would not enter the cells.
Another advantageous feature of DNA origami could be the ability to exhibit controlled drug release.
However, the in vivo application of DNA nanostructures also presents some limitations. In particular,
the major limitation for low-density DNA nanostructures is represented by many circulating enzymes
such as DNAses that (especially in tumour cells and the tumor microenvironment) are overrepresented
and can degrade it quickly. A dense packaging of DNA helices within a DNA nanostructure is one of
the strategies used to increase their stability against DNA-degrading enzymes. The encapsulation of
DNA structures under a sheet of biocompatible materials like membranes could be another approach
to protect them from recognition and degradation by non-specific immune activation [21,23]. From a
therapeutic perspective (comparing the clearance half-life of most anticancer drugs), to obtain good
in vivo results, we should develop DNA-based nanostructures with a half-life higher than 30 h to enable
their clinical application in drug delivery. For instance, the terminal clearance half-life of doxo, which is
among the most widely used chemotherapeutic agent, is around 30 h [24]. DNA nanostructures could
be designed in order to create a nanodevice to control the activity of an external enzyme [25]. This
additional feature could be exploited to actively release drugs through the modulation of the enzyme
activity. This could be a key step for the development of a stealth DNA-based DDS to load drugs inside
liposomes only by their interaction with DNA, independently of the pKa of the drugs themselves that
could represent an important limitation. Furthermore, the possibility to modify oligonucleotides with
functional groups could allow the loading of other drugs.

The present study highlights the excellent versatility of DNA nanotechnology for the development
of innovative DDS with high biocompatibility, improved pharmacokinetic/biodistribution profiles and
size/shape-dependent enhanced permeability and retention (EPR) effect [26]. Nonetheless, the cost for
the synthesis and purification of this kind of DDS are still elevated, but there are many laboratories
working to improve this new technology and some ameliorations were recently reached [25,27,28].

In our previous work, we addressed three key limitations in the bioapplication of DNA origami
i.e., their short in vivo stability, non-specific immune system activation and poor cellular uptake,
seeding the basis for a new drug remote loading concept. In the present work, we successfully applied
the DDS in vivo, demonstrating that the system possesses very strong properties to be a candidate
for future therapeutic applications. In particular, LSTDO-doxo was shown to improve the efficacy
of doxo on mice bearing breast cancer-derived tumors, reducing tumor burden and decreasing the
toxic effect of doxo on bone morrow. Toxicity tests on ex vivo three-dimensional (3D) cultures (mouse
liver-derived organoids) that resembled the tissue of origin demonstrated that the LSTDO is less toxic
than free DNA origami as evidenced by the caspase 3/7 assay and cytomorphological examination of
organoids by H&E staining. Moreover, STDO could interfere with cellular proliferation as confirmed
by Ki67 staining reduction compared to untreated and liposome-treated mouse liver organoids.

This work embodies strong and substantial innovations to the previously described DNA-based
delivery approaches [7,29] for cancer therapy and enhances the translational prospects of DNA
origami-based DDS. There are a lot of limitations for the loading of drugs inside liposomes. In some
cases, the poor loading efficiency is a hurdle that prevents the use of liposomal drug formulations [30].
We strongly believe that the technology reported here could be applied to every drug able to interact
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with DNA, to build other biomimetic drug formulations and to obtain a more efficient and safe
multistage system.

This work is a first step towards a new nanotechnology drug delivery era in which DNA
nanostructures will play a key role. DNA nanotechnology is taking its first steps into the field of
drug delivery and it is a necessary and remarkable step forward that could become the basis for the
biomedical and pharmacological application of smart DNA nanodevices to translate this technology
into clinics.

4. Materials and Methods

4.1. Materials and Reagents

MDA-MB-231, MCF7 (human breast cancer) and LoVo (human colorectal cancer) cell lines were
grown as indicated by the suppliers. Nude and FVB/N mice were purchased from Harlan Laboratories
(Udine, Italy). The experimental procedures were approved by the Italian Ministry of Health and
performed in accordance with institutional guidelines. We utilized female mice of 6 weeks of age.
Data were reported as mean and standard error of the mean. Oligonucleotides for DNA origami
were purchased from IDT Technology (Coralville, IA, USA). M13mp18 single strand plasmids were
purchased by Bayou Biolabs, LLC (Metairie, LA, USA).

4.2. Self-Assembly of DNA Origami

All DNA origami were assembled on ssDNA M13mp18 as a scaffold at a final concentration of 5 nM.
Annealing and assembling of DNA origami were performed in 1× TAE-Mg2+ buffer (40 mM Tris-HCl;
20 mM acetic acid; 2 mM EDTA; 12.5 mM magnesium acetate; pH 8.0) in a thermocycler (Eppendorf
Mastercycler®, Hamburg, Germany) by slowly cooling down from 90 ◦C to room temperature (RT)
in 12 h. STDO was designed with CaDNAno software and assembled with the following protocol:
1× TE-Mg2+ buffer (10 mM Tris-HCl, 1 mM EDTA, 16 mM MgCl2, pH 8) in a thermocycler by slowly
cooling down from 65 ◦C to 4 ◦C in 19 h.

4.3. DNA Origami Purification

To obtain pure DNA origami structures, eliminating the excess of staple strands and scaffolds,
we applied the protocol described by Stahl et al. based on PEG precipitation [18]. The DNA origami
mixture was mixed 1:1 (v/v) with precipitation buffer containing 15% PEG 8000 (w/v), 5 mM Tris-HCl,
1 mM EDTA and 505 mM NaCl (all chemicals were purchased from Sigma-Aldrich Merck, Darmstadt,
Germany). The solution was mixed by inversion and spun down at 10,000× g for 25 min at RT. The
supernatant was discarded and the pellet was resuspended in physiological solution.

4.4. LSTDO Preparation and Purification

Lipid powders were resuspended in chloroform and dried overnight (ON)
with a vacuum pump (EZ-2, SP scientific, Ipswich, UK) to form a lipid cake.
The formulation of the lipid cake was: 1,2-distearoyl-sn-glycero-3-phosphocholine,
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-PEG and cholesterol; 55:5:40). Lipid
cake (2 mg) was rehydrated in a STDO solution (800 μg) and extruded ten times through 200 nm and
100 nm Millipore filters (Merck Millipore, Darmstadt, Germany). The excess of DNA origami was
eliminated by a cationic resin (IONEX H, C.T.S., City, Italy) interaction. Resin (500 μg) was hydrated in
500 μL of mQ water, washed twice and resuspended in 1× PBS. This solution was mixed 1:1 with the
LSTDO solution and incubated at RT in rotation for 1 h. After incubation, the solution was centrifuged
at 0.2× g for 5 min in order to pellet the resin with free DNA origami and the supernatant containing
the purified LSTDO was collected.
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4.5. Doxorubicin Loading and Release

Doxorubicin-HCl was purchased from Accord (Accord Healthcare, Milan, Italy). LSTDO were
incubated with a solution of 2 mg/mL doxorubicin 1:2 for 24 h at RT. The excess of unloaded drugs was
eliminated by dialysis (1× PBS, pH 7.4, 15,000 MWCO semi-permeable membrane, 2 h at RT). Empty
liposomes were treated with the same loading protocol for LSTDO to be used as a control. Intercalated
doxorubicin was dosed by absorbance at 450 nm. The release of doxorubicin from liposomes and
LSTDO (50 μg/500 μL) was evaluated with a dialysis membrane with a 15,000 MWCO dipped into 1 L
of 1× PBS at pH 7.4 or pH 5.5.

4.6. Cell Viability Assay

Cells were seeded in 96-well plates (Becton Dickinson, Franklin Lake, NJ, USA) at a density of 1
× 103 cells/well and incubated for 24 h to allow for the attachment of cells. The cells were incubated
with doxo, STDO-doxo and LSTDO-doxo at the same concentrations for 96 h. The cytotoxicity was
correlated with the cell viability as evaluated by the CellTiter-Glo® Luminescence Assay (Promega,
Madison, WI, USA) with an Infinite200 PRO instrument (Tecan, Männedorf, Switzerland).

4.7. Organoid Isolation

Mouse liver organoids were isolated from 8-week-old C57/BL6 mice following the protocol
described by Stappenbeck [31]. In brief, a piece of liver was dissected and digested with 2 mg/mL
collagenase II for 30 min. The digested tissue was transferred into a clean 15 mL tube with 10 mL
of washing medium and centrifugated at 0.5× g. The supernatant was discarded and the pellet was
resuspended in 10 μL of Cultrex® BME (Trevigen, Gaithersburg, MD, USA) and plated in a 24-well
plate. After solidification of the matrix, 500 μL of medium was added to each well.

4.8. Toxicity Tests on Mouse Liver Organoids

To test the toxic effect of STDO and LSTDO, mouse liver organoids were plated in 96-well plates
and treated with each compound at 100 μg/mL and 10 μg/mL. After 24 h, organoids were analyzed with
Caspase-Glo® 3/7 (Promega, Madison, WI, USA). After 48 h, organoids were collected and embedded
in paraffin for histopathological analysis.

4.9. Histopathology

The organs of mice were collected and fixed in phosphate-buffered 10% formalin, embedded in
paraffin, sectioned at a thickness of 3 μm, and stained with hematoxylin and eosin (H&E). The tissues
were analyzed with a light microscope using different magnifications. Morphological details were
analyzed at 40× objective. Organoids, previously washed with pre-warmed PBS, were embedded
using Bio-Agar (Bio-Optica, Milan, Italy) and the blocks were fixed overnight in 10% neutral buffered
formalin. Subsequently, samples were processed for paraffin embedding. Sections were used for H&E
staining using a Leica ST5020 multi-stainer. Immunohistochemistry (IHC) was performed with the
UltraVision LP Detection System HRP DAB kit (Thermo Scientific, Waltham, MA, USA). Heat-induced
antigen retrieval was performed using 10 mM citrate buffer, pH 6.0, and the slides were incubated
with the following primary antibodies diluted in 0.5% BSA: rabbit anti-E-cadherin (E-cad, Genetex
#GTX100443) diluted at 1:500, mouse anti-albumin (ALB (F-8), Santa Cruz #sc-374670) diluted at 1:100,
rabbit anti-HNF4α (Abcam #ab181604) diluted at 1:200, rabbit anti-cytokeratin 19 (KRT19, Origene
#TA313117) diluted at 1:50, rabbit anti-SOX9 (Millipore #AB5535) diluted at 1:250, rabbit anti-CD133
(Proteintech #18470-1-AP) diluted at 1:200, rabbit anti-OCT4 (Abcam, #18967) diluted at 1:100, and
rabbit anti-Ki-67 (Invitrogen, #MA5-14520) diluted at 1:200.
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4.10. Mouse Xenograft

MDA-MB-231 cells (3 × 106) were mixed with 30% Matrigel HC (BD Bioscience, Franklin Lake,
NJ, USA) and implanted orthotopically into 6-week-old female nude mice. When tumors reached a
measurable size (>50 mm3), mice were treated i.v. with doxo, STDO-doxo and LSTDO-doxo once per
week for a total of three treatments. Tumor volumes were measured with a caliper instrument and
calculated using the following formula: (length ×width2)/2.

4.11. Biodistribution

Organs of mice were washed with 10 mL of cold PBS/heparin before collection, diluted in 500 μL
of 4% PBS/BSA and homogenized with Qiagen Tissue Ruptor for 20 s at power 4 in ice. Samples were
then stored at −80 ◦C. The concentrations of doxo were measured by liquid chromatography tandem
mass spectrometry (LC-MS/MS) as described by Bayda et al. [32].

4.12. Statistical Analysis

The statistical significance was determined using a two-tailed t-test. A p value less than 0.05 was
considered significant for all comparisons. Bars represent standard errors for tumor volume and body
weight. All other bars are standard deviations.

5. Conclusions

In this work, we translate in vivo the system previously described in [17]. In particular, before
starting the in vivo tests of LSTDO-doxo, we ensure its biocompatibility by performing toxicity tests
on mouse liver-derived organoids. The internalization of DNA origami inside the liposomes favored
and prevented the toxic effect of free DNA origami. In vivo tests highlighted both an improvement
in tumor efficacy and a better drug accumulation in the tumor. We believe that the current work
represents a strong and substantial step to translate DNA origami DDS into the clinic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/1997/s1,
Figure S1: Characterization of liposomes, STDO and LSTDO. Figure S2: Efficacy of LSTDO-doxo on LoVo colorectal
cancer (CRC) cell lines.
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Abstract: The effectiveness of existing anti-cancer therapies is based mainly on the stimulation
of apoptosis of cancer cells. Most of the existing therapies are somewhat toxic to normal cells.
Therefore, the quest for nontoxic, cancer-specific therapies remains. We have demonstrated the
ability of liposomes containing anacardic acid, mitoxantrone and ammonium ascorbate to induce
the mitochondrial pathway of apoptosis via reactive oxygen species (ROS) production by the
killing of cancer cells in monolayer culture and shown its specificity towards melanoma cells.
Liposomes were prepared by a lipid hydration, freeze-and-thaw (FAT) procedure and extrusion
through polycarbonate filters, a remote loading method was used for dug encapsulation. Following
characterization, hemolytic activity, cytotoxicity and apoptosis inducing effects of loaded nanoparticles
were investigated. To identify the anticancer activity mechanism of these liposomes, ROS level and
caspase 9 activity were measured by fluorescence and by chemiluminescence respectively. We have
demonstrated that the developed liposomal formulations produced a high ROS level, enhanced
apoptosis and cell death in melanoma cells, but not in normal cells. The proposed mechanism
of the cytotoxic action of these liposomes involved specific generation of free radicals by the iron
ions mechanism.

Keywords: anacardic acid; mitoxantrone; targeted drug delivery; liposomes; melanoma; apoptosis;
ascorbic acid

1. Introduction

Melanoma, one of the most aggressive types of cancer, arises from the transformation of normal
melanocytes. This type of cancer is characterized by uncontrolled divisions, dysregulation of cell
processes and the ability to invade and create metastases even at an early stage of development [1,2].

The basic method of treating melanoma is the surgical removal of the neoplastic lesions with
a margin of healthy tissue. In addition, chemotherapy, radiotherapy and immunotherapy are also
used. However, despite aggressive treatment, complete remission is often not observed. The prognosis
depends on the depth of tumor cell infiltration and the clinical stage of the cancer. In early stages
(infiltration depth up to 1 mm), a cure can be up to 90–100% and decreases as the cancer progresses.
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Conventional chemotherapy with dacarbazine and temozolomide has few side effects, but it is not
very effective. Interleukin-2 and other immunocytokines have been known to be effective in melanoma
treatment, but their use is limited due to high systemic toxicity [3–5], which is why using this method
of treatment is still problematic [6]. Another approach to melanoma treatment is to inhibit negative
regulation by binding to CTLA-4. CTLA-4 blocking promotes stimulation of adaptive immunity
and T cell activation. CTLA-4 blocking antibodies have shown efficacy in various mouse models of
malignancy when administered alone or in combinations with vaccines, chemotherapy and radiation.
Some of anti-CTLA-4 antibodies were recently developed, including ipilimumab and tremelimumab.
Both of the letter antibodies have been extensively evaluated for melanoma; in particular, ipilimumab
has recently been approved as second line monotherapy in the treatment of advanced melanoma.
Tremelimumab is currently being evaluated in Phase II trials as monotherapy for melanoma [7,8],
however standards of melanoma treatment are dacarbazine and temozolomide [8]. Other co-inhibitory
pathway uses the programmed cell death receptor 1 (PD-1), which is an inhibitory receptor present
on activated T cells. When PD-1 binds to its ligand (PD-L1), which is often expressed on activated
cancer cells, the ability to T cells to produce an effective immune response is reduced. Antibodies
directed against PD-1 (nivolumab, pembrolizumab) or PD-L1 may therefore help to restore or enhance
the anti-tumor immune response and induce tumor remission in patients with advanced melanoma.
Although this approach has a significant impact on survival, half of the patients do not respond well
to treatment. Possible mechanisms of poor response to treatment are numerous and may include
the following: (1) no preexisting anti-tumor immune response, (2) intratumoral development of
immunosuppressive molecules such as indoleamine dioxygenase (3) and oncogenic pathways of
melanoma, which activate immunosuppressive programs such as WNT/β-catenin. Therefore, more
research is needed to enable appropriate selection of patients who are likely to benefit from this
approach [9,10].

These results may be improved by using combination therapy. In this report, the main
chemotherapeutic was mitoxantrone, used in combination with two additional active agents.
Mitoxantrone (MIT) [11] has been used extensively in the treatment of cancers such as acute myeloid
leukemia, non-Hodgkin’s lymphoma, prostate cancer and breast cancer as well as in active forms of
progressive multiple sclerosis [12,13]. The antitumor effect of MIT is based on its ability to interact
with DNA, where it forms a covalent complex with topoisomerase II, which prevents the rejoining
of the single DNA strand during replication, and consequently inhibits DNA replication and RNA
transcription [14–16], and the cell cycle at various stages [17]. Despite its wide application, MIT can
have many side effects including cardiotoxicity [18,19]. Recently, the use of natural dietary antioxidants
has been considered for use, to minimize cytotoxicity and tissue damage with anti-cancer agents [20].
Some natural substances, such as ascorbic acid, improve anti-cancer activity of some chemotherapeutic
drugs [21]. Ascorbic acid is a water-soluble antioxidant as well as an enzyme co-factor produced by
plants and certain animals. It is a powerful reducing agent that effectively neutralizes potentially
harmful free radicals generated as a result of metabolic processes [22–24]. In contrast to normal
cells, ascorbic acid becomes more toxic towards cancer cells because of the increased uptake of its
oxidized form, dehydroascorbate (DHA), via the GLUT1 glucose transporter. Release of iron ions
from the cytoplasmic iron storage protein, ferritin (iron ions are much more abundant in cancer cells
due to transferrin receptors overexpression), which become available for DHA, results in production
of hydrogen peroxide and depletion of the reduced glutathione pool by a cyclic oxidation-reduction
mechanism [25]. Several studies have shown a positive effect of ascorbic acid in the treatment of cancer
and a significant reduction in chemotherapy-related adverse reactions in patients [26].

Iron can be released from ferritin by additional biological reductants including thiols and reduced
flavins [27]. One of the anticancer activities of the anthracyclines and its derivatives is free radical
formation by reaction with iron ions [28–30]. Therefore, it appeared reasonable to use the ammonium
ascorbate ion gradient for the encapsulation of the anthracycline derivative, MIT, to maximize its
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anticancer potential. The iron-based free radical mechanism for MIT action is increased in cancer cells
known to accumulate iron [31].

In this work, we tested liposomes for the ascorbic acid effect alone or combined with MIT or with
anacardic acid (AA), which is another natural compound with potential anticancer activity. Anacardic
acid inhibits histone acetyltransferases (HAT) activity of p300 and P300/CBP-associated factor (PCAF)
in vitro [32]. Blocking the p300 protein inhibits the NF-κB pathway regulating cell proliferation,
survival and inflammation [33]. Anacardic acid may also reduce VEGF-dependent angiogenesis, which
can lead to inhibition of tumor growth [34]. Its activity has been demonstrated with melanoma cells [35],
colon, breast, lung, cervical and renal cancers [36]. It may also affect the growth of hormone-dependent
tumors by inhibiting the activity of androgen and estrogen receptors [37,38]. However, the exact
mechanism of anticancer activity of anacardic acid is not fully understood. It is believed to be involved
in the modulation of the expression of several genes involved in the cell cycle and apoptosis. The
action of anacardic acid causes the arrest of the cell cycle in the S phase and the induction of apoptosis,
most probably by reducing the expression of genes including Bcl-2 and Bax [39]. Remarkably, the
hydrogenation of anacardic acid to form its saturated acid did not alter the inhibitory activity, thus
eliminating the importance of saturation status in the mechanism of inhibition. [32]. Tested liposomal
formulations containing 5 mol% of the AA with MTX encapsulated by means of an ammonium
ascorbate gradient exhibited remarkably high toxicity toward both used melanoma cancer lines, but
not to non-cancer NHDF cells, where the protective influence of ascorbate was observed.The main
purpose of this research was to develop liposomes co-loaded with anacardic acid, mitoxantrone and
ammonium ascorbate, and investigate the combined effects of these liposomal formulations on human
melanoma cancer cells.

2. Results

2.1. Liposomes Preparation and Characterization

As shown in Table 1A, liposomes containing different amounts of anacardic acid had an average
size around 110 nm with a narrow size distribution and slightly negative charge. Additionally,
morphological analysis determined by TEM microscopy confirmed the presence of circular structures
with uniform size in AA-containing liposome samples (Figure 1).

Table 1. Summary of size (Z-average), polydispersity index (PDI) and zeta potential of (A) all
nano-preparations and (B) 5mol% anacardic acid nano-preparations before and after targeting
with transferrin.

A

Amount of Anacardic Acid in
Liposome Membrane (mol%)

Diameter
(nm)

Zeta Potential
(mV)

PDI
Encapsulation
Efficiency (%)

0 112 ± 1.2 0.87 ± 0.39 0.036 99.5

5 111 ± 1.5 −4.31 ± 0.49 0.042 99.6

10 115 ± 2.3 −5.42 ± 0.63 0.051 98.9

15 112 ± 0.8 −5.74 ± 1.1 0.046 99.2

20 105 ± 2.5 −4.12 ± 0.9 0.032 99.2

40 110 ± 2.1 −2.81 ± 0.5 0.06 98.6

B

Liposomal Formulation
Diameter

(nm)
Zeta Potential

(mV)
PDI

Encapsulation
Efficiency (%)

LipAA5 Vit. C 111 ± 1.5 −4.31 ± 0.49 0.042 99.0

LipAA5 Vit. C TF 119 ± 1.5 −3.71 ± 0.5 0.05 89.9
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Figure 1. Transmission electron microscopy image of 5 mol% AA-incorporated liposomes. Scale bar =
100 nm.

In all cases MIT encapsulation was very efficient (above 98%). All of these parameters remained
nearly the same (Table 1B) after targeting liposomes with transferrin.

2.2. Liposomes Demonstrate Selectivity toward Melanoma Cells and Low Cardio- and Hepatotoxicity and a
Lower Hemolysis Ratio

The cytotoxicity of the free drug and liposomal formulations was tested on two human melanoma
cell lines A375 and Hs294T. Mitoxantrone was entrapped in liposomes using two different gradients:
ammonium ascorbate (Vit C) and ammonium sulphate (AS). Liposomes enriched with anacardic acid
(AA) and liposomes without AA were investigated. Cell viability was measured by MTT assay after 48
or 72 hrs from the addition of free drug or liposomes and the cell survival curves were determined.

Both cell lines were sensitive to MIT in a dose-dependent manner. Empty AA liposomes with
Vit. C showed only slight toxicity to melanoma cells, which was approximately the same in both
cell lines. This toxicity was directly proportional to the amount of anacardic acid. This effect was
much less visible for liposomes with ammonium sulphate. The presence of AA significantly increased
the cytotoxicity of the liposomal MIT, both with liposomes containing ammonium ascorbate and for
liposomes with ammonium sulphate. An additional significant cytotoxic effect of ascorbic acid was
observed at higher concentration and after a longer incubation time (72 h), especially in the A375 cell
line. The difference between Lip AA5 MIT Vit. C and Lip AA5 MIT AS was significant over the entire
range of concentrations tested. The patterns observed after 48 hours of incubation remain practically
unchanged when incubated for 72 hours.

The NHDF skin fibroblast cell line was used as a normal control for melanoma cells to check
specificity of the action of anacardic acid and mitoxantrone, because the highly desirable feature of the
drug carrier is its low toxicity against cells that are not cancerous.

A toxic effect of anacardic acid on normal cells, above 5 mol% concentration for formulations
containing ammonium ascorbate was observed. However, a formulation containing 5 mol% of
anacardic acid and ammonium ascorbate was not toxic to the normal skin cells.

Based on the survival curves for all formulations, the IC50 parameter was determined (Table 2).
The plain liposomes were characterized by an IC50 concentration ranging from several to several
hundred μM of total mol amount of lipids that form liposomes. In addition, anacardic acid in
combination with ammonium ascorbate is more toxic to melanoma cells than in combination with
ammonium sulfate (IC50 for Lip AA5 Vit. C. was 12.1 μM and for Lip AA5 AS was 35.8 μM for A375
after 48 h incubation). This tendency was evident for both melanoma cell lines and independent of
incubation time. The reverse is true for the NHDF cell line, where the formulation with anacardic acid
in combination with ammonium ascorbate is less toxic than the formulation of anacardic acid with a
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pH gradient generated by ammonium sulphate (IC50 value is more than three times higher for LipAA5
Vit.C for 48 h incubation and 138 times higher for 72 h).

Table 2. Comparison of IC50 values (μM) of mitoxantrone-free liposomes and mitoxantrone-
containing liposomes for all cell lines. Values are averages of three independent measurements
with standard deviation.

Liposomal
Formulation

Cell Line

A375 Hs294T NHDF

IC50 48 h IC50 72 h IC50 48 h IC50 72 h IC50 48 h IC50 72 h

Lip Vit.C 286.5 ± 31 158.37 ± 35 74.92 ± 7.5 43.95 ± 0.3 174.3 ± 7.3 122.06 ± 9

LipAA5 Vit.C 15.4 ± 3 12.63 ± 5 30.43 ± 6.65 0.52 ± 0.03 188.5 ± 20.8 152.93 ± 11

Lip AA10 Vit.C 17 ± 0.3 58.71 ± 7.4 3.54 ± 0.5 1 ± 0.03 23.4 ± 1.5 20.01 ± 0.46

Lip AA15 Vit.C 14.8 ± 0.08 1.78 ± 0.5 1.93 ± 0.5 5.59 ± 1.34 19.57 ± 0.8 19.32 ± 0.93

Lip AA20 Vit.C 17.7 ± 2.1 2.71 ± 0.55 1.7 ± 0.4 0.6 ± 0.04 26.87 ± 3 12.12 ± 2.8

Lip AA40 Vit.C 1.35 ± 0.2 0.93 ± 0.09 1.26 ± 0.07 0.29 ± 0.06 20 ± 1.3 9.1 ± 0.84

Lip AS 240.5 ± 57 99.06 ± 14.2 123.15 ± 7 86.33 ± 6.8 44.5 ± 3.6 6 ± 1.1

Lip AA5 AS 36.1 ± 6 92.37 ± 18.9 109.43 ± 7.7 55.64 ± 9.4 58.36 ± 6.1 5.4 ± 1.3

Lip MIT Vit.C 50.44 ± 4.3 10.58 ± 3 19.52 ± 7.6 10.3 ± 2 41.25 ± 3.21 20.48 ± 4.25

Lip AA5 MIT Vit.C 0.4 ± 0.05 0.24 ± 0.1 1.69 ± 0.3 0.66 ± 0.13 84.04 ± 12.7 44.19 ± 5.7

Lip AA10 MIT Vit.C 0.47 ± 0.02 0.39 ± 0.02 1.88 ± 0.33 0.94 ± 0.04 4.7 ± 0.43 1. ± 0.04

Lip AA15 MIT Vit.C 0.37 ± 0.07 0.39 ± 0.01 0.77 ± 0.05 0.18 ± 0.005 1.5 ± 0.28 0.9 ± 0.006

Lip AA20 MIT Vit.C 0.46 ± 0.03 0.28 ± 0.002 0.18 ± 0.001 0.1 ± 0.007 0.84 ± 0.03 0.23 ± 0.009

Lip AA40 MIT Vit.C 0.04 ± 0.003 0.02 ± 0.002 0.12 ± 0.06 0.07 ± 0.006 0.3 ± 0.02 0.19 ± 0.004

Lip MIT AS 3.87 ± 1.34 32.5 ± 2.51 17.71 ± 1.22 7.11 ± 1.42 40.53 ± 6.2 1.03 ± 0.06

Lip AA5 MIT AS 19.88 ± 4.15 0.6 ± 0.2 16.6 ± 1.7 1.19 ± 0.26 35.92 ± 3.15 1 ± 0.28

MIT 0.22 ± 0.014 0.075 ± 0.001 0.165 ± 0.03 0.13 ± 0.02 0.43 ± 0.02 0.15 ± 0.02

For mitoxantrone-containing liposomes, IC50 values ranged from 0.02 to 75.05 μM (Table 2).
There was also a protective effect of vitamin C in combination with anacardic acid for normal cell
lines, as was the case with liposomes without a drug. Most current cancer therapies combine various
therapeutic agents.

To determine the kind of interaction occurs between the anacardic acid and mitoxantrone, the CI
was determined (Table 3). By comparing the combination index values, mitoxantrone and anacardic acid
were clearly shown to act synergistically or additively on melanoma cells in the presence of ammonium
sulphate or ammonium ascorbate. In the presence of vitamin c, AA and MIT acted antagonistically in
normal cells by contrast to ammonium sulphate. These results suggest a different molecular mechanism
of action in cancer cells and normal cells. The factor limiting the use of mitoxantrone in anticancer
therapy is its high cardiotoxicity. In addition, this drug undergoes transformation in the liver, which
leads to hepatotoxicity.

Table 3. Combination index (CI) values of liposomes containing mitoxantrone and anacardic acid in
the presence of ammonium sulphate or ammonium ascorbate The CI values are at MIT concentration
(50 μM).

Liposomal Formulation
Cell Line

A375 Hs294T NHDF

Lip AA5 MIT AS 0.011 0.085 0.366

Lip AA5 MIT Vit.C <0.01 0.194 57.064
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The use of the lipid carrier was aimed to reduce of the side effects of mitoxantrone. The released
LDH (Figure 2) and intracellular ATP (Figure 3) level were used to estimate hepatotoxicity and
cardiotoxicity, respectively.

Figure 2. LDH released into the medium as a marker of cytotoxicity of liposomal formulation at a
concentration of 10μM of MIT for line H9C2 (A), line H9C2 Hep-G2 (B). * the difference statistically
significant to the control (T test) p < 0.05.
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Figure 3. Intracellular ATP level in the Hep-G2 line (upper), line H9C2 (lower). * the difference
statistically significant to the control (T test) p < 0.05; ** the difference statistically significant to the
control (T test) p < 0.01; *** the difference statistically significant to the control (T test) p < 0.001.

The results obtained on the Hep-G2 liver cell line and H9C2 rat cardiomyocytes indicate a
reduction in the toxicity of mitoxantrone in the liposomal form in relation to free drug for Hep-G2 cells.
In addition, the formulation anacardic acid-enriched showed no increased toxicity to liver cells, even
when combined with mitoxantrone. A similar effect was obtained for H9C2 myocardial cells, except
for the formulation containing 40 mol% AA and MIT, and MIT formulations with AS, which were
more toxic than free drug. The higher toxicity of the latter formulations suggests the involvement of
vitamin C in the protection of cells against drug toxicity. The Lip MIT AS liposomes compared to Lip
AA5 MIT AS liposomes showed a noticeable reduction in the toxicity in the presence of anacardic acid.
The addition of anacardic acid to the liposome membrane did not change the level of intracellular ATP
for either cell line (Figure 2B). Mitoxantrone significantly reduced ATP level (up to 60% for myocardial
cells), but this effect is not observed in combination with anacardic acid and ammonium ascorbate.
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MIT in the presence of AA and ammonium sulfate induced a much stronger cell response. In addition,
MIT’s influence on the level of ATP in liver cells is smaller than in the myocardial cells. This is opposite
the effect in the case of LDH, which suggests that the toxicity of mitoxantrone in HeP-G2 cells is
manifested by the release of LDH, while for H9C2 cells, by the reduction in ATP levels.

The hemolytic potential of free AA and AA-enriched liposomes without drug after incubation
with human erythrocytes was observed (Figure 4). Formulations were characterized by their ability to
induce the release of hemoglobin from red blood cells.

Figure 4. Hemolysis of human erythrocytes after incubation with liposome formulations (T test)
* p = 0.0176; ** p = 0.0058; *** p = 0.0008.

Free AA at the concentration corresponding to 5 mol% caused 40.9% of hemolysis. Values obtained
for Lip AA5 Vit. C and Lip AA5 AS 16.5 and 25%, respectively suggest a protective effect after its
incorporation. It is worth noting that the free form of anacardic acid in concentrations equivalent to
their content in liposomes 10 mol% or more is responsible for complete membrane damage under the
conditions used. Therefore, the results obtained for Lip AA10 Vit. C are extremely interesting. The
hemolysis determined was at the level of 13.4%, similar to the case of control compositions without
AA (Lip Vit. C and Lip AS). This observation might indicate that AA located in the membrane
probably has no direct contact with erythrocytes. Unfortunately, as the fraction of this compound
increases in the remaining formulations (15, 20 and 40 mol%), the protective effect becomes weaker,
probably due to presence of interactions with red blood cells. Summarizing, these results demonstrate
that AA-incorporated liposomes are likely to cause less toxicity than free AA after intravenous
administration and support the development of formulations for in vivo administration.

2.3. ROS Formation Induced by Liposome Formulations

A possible mechanism for caspase pathway activation is the excessive production of reactive
oxygen species in response to cell treatment with liposomes. The highest increase in the level of reactive
oxygen species was observed 4 h after addition of liposomes (Figure 5).
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Figure 5. Reactive oxygen species levels in A375, Hs294T and NHDF cells after incubation with
liposome formulations and free drug. The untreated cells (control) are considered as 100% of the
endogenous ROS level. The Mohr salt was used as a positive control.

The formulation that most effectively raised the level of ROS in the cells of both melanoma lines
was Lip AA5 MIT Vit. C, while the level of ROS induced by this formulation in NHDF cells was
comparable to untreated cells. The time at which the level of ROS increase come before the increase in
caspase activity, suggesting that increased ROS production was the cause of melanoma cell apoptosis.
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2.4. Liposome Treatment Enhances the Apoptosis

Using flow cytometry, the progress of apoptosis in melanoma cells after 24 hours of incubation with
liposomes and free drug at a dose corresponding to the IC50 (48 h) was analyzed. The controls were cells
not treated with liposomes. After incubations, cells were labeled with Annexin V fluorescein-quenched
and propidium iodide. In early apoptosis, phosphatidylserine dislocates from the inner side of the
cell membrane to the exterior and can then bind to annexin V. Propidium iodide makes it possible to
differentiate the population of cells with disturbances in the cell membrane integrity. Mitoxantrone in
free form reduced the population of healthy cells in favor of a late-apoptotic form, regardless of the
cellular model. For A375 melanoma cells (Figure 6), the liposomal form of mitoxantrone, anacardic acid
and vitamin C worked in an almost identical manner (97% of cells were in the late stage of apoptosis
or necrosis).

Figure 6. Percentage of the population of dead, living and early apoptotic (A) A375 and (B) NHDF
cells after treatment with liposomes or free drug.

A similar effect was also observed with liposomal forms of anacardic acid, mitoxantrone and
ammonium sulphate and formulations containing no anacardic acid. For the metastatic model of
melanoma (Hs294T), the effect of free drug was comparable with Lip AA5 Vit C, while the change
from vitamin C to ammonium sulfate no longer increased the population of late apoptotic or necrotic
cells. This observation suggests the interaction of vitamin C, AA and mitoxantrone in the induction of
melanoma cell death. It is noteworthy that the formulation of Lip AA5 Vit C was not toxic to normal
skin cells (about 70% of cells remained intact).

This observation demonstrates the high efficacy and specificity of the developed formulation.
The results indicate that cells treated with liposomes can die by apoptosis. The Caspase3/7 Glo®

test was performed to check whether it was caspase-dependent apoptosis. A noticeable increase in
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caspase activity can be observed as early as the 6 h after treatment of cells with liposomal preparations
(Figure 7).

Figure 7. Activity of executive caspases within a 24-hour period after administration of liposomes or
free drug. Caspase activity level was assumed to be 100% in cells not treated with liposomes.

The highest caspase activity was observed for the Hs294T line in response to the free drug and
the Lip AA5 MIT Vit C. This formulation led to the highest increase in caspase activity (eight-fold)
for A375 melanoma, but only 12 hr after administration of liposomes. Lip AA5 MIT Vit C did not
elicit any response in NHDF normal cells, but the free drug and the ammonium sulfate-containing
formulation caused an increase in caspase activity, after 24 hr of incubation. The results obtained
indicate caspase-dependent apoptosis in response to treatment with liposome formulations, and
that Lip AA5 MIT Vit C formulation selectively induced caspase-dependent apoptosis in melanoma
cells. To check which apoptosis pathway is promoted cytochrome C released study was performed.
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Cytochrome C appearance outside of mitochondria in treated with liposomes cells suggested activation
of mitochondrial pathway of cell apoptosis (Figure 8).

Figure 8. Microscopic photo of melanoma cells after treatment with liposomes (Lip AA5 MIT Vit.C).
The cell nuclei are marked in blue, the red color indicates mitochondria, and the green color shows
cytochrome c. The arrows indicate cytochrome c released from the mitochondria.

To check whether the release of cytochrome c from the mitochondria triggers Caspase 9 activation,
the Caspase 9 Glo® test was used as in the case of caspase apoptosis (Figure 9). The results confirmed
the hypothesis about the activation of the mitochondrial apoptosis pathway in response to the liposomal
form of AA and MIT in the presence of vitamin C. The results show an increase in caspase 9 activity
6 hours after administration of liposomes in A375 cells. For the Hs294T line, this increase occurred
after the fourth hour of incubation with the liposomes. The results indicate that the apoptosis occurs
rapidly. No increase in the activity of this caspase was observed in normal cells, suggesting that another
mechanism associated with caspases is responsible for their death.

2.5. Tf-Targeted Liposomes Demonstrate Efficient Melanoma Cell Killing

A 3D cell model was used to check how targeted liposomes interact with cells. Cells of melanoma
line were plated on agarose plates in varying amounts and cultured for two weeks. As presented in
Figure 10, the spheroids were fully mature on the seventh day of culture, as evidenced by the clear
boundary of the spheroid. In the following days of the culture, the spheroids gradually changed
their shape and the scattering of cells forming the spheroids was observed. Spheroids formed by
approximately 13,000 cells on the seventh day of culture with diameter of approximately 500 μm for
both cell lines were selected for further experiments.

Transferrin was selected for targeting liposomes. Liposomes were labeled with rhodamine.
After incubation, rhodamine fluorescence in the cells was measured by flow cytometry (Figure 11A).
Transferrin-targeted liposomes bound to the cells faster than non-targeted liposomes, regardless of the
concentration of the liposomes administered. This effect was independent of the cell model.

The next step was an attempt to achieve greater association efficiency that translates into higher
cytotoxicity of liposome formulation. ATP level measurements were performed as a toxicity indicator.
The number of viable cells within spheroids, after treatment with liposomes (Figure 11B), indicated
that targeting liposomes with transferrin increased the toxic effect of these liposomes. For the A375
cell line, the percent of viable cells that remained after administration of untargeted liposomes was
approximately 50%, corresponding to a dose equivalent to the IC50. The targeted formulation reduced
cell viability by about 75%, so we have a significant increase in efficiency in the action of liposomes.
For the second line of melanoma cells, this effect is slightly weaker, however, the difference between
the targeted and non-targeted formulations remains statistically significant.
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Figure 9. Caspase 9 activity in a 24-hour period after administration of liposomes and free drug. Cells
untreated with any agent are marked as a control.
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Figure 10. Microscopic image showing spheroids at various growth stages Cell nuclei were stained
with Hoechst 33342.

Figure 11. (A) Degree of association of liposomes with target A375 and Hs294T cells at 1 and 4 h.
Autofluorescence of spheroid forming cells was taken as 100%. The results are the mean ± SD from
three independent repetitions. (** two-way ANOVA p < 0.01). (B) Viability of melanoma cells forming
spheroids 72 hours after administration of liposomes. Luminescence of untreated cells was accepted
as 100% (control). The results are presented as mean ± SD from five independent repetitions. (test T
* p < 0.05, ** p < 0.01).

3. Discussion

Current chemotherapy is usually insufficient to kill all cancer cells, even at maximum tolerated
doses of the cytostatic. Even a relatively small increase in drug resistance in cancer cells may be enough
to make a given agent completely ineffective. P-glycoprotein is a protein present on the surface of
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many types of tumors, and its overexpression is considered one of the main mechanisms by which
cancer cells acquire resistance to chemotherapeutics. For this reason, it has been the target of many
anticancer therapies. However, drugs such as verapamil and cyclosporine, which inhibit P-glycoprotein
have many side effects and their use has become limited [40,41]. Therefore, additional compounds
that may inhibit P-glycoprotein have been sought. The present study used a naturally occurring
compound that inhibits the function of P-glycoprotein by blocking the NF-kB pathway to sensitize
tumor cells to a known chemotherapeutic agent [42]. Anacardic acid is one of those compounds,
which has been enriched in the liposomal membrane. The lipid carrier we developed was built from
hydrogenated phosphatidylcholine, anacardic acid, dioleylphosphatidyl-ethanolamine, cholesterol,
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[amino(poly-ethylene glycol)-2000 and the
para-nitrophenol derivative DOPE-PEG. In these liposomes mitoxantrone was actively entrapped using
the pH gradient generated by ammonium sulfate or ammonium ascorbate.

However, it is known that for anti-cancer therapy to be fully effective, it is necessary to selectively
target cancer while maintaining low toxicity towards normal cells. A breakthrough in the treatment
of cancer was the transition from non-specific to strictly targeted therapy. The developed carrier
represents this by targeting cells overexpressing the receptor for transferrin. The carrier is a targeted
liposomal “cocktail” of three active substances with anticancer activity. The carrier of anti-cancer
drugs is designed to not only improve its effectiveness, but to also reduce the side effects of the
chemotherapeutic agent. In the case of mitoxantrone, its strongest side effects are cardiotoxicity and
hepatotoxicity. As we managed to show, the carrier developed, allowed reduction of toxicity to the
free drug for Hep-G2 cells. In addition, it was shown that anacardic acid, present in the formulation
at 5–40 mole%, did not increase toxicity to liver cells, even in combination with mitoxantrone. A
similar effect was obtained for H9C2 myocardial cells, with the exception of the formulation containing
40 mol% AA and MIT and the MIT formulation with AS, which proved to be more toxic than the
free drug (Figures 2 and 3). The higher toxicity of the latter formulation suggests the involvement
of vitamin c in the protection of cells against toxicity of the drug. The majority of the physiological
and biochemical mechanisms of vitamin c’s action result from the fact that it is an electron donor.
Vitamin c is a powerful antioxidant due to the fact that, being such a donor, it protects other cellular
components against oxidation [43]. Anacardic acid can also have a protective effect on myocardial
cells. It allows for the differentiation of relevant stem cells towards cardiomyocytes, by affecting the
change of chromatin structure and activation of the Castor 1 transcription factor necessary for the
differentiation and maturation of these cells [44].

Next, how the liposomes developed interact with target cells was investigated. In vitro cytotoxicity
measurements using melanoma cell lines A375 and Hs294T showed that anacardic acid significantly
increases the activity of liposomal mitoxantrone at all concentrations tested, regardless of the gradient
generator. One explanation may be the improvement of intracellular drug delivery. It should be noted
that AA liposomes without MIT showed only a slight inhibition of melanoma cell line proliferation. As
confirmed in these studies, mitoxantrone and anacardic acid act synergistically on melanoma cells in
the presence of vitamin C or ammonium sulfate. The combination factor values indicate a very strong
effect of this combination (Table 3). It may be more interesting that a combination of the antitumor
factor with vitamin C usually causes the reverse effect [23] suggesting a key role for anacardic acid
in this combination. Anacardic acid has antitumor activity that can induce apoptosis independent
of caspase [45] and inhibit the NF-κB pathway [33]. It is also an epigenetic factor that inhibits the
activity of histone acetyltransferases (HAT) involved in the regulation of gene expression. One of
the HAT family members, Tip60, participates in cell responses to genotoxic events, such as plexus
interruptions [46,47]. Inhibition of this enzyme causes weakening of DNA repair systems. Anacardic
acid can sensitize cancer cells to genotoxic damage by inhibiting Tip60 [48]. It is known that one of the
main mechanisms of action of mitoxantrone is promotion of DNA damage. Therefore, damage to the
repair system by anacardic acid may contribute to the observed increase in toxicity.

177



Cancers 2019, 11, 1982

An interesting observation is that the cytotoxicity of mitoxantrone and anacardic increased with
ascorbic acid compared to liposomes with ammonium sulphate. Free vitamin c has previously been
used to enhance the activity of several anthracyclines, in particular doxorubicin (DOX), which led to
increased DNA damage caused by ROS [49]. Mitoxantrone and ammonium ascorbate cytoxicity might
be due to inhibition of COX expression [50] or activation of the p53 protein by vitamin c with induction
of apoptosis, which has been demonstrated with the A375 melanoma cell line [51].

A different effect of this formulation seems very important with respect to normal skin cells, where
the value of the combination factor calculated from the MIT survival curves indicates the antagonistic
activity of anacardic acid and mitoxantrone in the presence of vitamin c, while in the presence of
ammonium sulphate AA, maintains the synergistic effect of these factors. This is most likely due
to the fact that ascorbic acid plays a role in protecting cells against genotoxic damage, but the exact
protection mechanism is still unclear [52]. The main mechanism of the protective effect of ascorbic
acid is its role in ROS removal [53]. However, most likely it is not the main factor that contributes
to the protection of NHDF cells against mitoxantrone. Recent profile studies of gene expression in
human skin cells treated with ascorbic acid have shown that this effect resulted in an increase in
gene expression involved in cell proliferation and DNA repair [54]. Other studies have shown that
vitamin c can stimulate chemical repair of DNA [55]. This may partly explain the ROS-independent
protective mechanism of ascorbic acid in NHDF cells. It has turned out that liposomal formulations
containing anacardic acid do not fully meet the objectives of this project, if the amount of anacardic
acid exceeds 15 mol%. This observation is strongly supported by the human red blood hemolysis
results. A study has been described previously by Stasiuk et al. the hemolytic activity of anacardic
acid towards sheep erythrocytes [56]. As expected, the lytic potential of AA was decreased after its
incorporation in liposomes. A similar phenomenon regarding the reduction of hemolytic activity after
encapsulation in nanocarriers has already been reported [57,58]. Therefore, formulations containing
only 5 mol% were used for the study, by meeting the criteria of stability. This particular formulation
was chosen because, in addition to adequate stability, it was characterized by high toxicity to melanoma
cells with little toxicity to normal cells. The toxic action of the designed carrier model involved the
induction of cancer cells into the ROS-dependent apoptosis pathway. The results of in vitro analyses
indicate that the developed lipid carrier effectively delivers the drug to cancer cells, translates into an
enhanced production of reactive oxygen species (Figure 5), which then leads to the induction of the
apoptosis shown by cytometric analyzes (Figure 6). The mechanism of this phenomenon is known
to be dependent on the balance between the expression of pro-apoptotic and anti-apoptotic BCL2
proteins [59,60]. The increase in Bcl-2 levels in cancer cells blocks the release of cytochrome C from the
mitochondria. Cytochrome C in the cytosol activates caspase 9 and then 3, leading to apoptosis.

The results suggest that the developed formulation causes the entry of tumor cells into the
mitochondrial-dependent apoptosis pathway, as evidenced by the activity of caspase 9 (Figure 9). They
also suggest a different mechanism of death for normal and cancerous cells. Based on the activity of
caspases, a potential mechanism of action of the developed liposomes is proposed.

The proposed apoptosis model is based mainly on the lack of caspase 9 activation in NHDF
cells and activation of executive caspases of apoptosis in all cellular models (Figure 7). The higher
efficiency in introducing cells to the apoptosis pathway, and thus higher cytotoxicity, is dependent on
the amount of drug delivered to the cells. The new mitoxantrone vehicle was designed so that the
efficiency of active encapsulation was very high (over 95%) and the carrier was stable. However, it has
been reported that even active encapsulation of the drug causes very rapid clearance of liposomes from
the bloodstream (less than 5% of the drug remained in the bloodstream for more than two hours) [61].
In the case of sterically stabilized liposomes containing the PEG-lipid conjugate, over 80% of lipids
and drug were present in the blood 4 hours after injection, and after 24 hours it remained more than
30%. Unfortunately, even prolonged circulation in the bloodstream does not necessarily lead to an
increase in the effectiveness of the drug. It is believed that sterically stabilized liposomes containing
mitoxantrone do not release the drug inside the cells. Instead there is a simple fusion of the liposome
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with the cell membrane and passive drug passage into the cell, or the drug is released as a result of
carrier metabolism by macrophages present in tumor tissue [62,63]. One of the methods to reduce this
effect is by targeting liposomes. In turn, longer persistence of liposomes in the blood enables better
action on circulating cancer cells, which allows elimination of cells that metastasize to other organs [64].
In the case of melanoma, this is especially important because the primary way of treating skin cancers
is surgical excision of the lesion and therapy preventing metastases. This argument supports the use of
liposomes as a drug carrier in melanoma therapy.

As mentioned before, a desirable carrier feature for anti-cancer therapy is a high specificity that
allows the drug to be introduced into the cells in a targeted and controlled manner. The developed
liposomes with anacardic acid, containing ammonium ascorbate and mitoxantrone, may increase drug
delivery to cells, by prolonging circulation time and targeting tumor tissue through the EPR effect,
which is a known property of liposomes.

A very important step in the proposed project was to test the lipid carrier in the presence of
transferrin. The addition of DOPE-PEG3400-pNP and the attachment of ligand to the surface
of liposomes did not cause significant changes in the basic physicochemical properties of the
preparation. The presence of DOPE in the coating promotes the fusion of liposomes with the
endosomal membrane [65,66], which has been considered the most crucial step for the effective action
of anticancer drugs [65]. In this case DOPE’s main effect was to anchor the liposome of the long-chain
PEG associated with the targeting factor. Using confocal microscopy and flow cytometry techniques,
we observed clear differences in rhodamine-labelled Lip AA5 MIT Vit. C TF liposome effects with
membrane of cells of different melanoma lines compared with Lip AA5 MIT Vit.C (Figure 11A). High
specificity of interaction of the designed carrier with cells displaying the receptor for transferrin
was also demonstrated. Furthermore, the results of cytotoxicity analysis (Figure 11B) indicate the
relatively high specificity of TF immunoliposomes for target cells. The increased cytotoxicity of
transferrin-targeted liposomes may be because these liposomes simultaneously delivered iron and
vitamin c to cells. As a result, the iron pool available for the Fenton reaction doubles, since the vitamin
c receives iron from ferritin, making them bioavailable [5,67].

High efficacy allows the potential use of this formulation in the therapy of other cancers, since
transferrin receptor is overproduced in many types of cancer, especially those that show high growth
rates [68–70]. The use of transferrin as a targeting agent is common, both for the management of
anti-cancer drugs alone [71–73], for proteins with toxic effects [74–76] and for nucleic acids [77,78].

The targeting of the first type of transferrin receptor (TFR1) is made possible, by strategies that
utilize its natural TF ligand, monoclonal antibodies or their fragments. Unfortunately, the blocking of
the cytotoxicity of TF conjugates by native TF is a disadvantage. Therefore, its high concentrations
circulating for long periods may disrupt the action of these conjugates, leading to a decrease in their
therapeutic effectiveness. Because TF conjugates have the potential to interact with both TFR1 and
TFR2 (which are predominantly present in the liver), they can be toxic to many normal cells. Targeting
the TFR1 receptor carrier using monoclonal antibodies can help bypass these potential problems [79].

Hypoxia is a common feature of solid tumors and associated with tumor progression [80,81]. The
expression of TFR in cells in an anaerobic microenvironment may be a more rational and effective use
with targeted TFR molecules. The results of the tests conducted with the A375 cell line in hypoxia
showed an increased expression of TFR in hypoxia at both the mRNA and protein level, which was
confirmed by surface TFR analysis measured by flow cytometry [82]. The results of these tests confirm
the validity of our use of transferrin as a driving factor, since its expression depends on the tumor
environment. The developed liposomal formulation is a promising anticancer agent that may also be
used as the basic platform for further modification.

In vitro studies have their limitations that make the interpretation of results difficult and do
not always reflect the response of cancer cells growing in vivo. This is because most commercially
available cancer lines have been derived by performing serial passages and selection of cells with
desired traits, such as the expression of specific genes, morphological traits and functions. During
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their controlled growth, cancer cells acquire phenotypic traits that allow them to adapt to in vitro
conditions [83]. In addition, in unilamellar cultures, the cells are provided with easy access to nutrients
and oxygen, resulting in a homogeneous genotype and phenotypic cell population [84]. It should be
emphasized that tumor cells cultured under such conditions lack the complexity of a tumor structure
that grows in vivo [85]. Therefore, to evaluate the effectiveness of the developed anti-cancer drug
carrier, spheroids (three-dimensional cultures)—aggregates of tumor cells that are grown in vitro were
used. Multicellular tumor spheroids exhibit tumor traits that occur in vivo in the early phase of their
growth and are therefore considered to be an intermediate form between cells from monolayer type
cultures and spontaneously growing tumors [86–88].

4. Materials and Methods

4.1. Materials

Hydrogenated soy phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-phospho-ethanolamine-
N-[poly(ethylene glycol)2000] (DSPE-PEG2000) were from Lipoid GmbH (Ludwigshafen, Germany).
Cholesterol (CHOL) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from
Northern Lipids, Inc. (Vancouver, BC, Canada). Nitrophenyl carbonate-PEG-nitrophenyl carbonate,
MW 3400 (pNp-PEG-pNp) was purchased from Laysan Bio, Inc. (Arab, AL, USA). Natural cashew
nutshell liquid (CNSL) was from Sandor Cashew (Delhi, India). AA was extracted from natural
CNSL and subsequently hydrogenated using a method described by Legut et al. [89]. Sodium
dihydrogen phosphate, disodium hydrogen phosphate, sodium chloride, dimethyl sulfoxide (DMSO),
hydrogen peroxide, ascorbic acid and ammonium hydroxide were purchased from POCH (Gliwice,
Poland). Sephadex G-50 Fine, Sepharose CL-4B, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), rhodamine B, triethylamine (TEA), molybdenum blue spray solution, Dragendorff
spray reagent, ninhydrin spray solution, transferrin, pyruvate, anti-cytochrome C antibody
(N-terminal), paraformaldehyde (PFA), protease inhibitor cocktails and 4-Nonylphenyl-polyethylene
glycol (NonidetTM P40) where obtained from Sigma-Aldrich (St. Louis, MO, USA). Mitoxantrone
hydrochloride (MIT) was a gift from the Pharmaceutical Research Institute (Warsaw, Poland). Cell
culture media (DMEM, MEMα,), antibiotic-antimycotic solution and DPBS buffer were purchased
from Lonza (Basel, Switzerland). Fetal Bovine Serum (FBS) was purchased from EuroClone (Pero,
Italy). NucleoporeTM, filters were obtained from WHATMAN® (Maidstone, UK). Hoechst 33342,
GlutaMAX, 2′, 7′ DCFH-DA (2′, 7′-dichlorodihydrofluorescein diacetate); MitoTracker® Red CMXRos
were purchased from Life Technologies (Carlsbad, CA, USA). Annexin V Apoptosis Detection Kit
was obtained from BD Pharmingen™ (Franklin Lakes, NJ, USA). CellTiter-Glo® Luminescent Cell
Viability Assay, Caspase-Glo® 3/7 Assay, Caspase-Glo® 9 Assay and GSH-Glo™ Glutathione Assay
were purchased from Promega (Madison, WI, USA). All the other reagents were of analytical grade.

4.2. Preparation and Characterization OF Liposomes

Liposomes were prepared by a lipid hydration, freeze-and-thaw (FAT) procedure and extrusion
through polycarbonate filters as described before [89]. In brief chloroform stock solutions of lipids
(HSPC, CHOL, DSPE-PEG2000 and AA) were prepared and appropriate volumes were then used to
obtain specific molar ratios of lipids presented in Table 4.
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Table 4. The table presents a full list of the formulations developed and their lipid composition along
with abbreviations. The last column contains the name of the factor used to generate the transmembrane
pH gradient in liposomes.

Formulation
Name/Abbreviation

HSPC AA
DSPE-

PEG2000
Cholesterol

Drug/Lipid
Ratio

Ion Gradient
Generator

Lip MIT Vit. C 55 0 5 40 0.2 Ammonium
ascorbate

Lip AA5 MIT Vit. C 55 5 5 35 0.2 Ammonium
ascorbate

Lip AA10 MIT Vit. C 55 10 5 30 0.2 Ammonium
ascorbate

Lip AA15 MIT Vit. C 55 15 5 25 0.2 Ammonium
ascorbate

Lip AA20 MIT Vit. C 55 20 5 20 0.2 Ammonium
ascorbate

Lip AA40 MIT Vit. C 55 40 5 0 0.2 Ammonium
ascorbate

Lip AA5 Vit. C 55 5 5 35 0 Ammonium
ascorbate

Lip AA10 Vit. C 55 10 5 30 0 Ammonium
ascorbate

Lip AA15 Vit. C 55 15 5 25 0 Ammonium
ascorbate

Lip AA20 Vit. C 55 20 5 20 0 Ammonium
ascorbate

Lip AA40 Vit. C 55 40 5 0 0 Ammonium
ascorbate

Lip AS 55 0 5 40 0 Ammonium
sulfate

Lip MIT AS 55 0 5 40 0.2 Ammonium
sulfate

Lip AA5 AS 55 5 5 35 0 Ammonium
sulfate

Lip AA5 MIT AS 55 5 5 35 0.2 Ammonium
sulfate

AA—anacardic acid.

Chloroform solutions of the lipids were mixed, and chloroform was then evaporated using a
nitrogen stream. Thin lipid films were dissolved in cyclohexane and the mixture subsequently frozen
in liquid nitrogen and freeze-dried overnight at low pressure using a Savant Modulyo apparatus
(Savant, Waltham, MA, USA).

Thin lipid films were hydrated with 300 mM ammonium ascorbate, pH= 4.0 or 300 mM ammonium
sulfate, pH 5.5. The obtained multilamellar vesicles (MLVs) were freezed and thawed (FAT) ten times,
followed by extrusion 10 times through polycarbonate filters with pore size of 100 nm on Thermobarrel
Extruder (PPHU Marker, Wroclaw, Poland).

The ion and/or pH gradient was subsequently generated by exchanging the extravesicular
liposomal solution on Sephadex G-50 Fine (1 × 20 cm) columns as described previously [89].

Afterwards liposome size, polydispersity index (PDI) and zeta potential were determined by the
dynamic light scattering, Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK). Phospholipid
concentration was determinated by ammonium ferrothiocyanate assay [90] on the Shimadzu UV 2401
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PC spectrophotometer (Shimadzu, Kyoto, Japan). Methanolic solution of liposomes was used for
mitoxantrone concentration measurement at λ = 667 nm.

After the remote loading, non-encapsulated drug was separated from MIT-containing liposomes
on Sephadex G-50 Fine mini-columns (5.5 × 70 mm) and the MIT in collected fractions was determined.
The encapsulation efficiency (EE) was calculated according to the formula: EE [%] = ((MIT[mM])/
(lipid [mM]))/(initial D⁄(L)), where initial D/L is the drug-to-lipid ratio when drug was mixed with
liposomes. The morphology of liposomes was determined by using a TESLA BS 540 transmission
electron microscope. A drop of liposomes was placed on a copper grid and dried at room temperature.
This step was followed by staining with 2% uranyl acetate and dried at room temperature.

4.3. Targeting of the Liposomes

4.3.1. Synthesis of pNP-PEG-PE

The pNP-PEG-PE synthesis reaction was carried out at room temperature by mixing pNP-PEG-pNP
dissolved in chloroform and DOPE in the ratio of 4.8:1 as described [91]. The progress of the
reaction was monitored by TLC chromatography. Dragendorff reagent was used to visualize PEG,
molybdenum blue to visualize phosphate groups and ninhydrin to visualize primary amino groups.
After completion of the reaction, the solvent was evaporated. The next step purified the product by gel
filtration (Sepharsose CL-4B (2.5 × 50 cm). To identify the fractions containing the product, thin layer
chromatography and visualization identical to that used during reaction monitoring were used. The
fractions containing the product were frozen and lyophilized. The resulting and purified product was
used for further modifications.

4.3.2. Attachment of Protein

The pNP-PEG-PE conjugate was used for the following reaction. A thin lipid film of the conjugate
was hydrated with the transferrin saline solution (4 ×molar excess to pNP-PEG-PE). The spontaneous
hydrolysis of para-nitrophenol and the attachment of amino groups from peptide to terminal PEG
chains were allowed for 12 hours at 4 ◦C. The excess of unbound transferrin was removed by dialysis
into normal saline. The reaction efficiency was then checked by measuring protein with the BCA
test. To obtain a targeted formulation, Tf-PEG-PE micelles were added to pre-prepared liposomes for
post-insertion of PEG with attached targeting moieties. The insertion process was for 12 hours at 37 ◦C
with gentle agitation.

4.4. Ex Vivo Red Blood Cell Hemolysis Assay

The study was approved by the Bioethics Commission at the Lower Silesian Medical Chamber
(1/PNHAB/2018). Hemolysis was determined by measurement of hemoglobin release from human
erythrocyte suspensions after incubation with a methanolic solution of AA or different liposomes
formulations as previously described [92].

4.5. Cell Culture and Treatment

Human melanoma cell lines A375 (kindly provided by the Laboratory of Cell Pathology, Faculty
of Biotechnology, University of Wroclaw, Poland) and Hs294T (kindly provided by Institute of
Immunology and Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland) was cultured
in DMEM medium supplemented with 2 mM glutamine and 5 or 10% fetal bovine serum. The human
skin fibroblast cell line NHDF (CC-2511, Lonza) was cultured in MEM α medium supplemented with
2 mM glutamine and 10% fetal bovine serum. All the media contained 100 U/mL penicillin, 0.1 mg/mL
streptomycin and 0.25 μg/mL amphotericin B. Ninety-six-well plates coated with 1.5% agarose were
used to obtain the spheroids. 12,000 cells were plated on such prepared plates and the plates were
centrifuged for 15 minutes at 10 ◦C at 3000 rpm. The cells were cultured at 37 ◦C in humid atmosphere
saturated with 5% CO2.
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4.6. Cell Viability

4.6.1. MTT Assay

The cell viability was determined using a MTT assay by the method described by Mosmann [18].
Briefly, 10,000 cells/well were seeded onto 96-well plates and allowed to adhere for 24 hours. After
treatment with liposomes and free drug cells were incubated in a solution of MTT in culture medium
(0.5 mg/mL) for 4 hours. After incubation, the solution was removed and 0.05 mL of DMSO was added
to each well, and plates were shaken gently for 5 min. Absorbance was measured at 550 nm with a
reference wavelength of 630 nm on a UVM 340 microplate reader (Biogenet, Jozefow, Poland). The cell
viability was estimated as the percentage of the control, which was cells untreated with any agents
(100%). All experiments were performed a minimum of three times in triplicate.

4.6.2. ATP Measurement

A CellTiter-Glo® kit was used to measure cell viability. Cells were plated in a 96-well white
plate at 10,000 cells/well and then incubated with the liposomes for a specified time. After incubation,
the medium was replaced by fresh medium (100 μL). The plate was then left for 30 minutes at room
temperature. An equal volume of CellTiter Glo reagent was added and incubated for 2 minutes
with shaking to lyse the cells. Luminescence measurements were made using an EG & G Berthold
luminometer (Wildbad, Germany).

4.7. Determination of the Association of Targeted Liposomes with Cells

After treatment with rhodamine-labeled liposomes (rhodamine-DOPE was added to the lipids
at 1% mol ratio during preparation), spheroids were harvested at specified time intervals and rinsed
twice with PBS and then trypsinized to break down the spheroid structure into a single cell suspension.
The cells were centrifuged and rinsed again with PBS buffer. The cells were analyzed using a BD
FACS CaliburTM (BD Biosciences, San Jose, CA, USA) flow cytometer based on 10,000 counts for each
population tested. The fluorescence of rhodamine labeled cells was evaluated using a standard FL-2
filter, λ = 585 nm. The BD CellQuestTMPro software (version 5.2.1, BD Biosciences®) was used to
analyze and visualize the results. Single samples were represented by 10 randomly selected spheroids
from a given group.

4.8. Analysis of Apoptosis

Apoptosis and necrosis of treated cells was measured using flow cytometry using a FACSCalibur
instrument (BD Biosciences) with a modified version of the protocol described previously [19]. Briefly,
cells (500,000 cells/well) were grown on 6-well plates. Thirty minutes before the end of incubation,
hydrogen peroxide (10% v/v) was added to the cells for a positive control of apoptosis. As a positive
control for necrosis, 8 μL of Triton X-100 (0.1% v/v) was added to the cells and incubated for 5 min at
room temperature. After incubation, cells were harvested by trypsinization and centrifuged (2000 rpm,
5 min, room temperature) and processed according to the manufacturer protocol. The results were
analyzed using CellQuest™ Pro software (BD). The results from treated cells were compared to control,
untreated cells. All experiments were performed a minimum of three times in triplicate

4.9. Lactate Dehydrogenase Leakage Assay

A lactate dehydrogenase (LDH) leakage assay was used to measure hepatotoxicity. Lactate
dehydrogenase activity in the culture medium was used as an indicator of the integrity of the cell
membrane. The LDH assay was performed as a modification of the method described previously [20].
Briefly, cells (50,000 cells/well) were grown on 48-well plates. Cells were treated with liposomes and
free drug. After the incubation, the culture medium was collected, and the cells were washed twice
with PBS. Then, the cells were lysed with 100 μL of lysis buffer Nonidet P-40 consisting of 1% Triton
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X-100, 150 mM NaCl and 50 mM Tris HCl (pH 8.0) with a protease inhibitor cocktail for 10 min at
4 ◦C. Lysates were collected and centrifuged (10,000 rpm, 10 min, 4 ◦C), and the supernatant was
collected and stored at 4◦C. The activities of LDH in the medium (LDHout) and in the cells (LDHin)
were measured according to the manufacturer’s instructions (Biosystems Reagents & Instruments,
Quezon City, Philippines). The enzyme activity was measured at 37 ◦C via quantification of NADH
(1.55 mM) consumption using spectrophotometry (at λ = 340 nm) with pyruvate (2.75 mM) as the
substrate in 100 mM Tris-HCl buffer (pH 7.2). The absorption was read directly (T0) and after 3 min (T3)
using a UV-2401PC spectrophotometer (Shimadzu, Kyoto, Japan). The cytotoxicity = LDHout/(LDHout

+ LDHin) expressed as a percentage of the control, untreated cells. All experiments were performed a
minimum of three time in triplicate.

4.10. Measurement of Intracellular Reactive Oxygen Species

Fluorescence spectrophotometry was used to measure the intracellular levels of ROS with 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) as the probe. The measurements were conducted by
modifying the manufacturer protocol. Briefly 10,000 melanoma cells and control cells were grown in
96-well black plates and treated with liposomes at selected time intervals (at 1 to 24 hours). The cells
were treated as described in the MTT assay. Ammonium iron (II) sulfate (Mohr’s salt, 50 mM) was
added to the cells as a positive control. After incubation, the culture medium was removed, cells were
washed twice in PBS, and 100 μL of probe (10 μM in DPBS) was added to each well and incubated
for 30 min at 37 ◦C in the dark. After incubation, the probe was removed, and the cells were washed
twice in PBS. Then 200 μL of DPBS was added to each well and the intensity of fluorescence was read
immediately on a Varian Cary Eclipse Fluorescence Spectrophotometer (Varian Ltd., Victoria, Australia)
at λ = 498 nm for excitation and at λ = 525 nm for emission. Results were expressed as a percentage of
arbitrary units of fluorescence compared to the control level, which was the cells untreated with any
agents. All experiments were performed a minimum of three times, in triplicate.

4.11. Caspase 9 and 3/7 Assays

Harvested cells were seeded on white 96-well microplates with 10, 000 cells/well and allowed
to adhere overnight and then treated with liposomes. After treatment, plates containing cells were
removed from the incubator and allowed to equilibrate to room temperature. Caspase-Glo® 9 Reagent
or Caspase-Glo® 3/7 Reagent was added to each well containing 100 μl of blank, negative control
cells or treated cells in culture medium. Contents of plates were gently mixed using a plate shaker at
300–500 rpm for 2 minutes and incubated at room temperature for 30 minutes. Chemiluminescence
measurement was done with an EG&G Berthold luminometer. The results are expressed as the
percentage with respect to the control (stained cells).

4.12. Cytochrome C Staining

Harvested cells were seeded on cover glasses (50,000 cells), allowed to adhere overnight
before treatment with liposomes. After treatment, cells were washed with PBS and then fixed
and permeabilized. Primary anti-cytochrome C antibodies, secondary antibodies (FITC), Hoechst
dye and MitoTracker® Red CMXRos dye were used for staining. Cells were incubated with primary
antibodies (1: 100 dilution) for 12 hours at 4 ◦C, followed by incubation with secondary antibodies
(1: 200 dilution) for two hours at room temperature. Incubation with MitoTracker Red® (250 nM) dye
lasted 20 minutes at room temperature. For visualization Zeiss LSM 880 Airyscan confocal microscope
(Zeiss, Jena, Germany) was used.

4.13. Statistical Analysis

Results were presented as mean values and standard deviations. Statistical significance analysis
of data differences was performed using the GraphPad Prism software (software version 7.0 VA,
GraphPad Software, San Diego, CA, USA). The IC50 value was also determined using that software.
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Combination index values (CI) were calculated using CompuSyn software version 1.0 (freeware, The
ComboSyn, Inc., Paramus, NJ, USA).

5. Conclusions

Here, we have prepared transferrin targeted liposomal formulations for co-delivery of
mitoxantrone, anacardic acid and ammonium ascorbate to melanoma cells. We have demonstrated that
one of developed liposomal formulations enhanced the level of apoptosis and cell death in melanoma
cell lines but not in normal cells. The proposed mechanism of the cytotoxic action of liposomes involves
specific generation of the free radicals by an iron ions mechanism and the induction of the apoptotic
pathway in the melanoma cells. In summary we have successfully prepared a peptide-modified
co-delivery system for chemotherapeutics and natural bioactive substances with an enhanced active
tumor-targeting effect and therapeutic efficacy.
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Abstract: Mangiferin is an important xanthone compound presenting various biological activities.
The objective of this study was to develop, characterize physicochemical properties, and evaluate
the anti-topoisomerase activity of poly(lactic-co-glycolic acid) (PLGA) nanoparticles containing
mangiferin. The nanoparticles were developed by the emulsion solvent evaporation method and the
optimal formulation was obtained with a response surface methodology (RSM); this formulation
showed a mean size of 176.7 ± 1.021 nm with a 0.153 polydispersibility index (PDI) value, and
mangiferin encapsulation efficiency was about 55%. The optimal conditions (6000 rpm, 10 min,
and 300 μg of mangiferin) obtained 77% and the highest entrapment efficiency (97%). The in vitro
release profile demonstrated a gradual release of mangiferin from 15 to 180 min in acidic conditions
(pH 1.5). The fingerprint showed a modification in the maximum absorption wavelength of both
the polymer and the mangiferin. Results of anti-toposiomerase assay showed that the optimal
formulation (MG4, 25 μg/mL) had antiproliferative activity. High concentrations (2500 μg/mL) of
MG4 showed non-in vitro cytotoxic effect on BEAS 2B and HEPG2. Finally, this study showed an
encapsulation process with in vitro gastric digestion resistance (1.5 h) and without interfering with
the metabolism of healthy cells and their biological activity.

Keywords: nanoparticles; mangiferin; anti-topoisomerase activity; cytotoxicity

1. Introduction

Mangiferin (2-C-β-Dglucopyranosyl-1,3,6,7-tetra-hydroxyxanthone) is a xanthone C-glucoside,
present in several plants [1]. It is considered as a bioactive compound (BC) that has been
studied for its biosynthetic and medicinal properties. In Mangifera indica L. tree stem in an
aqueous extract the mangiferin is the major BC [2]. Despite the potential broad applications,
some chemical problems have limited its clinical use; for instance, its low solubility and poor
intestinal permeability [3]. About 40 mangiferin metabolites can be biotransformed in processes like
deglycosylation, dihydroxylation, methylation, glucuronidation, glycosylation, and sulfatation [4].
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These metabolites are the basis to consider that mangiferin can have multiple applications, overcoming
the chemical limitations for its clinical use, considering different physicochemical strategies that improve
its permeability and solubility [5–7]—since several studies indicate the power of this compounds to
prevent a TNF-α and nitric oxide (NO) production [8] and down-regulating COX-2 expression [9].
However, the use of pure BC is very limited due to fast release, low solubility, poor bioavailability,
as well as easy deterioration [10,11]. Therefore, to preserve the quality of a BC or to enhance its
applicability in food, nutraceutical, or biological formulations, a feasible alternative has been considered,
namely, nanoencapsulation. Nanoencapsulation is an important technology for the protection of
bioactive compounds (BCs) [12], recently, it has focused on increasing functionalities, such as high
entrapment efficiency, bioavailability, mechanical stability, controlled release, and masking undesirable
flavors [13,14]. Some of the applications in the food and pharmaceutical industry seek to encapsulate
BCs, with the objective of forming protective barriers that increase the specialized application in the
development of nutraceuticals [15].

Generate nanoparticles (NPs) of mangiferin, a BC that has shown biological activities such as
antioxidant, antihypertensive, and anti-inflammatory, will allow to increase its resistance to acidic
conditions, which is related to human digestion. These NPs are encapsulated with a biocompatible
polymer such as poly(lactic-co-glycolic acid) (PLGA), which can resist this process and consequently
have a controlled release [13]. Thereby, the aim of this study was to develop PLGA nanoparticles
containing mangiferin and to evaluate their physicochemical properties, effect cytotoxic, and the
anti-topoisomerase activity.

2. Results and Discussion

2.1. Encapsulation Efficiency (EE%) and Entrapment Efficiency (AE%)

In the NP preparation, it was observed that one of the critical steps was the previous solubilization
of mangiferin (MG) in polyvinyl alcohol (PVA) solution; therefore, solubility tests were performed,
obtaining the maximum concentration of MG in the formulations of 435 μg/mL of PVA solution.
The EE% and AE% in each treatment were obtained for each NP formulation. EE% indicates the
amount of compound that is inside the NPs, and that its behavior is reflected in a gradual release with
respect to time, while the AE% is the one that is in the first layers of the nanoparticles added to the
surface of the particles [14].

In Figure 1a, the EE% and EA% corresponding to the MG formulations are shown. The treatment
that presented the highest encapsulation efficiency was MG4 (6000 rpm, 10 min, 300 μg) and MG14
(9000 rpm, 5 min, 435 μg) with EE% of 77 ± 3.02% and 76 ± 1.09%, respectively; while those of lower
EE% were MG3 (6000 rpm, 5 min, 435 μg) and MG6 (7000 rpm, 3 min, 435 μg) with EE% values
of 34 ± 1.22% and 36 ± 1.80%. Regarding the EA%, only MG4 presented significant difference with
respect to the other treatments, presenting an AE% of 93 ± 4.95%, while the lowest corresponding to
MG2 (6000 rpm, 5 min, 200 μg).
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Figure 1. Optimization of mangiferin (MG) encapsulation. (a) Percentage of mangiferin encapsulation
efficiency (EE%) and percentage of mangiferin entrapment efficiency (AE%) for each treatment.
(b) Pareto chart of standardized effects; variable: Percentage of mangiferin encapsulation efficiency
(EE%); (L) and (Q) describes the linear and quadratic interactions effects on the variable. (c) Desirability
surface contours of percentage of mangiferin encapsulation efficiency; method: Spline.

Some studies reported that different polymers have shown that the EE% of some compounds is a
function of the charges present between the polymer and the compound [15–17]. The different charges
between the molecules of mangiferin and PLGA promote the interactions between both, so when the
mangiferin concentration increases, the EE% increases; however, some authors have described that
this increase of encapsulating compounds promotes the saturation of the system, as is observed in
the MG3 and MG6 treatments, which increased the concentration of mangiferin—however, the EE%
was about 36% [18]. With high stirring speeds, EE% can be increased, since there is an increase in
electrostatic charges but at short times [19]; this explains why MG14 presents EE% values close to the
best MG4 treatment. However, low concentrations of the compound to be encapsulated are trapped
on the surface of the particles, and this behavior is observed in MG13 and MG15. According to
statistical analysis (p < 0.5), the factor that has the greatest effect on the EE% is the speed, followed by
concentration ratio and the interaction between this variables, as shown in the Pareto chart (Figure 1b);
MG4 showed the highest EE% with the lowest homogenization rate studied, unlike other treatments
with the same concentration but at higher speeds (MG9 and MG15). Some studies have shown that
the time in which the molecules are exposed to a certain speed can be decisive, so that a molecular
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interaction can be exerted [20]. Therefore, the treatment with the highest EE% was formulated with the
following conditions: 6000 rpm, 10 min, and 300 μg of mangiferin according to the response surface
obtained in the statistical analysis (Figure 1c), which is expressed in Equation (1).

Z = 283.56242804966 + 62.848482862581 × x4.3090184425532 × xˆ22.7320158696753 ×
y.36691981479872 × yˆ2 + 1.1853803871635 × x × y +0.012224096786592 × 300 × x +

0.00024480875382114 × 300 × y + 69.8885631
(1)

where R-sqr = 0.90756, z describes EE%, x describes the homogenization speed, and y is the time at
fixed concentration (300 μg).

An optimal condition was obtained when 317 μg of mangiferin was used in accordance to
response surface, but this concentration can generate an increase in the size of the particles and in
the polydispersity index. The size obtained in MG4 was 171 nm with a polydispersity index of 0.153
(Figure 2e).

Figure 2. Mangiferin release profile and size distribution of best treatment; (a) best release profiles,
(b) treatments at 6000 rpm, (c) treatments at 7000 rpm, and (d) treatments at 9000 rpm. (e) Size
distribution on optimal condition (MG4).
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2.2. Mangiferin Release Profile

The results of the kinetic release assay are described in Figure 2, where the release profiles of each
encapsulated mangiferin formulation are shown (Figure 2a–d), includeing the polydispersibility index
(PDI) and the average size of the resulting particle as an optimal treatment (Figure 2e). MG2 (Figure 2a)
shows a rapid release, which coincides with the results of AE% for this treatment, since the highest
concentration of mangiferin is found on the surface of the NPs; MG1 and MG3 (Figure 2a) show similar
release profiles, since the release presents with variations without significant differences after 60 min.
Figure 2c shows the treatments obtained at 7000 rpm, observing that there is no significant difference in
the release after 60 min in the MG12, MG13, and MG15 treatments. Finally, in Figure 2d, it is observed
that the differences between the release profiles are related to the concentrations of mangiferin used
in the treatments (MG5, MG6, MG10, and MG11), observing that at long times of homogenization,
EE% and EA% trend to be of the same values, which is reflected in a release of 50% before 60 min and
then in three intervals (120, 180, and 240 min), with a release of 16.6% by interval.

Three fluctuations can be identified; the first occurs at 15 min, the second at 60 min, and the last
after 2 h, almost in all the treatments. Nevertheless, some treatments such as MG4 (Figure 2a), MG14
(Figure 2c), and MG8 (Figure 2d) showed the highest mangiferin fluctuation after 1 h of exposure in an
acid medium.

These treatments are shown in Figure 2b, which shows that MG14 presents its maximum release
at 20 min and then presents a controlled release, while MG4 presents its maximum release at 60 min
and subsequently shows a linear release until 180 min, without significant differences between 180 and
240 min. Studies carried out with the same phytochemical, but with a different polymer, showed a
behavior like that shown in this study; this irregular behavior (ascending, descending, and ascending)
was attributed mainly to the interactions between the present molecules (electrostatic interactions
and hydrogen bridges) and the diffusivity of the nanoparticles [21,22]. Another result showed that
when PLGA was used as an encapsulating agent, but under other encapsulation conditions, a similar
diffusivity was observed [23]. During the first phase of release, agglomeration of nanoparticles occurs,
and this strongly depends on the particle size, further affecting the release of the drug (amount and
rate of release) from the nanoparticles.

The PLGA might have a higher tendency to agglomerate due to smaller sizes, and the release of
the drug was also higher from these particles compared to other polymers. Among the factors that
affect drug release, particle size is very important. We know that the particles with smaller sizes can
degrade faster due to the increased surface area to volume ratio, and this might be a reason for the faster
release of the mangiferin from PLGA particles in some treatments, but it is shown that at least three of
the treatments (MG4, MG8, and MG14) show a controlled release in acidic conditions, maintaining the
highest amount of MG and releasing it completely after 2 h of acidic exposure, which sets a pattern for
the emulation of the gastrointestinal tract [24].

2.3. Scanning Electron Microscopy (SEM)

Figure 3 shows, scanning electron microscopy images of the optimal treatment (Figure 3a,b,
MG4; Figure 3c, control). In the images related to MG4, agglomerations of nanoparticles can be seen,
which were counted 100 particles independents, and Figure 3d shows the Pareto diagram of the size
distribution of NPs. Previous studies show a similar behavior in agglomerated nanoparticles of the
same polymer loaded with catechins larger than 500 nm; however, there is evidence that nanometer
sizes are achieved with PLGA-loaded gold [25,26]. The results shown by SEM coincide with peak two
of Figure 2e, which shows an average size of 67.14. It is possible that the dispersion of the particles
is not adequate, and therefore, the distributions in that technique were greater, thus quantifying
conglomerates of smaller particles.
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Figure 3. Scanning electron microscopy (SEM) of the mangiferin optimal nanoparticles (MG4);
(a,b) images of optimal treatment; (c) control PLGA whitout mangiferin; (d) Pareto diagram of size
distribution of optimal treatment.

Moreover, it has been described that the chemical structure of mangiferin creates a xanthone
framework made up of four phenolic units and a glucose moiety [27]. Hence, it may be assumed
that mangiferin might exhibit high affinity by PLGA and PVA forming a long structure that occurs
for interaction of OH groups in the chemical composition [28]. In addition, the phenolic and glucose
units present in mangiferin can efficiently stabilize the formed nanoparticle. Despite its bio-relevance
and strong reducing capability, the use of mangiferin is not limited towards the preparation of
nanoparticles [29].

2.4. UV-Visible Spectroscopy

The spectra obtained and reported in Figure 4 represents the optimal treatment (MG4) and only
PLGA; this is related to the table that describes the same figure, in which the MG4 treatment is
identified in two signals traveling to the infrared spectral region. The wavelength of greater absorption
(λmax) in the PLGA-only was identified at 220 nm; this value was obtained for other authors [30].
The λmax for MG was 415 nm; according to this result, mangiferin slightly modified its orientation
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towards a different value UV signal. Atoms and molecules only absorb and emit radiation of certain
frequencies, which implies the quantization of their energy levels. The electronic levels of a molecule
are widely separated and usually only the absorption of a high energy photon can excite a molecule.
UV spectroscopy studies the absorption of visible ultraviolet radiation by a molecule. By influencing
UV-visible radiation of adequate energy, the molecules pass from the ground state to a state of higher
energy (excited). If energy of the radiation matches the energy difference between the last occupied
state and the first empty state, the transition from an electron to a higher energy state occurs. Therefore,
a molecule absorbs the excitation of its busy orbital of higher energy (HOMO) to one occupied by
a single electron (SOMO), according to the molecular orbital theory [31]. Some molecules have the
ability to transfer between 1 to 3 electrons in this way, generating interactions and structural–energetic
modifications which occur in the orbitals of each molecule; when this change take place is very likely
that a molecule absorbs energy of certain wavelength modifying its spectral area [32–34]. Although it is
not a specific method for identification of link vibration, it is possible to elucidate whether the formation
of a new complex exists, or simply molecules are found. Contrary to the functionalized treatments
where a modification of the spectral area of each component is shown, as there are interactions between
polymeric matrix and phytochemicals, resistance of these occurs in an aqueous system.

Figure 4. Fingerprint UV-vis of mangiferin optimal nanoparticles (MG4) and poly (lactic-co-glycolic
acid) (PLGA).

2.5. Powder X-ray Diffraction (XRD)

The powder X-ray diffraction patterns of MG and PLGA are illustrated in Figure 5. PLGA
was in a crystalline form; however, in contrast, the XRD of the MG4 shows amplified signals
corresponding to mangiferin between the θ 10–30 already described by other authors, indicating the
change from a highly crystalline nature to an amorphous state of the complex mangiferin–PLGA [35,36].
However, these morphologies can also be attributed to the remnants of phosphate salts present in the
formulation [36].
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Figure 5. Powder X-ray diffraction patterns of mangiferin optimal nanoparticles (MG4) and poly
(lactic-co-glycolic acid) (PLGA).

2.6. Anti-Topoisomerase Activity

It has been shown that during the development of a carcinoma, there is an increase in
topoisomerases, because these enzymes are involved in cell replication [37]. Previous studies confirmed
that mangiferin is capable of inhibiting the topoisomerase I enzyme (Topo I), involved in the splitting
of DNA during cell division [38], Therefore, for this study, it was considered to evaluate its activity
on Topo I in order to evaluate if there is loss of biological power or if it can be increased due to
the controlled release of MG. Due to this, the used JN394 genetically modified strain (Matα ura3-52,
leu2, trp1, his7, ade1-2, ISE2, rad52::LEU2) promotes a deficiency in the regeneration of DNA, greater
permeability in the cell membrane y JN362a (Matα, ura3–52, leu2, trp1, his7, ade1–2, ISE2) resistant to
DNA repair but sensitive to antimicrobial agents.

The concentration of extracts used in the assay was based on the solubility factor for each solid
extract in dimethylsulfoxide (DMSO). As shown in Figure 6, the strain JN394 was hypersensitive to
camptotecin (CPT) (69± 2.3% inhibition), which is a Topo I poison. MG4 showed 14.71± 1.2% inhibition
(14.28 μg mangiferin/mg encapsulated) in this strain, while MG without encapsulation showed a
percentage of inhibition of 28.5 ± 1.8% at the same concentration as CPT (50 μg/mL). The evaluated
concentration of MG in MG4 is 5.71 times higher than that used in the camptothecin; so, to have a 69%
inhibition, 66.98 μg of mangiferin (4.69 mg/mL of nanoparticles) is required.

JN394 is a strain that is DNA repair-deficient and drug-permeable (carry ise2 and rad52
mutations) [39]. These mutations increase the sensitivity of these cells to drugs [40]. The yeast
JN362a, a DNA repair-proficient strain [35], was not affected by any NP treatment (+8 ± 0.43%) PLGA
and (+5.3 ± 0.21%) MG4. These results mean that the MG4 has compounds with anti-topoisomerase
activity against Topo I. Mangiferin has been identified as an inhibitor of the enzyme topoisomerase I
by other authors [41].

The difference observed with respect to inhibition is related to the controlled release of MG4,
since there is a time difference of 45 min, so that the total concentration of the encapsulated MG can be
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released in the media grown while CPT and MG come in contact with the yeasts from time 0 of growth.
However, it has been shown that encapsulation can ensure that the amount of compound released can
have a direct effect, without undergoing possible alterations during the process to reach the target cells.
Mangiferin studies at a concentration of 50 μM have demonstrated an antiproliferative effect on cancer
cells without affecting healthy cells; this is due to the activation of Nrf2–ARE signaling cascades [42],
the controlled release of the phytochemical contributes to the inhibition of the topoisomerase enzyme,
when mangiferin is expelled during the different phases of the cellular reproduction of the yeast,
promoting cell death due to encapsulation [43]. A similar behavior was observed in the encapsulation
of topotecan, which is a selective topoisomerase II inhibitor. A difference in cell viability between the
encapsulated and non-encapsulated compound was observed—when the compound was encapsulated,
the cytotoxicity remains constant after 24 h, whereas the non-encapsulated compound tended to
decrease, confirming a controlled released on cell proliferation inhibition [44]. Modify strains from
Saccharomyces cerevisiae have been used in cytotoxicity studies against topoisomerases, which were
found in greater proportion in cancer cells, in addition to the modification in the gene that codes for
topoisomerase [45], and these strains were like those used in the present study.

Figure 6. Growth rate of Camptotecin (CPT), poly (lactic-co-glycolic acid) (PLGA), mangiferin (MG),
and mangiferin nanoparticles (MG4) in the proliferation of modified strains of Saccharomyces cereviseae
JN362a and JN394.

2.7. Cell Viability

The NPs may have a high risk on human health, and to evaluate this, different types of cell cultures
have been used as toxicity models under in vitro condition. HEPG2 derivate from hepatocellular
carcinoma is a cell line well established and widely used as a model for drug metabolism and cytotoxicity
studies, because these cells display many features of normal liver cells [46]. BEAS2B is an immortalized
cell line isolated from normal human bronchial epithelium, and it has been employed to evaluate
in vitro toxicity of some nanomaterials, because it is a non-cancerous epithelial cell type [47,48]. Thus,
we selected HEPG2 and BEAS2B cells as a model system for studying the in vitro toxic effects of MG4.

HEPG2 and BEAS-2B cells were treated with varying concentrations of MG4. MTT is a tetrazolium
salt that is converted to formazan salt (blue color) by mitochondrial dehydrogenase enzymes; thus,
color can be measured, and it correlated with cell metabolic activity or live cells. Violet crystal dye stains
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cell proteins and DNA, and the cells that suffer cell death lose their adhesion; thus, adherent cells can be
stained, and color can be quantified. Both methods showed that MG4 high concentrations (2500 μg/mL)
were not able to decrease cell viability in BEAS-2B or HEPG2 cells (Figure 7). Furthermore, MG4 did not
alter cell morphology in either cell line. Reports have shown that glycosylated bioactive compounds
do not have an hepatotoxic effect on the in vitro model. Furthermore, the mangiferin conjugated with
other similar compounds could have a positive role on hepatic glucose metabolism [44], as well as
studies on encapsulation with PLGA showing that it does not appear to have an hepatotoxic effect on
HEPG2, and therefore, it has been cataloged as a safe biopolymer [49].

Particularly, at 1250 mg/mL, an increase in the cell viability of HEPG2 is shown compared to the
negative control. Other studies with this cell line have shown that some plant phenol extracts promote
cell growth, but with isolated phenolic compounds, and the viability in healthy liver cells decreases at
concentrations greater than 2 mg/mL [50,51]. Therefore, it is likely that this concentration allows the
cellular replication of healthy cells; nevertheless, studies in cancer cells to corroborate this hypothesis
are lacking.

Figure 7. Cell viability of the various mangiferin nanoparticle concentrations for HepG2 and BEAS-2B
cells using the violet crystal and MTT assay. * p < 0.05, statistical difference between treatment
and control.
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3. Materials and Methods

3.1. Reactives

Poly (lactic-co-glycolic acid) (PLGA), 75:25, Mw 25,000; polyvinyl alcohol (PVA) Mw 85,000–124,000,
mangiferin, and dicloromethane (DCM) were obtained from Sigma-Aldrich (St. Louis, MO 63118, USA).

3.2. Preparation of Nanoparticles (NPs)

The NPs were developed following the method of solvent evaporation [52] using 15 mg of
PLGA (75:25) and adding 500 μL of DCM in a flask. The aqueous phase composition was 5 mL of
PVA solution (0.5%), and the quantity of mangiferin was added according to the amount required
(Figure 1). The emulsion was sonicated for 5 min. Samples were homogenized by an Ultra-turrax®

(IKA, T18; Germany) disperser and the organic phase was added drop-by-drop. Organic solvent
was separated by rotoevaporation (Buchi, R-300; Essen, Germany). After, NPs were kept for 2 h
at −80 ◦C and freeze-dried at −50 ◦C in a freeze-dryer (Labconco, FreeZone 6; Kansas, MO, USA).
Finally, the lyophilized samples were stored in a desiccator and placed in the freezer (−20 ◦C) (Torrey,
CHTC-255; Monterrey, Nuevo León, México). Loaded NPs were named MG1 to MG15, depending on
the processing conditions. Unloaded NPs (PLGA) were also prepared and used as control.

3.3. Experimental Design

According to Box–Behnken design, a total number of 15 experiments, including 12 factorial points
at the midpoints of the edges of the process space and three replicates at the center point for estimation
of pure error sum of squares, were performed to choose the best model among the linear, two-factor
interaction model and quadratic model due to the analysis of variance (ANOVA). An obtained p-value
less than 0.05 was considered statistically significant. The selected independent variables were speed
(A), time (B), and concentration (C) at three different levels as low (−1), medium (0), and high (+1).
Dependent variables were encapsulation efficiency (EE%) and entrapment efficiency (AE%). The coded
factors and responses of the variables are given in Figure 1.

3.4. Evaluation of Mangiferin Encapsulation Efficiency (EE%) and Entrapment Efficiency (AE%)

The samples were dissolved in phosphate-buffered solution (PBS) at pH of 7.0 solution and
mangiferin AE% was determined indirectly [53]. An aliquot (200 μL) of sample was placed in a
microplate reader (Biotek, Synergy HT; Winooski, VT, USA), the reading was recorded at 365 nm, and
the concentration was obtained by a calibration curve of manguiferin (0.4, 0.8, 1.6, 3.2, and 6.4 μg/mL)
using Equation (2).

AE% =
(A1−AA

A1

)
× 100 (2)

where A1 is the initial amount of mangiferin, and AA is the amount of free no-entrapped mangiferin
determined by UV-vis [54].

EE% was determined later to expose the NPs under the conditions mentioned above; nevertheless,
for this analysis, aliquots were taken at the time 0.15 min and 24 h. EE% was obtained using Equation (3).

EE% =
(E1− E24

E1

)
× 100 (3)

E1 is the difference in time concentration from t0 to 15 min, E24 is the total concentration released
at 24 h. With this model it can wash the surface of the NPs with the objective of obtaining the
concentration retained inside the particle.
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Optimization of Data Using Response Surface Methodology (RSM)

Optimization by RSM was based on the highest possible value of EE% and AE% that we evaluated
in terms of statistically significant coefficients and R2 values. A Pareto chart was used for identification
the quadratic and lineal effects from independent variables.

3.5. Mangiferin Release Profile in NPs

The in vitro release profile of mangiferin from NPs was evaluated suspending a 1.0 mg of NPs
into 5 mL of PBS solution at different pH value (1.13 and 7.05) [55]. The suspension was maintained
at 37 ◦C and 150 rpm (magnetic stirrers). The samples were read at 0, 15, 30, 45, 60, 120, 180, 240,
and 360 min. The kinetic analyses of the release data were performed using various mathematical
models [56–58]. From the optimum condition, particle size, size distribution, and the physicochemical
properties were evaluated.

3.6. Optical Characterization

3.6.1. Size Distribution of Mangiferin NPs

The size distribution was determined in pure water at 18 ◦C using a particle size analyzer (Malvern,
Mastersizer 2000; UK). For the measurements, 200 mL of the NP suspension was dispersed in 2 mL
of filtered water. The analysis was performed at a scattering angle of 90◦, refractive index of 1.590
(corresponding to PLGA), and 18 ± 3 ◦C.

3.6.2. Evaluation Morphology by Scanning Electron Microscopy (SEM)

The NPs were observed under scanning electron microscope (Tescan, MIRA3 LMU, London,
UK). The samples were sputter-coated with gold before observation under SEM. Both low and high
magnification images were obtained to confirm the uniformity of the particle sizes and to determine
the exact size of the particle, respectively. The high magnification SEM images were interpreted by
ImageJ software to determine the size of the particles.

3.6.3. UV-Visible Spectroscopy

UV–visible spectrums of NPs were recorded from 300 to 600 nm. Particle size distribution was
carried out by a Dynamic Light Scattering (DLS) analyzer (Shimadzu, UV- 26000; Kyoto, Japan).

3.6.4. Surface Composition of the Np´s by X-ray Diffraction (XRD)

The XRD patterns were obtained using a Bruker D8 Advance equipment diffractometer (Tokyo,
Japan) (k = 1.5460 Å, 40 KV, 30 mA), The diffraction intensity as a function of the diffraction angle (2θ)
was measured between 10 and 90◦, using a step of 0.02◦ and counting time of 0.25 s per step.

3.7. Biological Material

Mutant yeasts of Saccharomyces cerevisiae, JN362a and JN394 cells, were donated by Dr. John Nitiss
of St. Jude Children’s Research Hospital, Memphis, Tennessee. Cell lines were obtained of American
Type Culture Collection: Primary and immortalized human bronchial epithelial cells, BEAS-2B (ATCC
CRL-9609), and hepatocarcinoma adherent epithelial cell, HEPG2 (ATCC HB-8065).

3.8. Yeast Anti-Topoisomerase Assay

The anti-topoisomerase activity was evaluated using mutants S. cerevisiae JN362a and JN394
strains [59]. Briefly, yeast cells were grown in YPDA media at 30 ◦C for 18 h in a shaking incubator.
The logarithmically growing cells were then counted using a hemocytometer and adjusted to a
concentration of 2 × 106 cells/mL media. Yeast cells (6 × 106 cells) were incubated at 30 ◦C for 24 h in
the shaking incubator (Thermo scientific, SHKE4450; Bedford, MA, USA) in the presence of the NPs,
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mangiferin, or CPT previously dissolved in 50 μL DMSO. DMSO (1.66%) was used as negative control,
while CPT (50 μg/mL), a topoisomerase I inhibitor, was the positive control. Treated cells from each
mixture were then duplicate plated to petri dishes containing 1.75% Agar bacto solidified YPDA media.
Cells were incubated at growth temperature of 30 or 25 ◦C for 48 h. The anti-topoisomerase activity
was determined as number of counted colonies in each plate by comparing to that of the negative
control (DMSO).

3.9. Cell Line Culture

The cell lines BEAS-2B and HEPG2 were cultured in Dulbeco’s Modified Eagle’s Medium (Gibco
12320-032 and 12100-038, respectively; Gaithersburg, MD, USA) supplemented with 10% fetal bovine
serum (JRScientific Inc., 43640-500; Woodland, CA, USA) and 1% streptomycin/penicillin (PAA,
P11-002). Cultures were maintained at 37 ◦C in 5% CO2.

3.10. Cell Viability Assay

Cell lines were seeded (1 × 104 cells/100 μL/well) in 96-well plates for 24 h in complete
media [60]. Then, cells were treated with MG4 in concentrations of 2500, 1250, 625, and 312 μL/mL,
medium volume was completed at 200 μL, and cells were incubated by 72 h at 37 ◦C in 5% CO2.
The DMSO (at the same volume that NPs, 1%) was used as a negative control and DMSO to high
concentration (10%) was used as a positive control. Citotoxicity was evaluated by violet crystal and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), where all experiments were
performed in triplicate in three independent experiments; thus, all data are reported as the mean
value ± the standard error of the mean. The cells were observed with an inverted optical microscope
(Olympus, CKX-41; Waltham, MA, USA.) and photographs were taken with the Microscope Eyepiece
camera (AmScope, MU130; Irvine, CA, USA).

3.10.1. Staining with Violet Crystal

After 72 h of exposure to the NPs, cells were fixed with p-formaldehyde 4% (75 μL each well), and
incubated at 37 ◦C for 1 h. Next, three washes were performed with PBS, and the plate was inverted
and dried for 2 h in absorbent paper. Then, violet crystal 0.5% (50 μL to each well) was added and
incubated at 37 ◦C for 20 min. Each well was washed three times with PBS, and subsequently, it was
dried for 24 h. Finally, methanol (200 μL) was added to each well, and the plate was shaken and read
at 570 nm in a BioRad microplate reader (iMark™Microplate Absorbance Reader). The cell viability
percentage was calculated as a ratio to the values obtained by the untreated cells. The results were
analyzed with GraphPad Prism 5.0 software.

3.10.2. MTT Tetrazolium Assay

The cell cytotoxicity was evaluated using MTT stock solution (0.5 mg/mL); for that, MTT was
dissolved in phosphate-buffered saline (PBS) (pH 7.4), and then it was filtered and stored at −20 ◦C in
the absence of light. The assay was performed according to [61]; briefly, cells treated with NPs were
washed once with PBS, then MTT (50 μL) and PBS (50 μL) were added to each well and incubated for 4 h
at 37 ◦C in 5% CO2. MTT solution was removed, and 100 μL DMSO was added to each well to dissolve
the formazan crystals. Then, the plate was shaken and read at 570 nm in a BioRad microplate reader
(iMark™Microplate Absorbance Reader). The cell viability percentage was obtained by comparing the
results with those of untreated cells. The results were analyzed with GraphPad Prism 5.0 software.

4. Conclusions

The nanoparticles made under the solvent emulsion and evaporation method with PLGA are
potentially resistant to acidic conditions for up to 45 min; the best encapsulation and entrapment
efficiency (77% and 93%) was achieved at a concentration of mangiferin of 300 μg. It was observed that
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the three factors studied (concentration, time, and speed of homogenization) affect the efficiency of
encapsulation and modify the release profile of mangiferin. Interactions between the molecules in the
formulation affected the fingerprint of the compounds when encapsulated; however, this formation of
bonds does not produce a negative effect on the antipopoisomerase activity of mangiferin and does not
present hepatotoxicity in vitro.
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Abstract: Nanohybrids based on titanate nanotubes (TiONts) were developed to fight prostate
cancer by intratumoral (IT) injection, and particular attention was paid to their step-by-step
synthesis. TiONts were synthesized by a hydrothermal process. To develop the custom-engineered
nanohybrids, the surface of TiONts was coated beforehand with a siloxane (APTES), and coupled
with both dithiolated diethylenetriaminepentaacetic acid-modified gold nanoparticles (Au@DTDTPA
NPs) and a heterobifunctional polymer (PEG3000) to significantly improve suspension stability and
biocompatibility of TiONts for targeted biomedical applications. The pre-functionalized surface
of this scaffold had reactive sites to graft therapeutic agents, such as docetaxel (DTX). This novel
combination, aimed at retaining the AuNPs inside the tumor via TiONts, was able to enhance
the radiation effect. Nanohybrids have been extensively characterized and were detectable by
SPECT/CT imaging through grafted Au@DTDTPA NPs, radiolabeled with 111In. In vitro results
showed that TiONts-AuNPs-PEG3000-DTX had a substantial cytotoxic activity on human PC-3
prostate adenocarcinoma cells, unlike initial nanohybrids without DTX (Au@DTDTPA NPs and
TiONts-AuNPs-PEG3000). Biodistribution studies demonstrated that these novel nanocarriers,
consisting of AuNP- and DTX-grafted TiONts, were retained within the tumor for at least 20 days on
mice PC-3 xenografted tumors after IT injection, delaying tumor growth upon irradiation.

Keywords: titanate nanotubes; gold nanoparticles; vectorization; nanocarrier; colloidal stability;
docetaxel; cytotoxicity; biodistribution; radiotherapy; prostate cancer

1. Introduction

Cancer remains one of the world’s most devastating diseases with approximately 0.2% of people
worldwide diagnosed with cancer at some point during their life [1]. However, even if mortality
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has a tendency to decrease, due to a better understanding of tumor biology and improvement of
diagnostic tools and treatments, the prevalence of prostate cancer remains very high, especially in
developed countries [2]. As an example, in 2019 in the United States, prostate cancer was the third-most
diagnosed cancer, with close to 175,000 estimated new cases, corresponding to 1 prostate cancer over
10 detected cancers, being the second leading cause of cancer-related deaths in men with more than
31,000 estimated deaths [3]. In Europe, in 2018, the number of new prostate cancer cases was estimated
at 450,000 [4].

Currently, anticancer chemotherapeutic agents such as docetaxel (DTX) are used to target tumor
cells in prostate cancer treatment. DTX is an anti-mitotic chemotherapeutic agent, well known to
decrease androgen receptor activation in castration-resistant prostate cancer cells [5,6]. It has been
approved by Food and Drug Administration (FDA) in particular for the treatment of hormone-refractory
prostate cancers [7]. Chemotherapy is often associated with radiotherapy (RT) to increase its efficiency
during tumor treatment [8]. Nevertheless, injected drugs weakly reach tumor sites, and patients who
undergo repeated treatments develop drug resistance within 24 months of initial exposure [6,9,10].
Thus, high doses, relative to the patient’s needs, are administered, causing harmful side effects and
excessive toxicities [11–13].

The development of nanotechnologies has offered a new strategy to incorporate and vectorize an
active substance specifically to sick cells, increasing its efficacy while limiting systemic concentration.
Theranostic nanohybrids have been considerably developed over the past decade as a new generation
of nanocarriers for therapeutic and diagnosis purposes [14,15]. This emergent nanotechnology can
be used to control injected doses, to perform medical diagnostic imaging based on nanohybrids
monitoring inside the organism, and to improve the intracellular concentration of drugs and allow
their accumulation within tumor site by enhanced permeability and retention (EPR) mechanisms while
limiting toxicity in normal tissues [16–19]. Nevertheless, further increasing treatment efficacy is a
relevant issue. Direct tumor administration through intratumoral (IT) injection might be a relevant
approach. Accordingly, there is an interest to develop new nanocarriers for docetaxel to increase
therapeutic efficiency and enhance radiation sensitization by maintaining radiosensitizing agents
inside cancer cells. Among all nanovectors, carbon nanotubes (CNTs) have been widely investigated
for drug delivery applications [20] as well as halloysite clay nanotubes (HNTs) [21]. CNTs are pioneer
nanovectors, representing a novel set of nanomaterials available for cancer therapy [22]. Their unique
physicochemical properties and their ability to cross cell membranes provide a higher capacity of drug
loading when compared to conventional liposomes and dendrimer drug carriers [23]. In addition,
CNTs may prolong circulation time and improve bioavailability of conjugated drug molecules [24].
However, these molecules are largely insoluble. To become biologically compatible, appropriate surface
modifications leading to a better water solubility should be envisaged [25]. As for HNTs, considered as
viable and inexpensive nanoscale containers for encapsulation of drugs [26,27], they also require surface
modification for increased colloidal stability, and even though some coated HNTs are evaluated as being
non-cytotoxic up to 75μg.mL−1 [27], some others appear to have toxic effects [28]. To overcome CNT and
HNT drawbacks, titanate nanotubes (TiONts) have received particular attention as a new generation of
nanovectors with adequate surface chemistry that are highly adaptable when compared to the relatively
inert chemistry of CNTs. Similarly, TiONts are widely studied [29–31] in a broad range of applications
since their discovery in the late 1990s [32]. Recently, TiONt applications have been developed in several
fields of biomedicine [29,33], such as orthopedics and dental implants [34], dopamine detection [35],
DNA transfection [36] and adsorption [37], bioimaging [38,39], safe nanocarrier [36,40,41], drug
delivery (genistein and docetaxel) [42–44], and cancer cell radiosensitization [44,45]. These TiONt
applications are possible due to the atypical morphology shared with CNTs and HNTs. However, they
present a shorter length (about 100–300 nm), an opening at the extremities, and a wide versatility of
surface chemistry compared with CNTs [29]. It has been shown that shape and functionalization of
nanoparticles, used as carriers, affects biodistribution [19,46]. Moreover, our group demonstrated that
TiONts can be internalized with no cytotoxicity induction and maintained inside cells for at least 10 days
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in vitro [36,45]. Finally, the exposure to TiONts combined with irradiation induced a radiosensitizing
effect [45]. The functionalization of nanocarrier-TiONts is mandatory in order to have new or
complementary functionalities such as stability and biocompatibility in physiological conditions for
biomedical applications [19,40,43,47]. In addition, functionalization enables TiONts to carry therapeutic
molecules and improves colloidal stability, required for vectorization applications. In very recent
studies, our group has reported the use of TiONts as carrier for therapeutic molecules together with
DTX (TiONts-DTX) into prostate tumor [43,44]. This nanocarrier was beforehand pre-functionalized
with 3-aminopropyl triethoxysilane and with a hetero-bifunctional polymer (polyethylene glycol) to
immobilize DTX by covalent linkages. In vivo tests with IT injections of TiONts-DTX showed that
more than 70% of TiONt nanovectors were retained within the tumor for at least 7 days. In addition,
the radiosensitizing effect of nanohybrids was evaluated on PC-3 tumors with and without RT. In both
conditions, tumor growth was significantly slowed down in mice receiving TiONts-DTX compared to
mice receiving free DTX. This work proved nanohybrids ability to remain inside the tumor, increasing
therapeutic efficiency.

Encouraged by these results, it was necessary to further improve the radiosensitizing effect of
these nanohybrids. Over the past decade an increasing interest to use gold nanoparticles (AuNPs)
as radiosensitizers for radiation therapy [48,49] has arisen. AuNPs have the ability to combine
imaging and therapy on the basis of the strong X-ray absorption cross section due to the high atomic
number (Z) of gold [49,50]. They have been commonly used for imaging applications [51–54] and
accumulate in tumors upon the delivery of diagnostic agents and therapeutic drugs, while being
effectively excluded from healthy tissue [55–58]. AuNPs are biologically well-tolerated and present
a low toxicity [49,58,59]. Among the numerous examples of gold nanoparticles, Au@DTDTPA NPs
appear attractive for image-guided radiotherapy. The ultrasmall gold core confers to the nanoparticles
an efficient radiosensitizing effect, which increased the efficiency of radiation therapy by twofold when
tumor-bearing animals were treated by radiotherapy after IT injection of Au@DTDTPA NPs [60,61].
Moreover, the organic shell of these nanoparticles has been designed to immobilize gadolinium
ions and radioisotopes (indium-111, 111In). Consequently, the biodistribution of Au@DTDTPA
NPs can be monitored by magnetic resonance imaging (MRI), and by nuclear imaging (positron
emission tomography—PET, and single photon emission computed tomography—SPECT) [62–64].
Biodistribution studies, performed by a combination of MRI and SPECT, highlighted the safe behavior of
Au@DTDTPA NPs after intravenous (IV) injection (accumulation in tumor, no undesirable accumulation
in healthy tissue and renal clearance) and provided useful data to determine the ideal delay between the
IV injection of Au@DTDTPA NPs and irradiation [60,64]. The radiosensitizing effect of Au@DTDTPA
NPs can therefore be better exploited thanks to the possibility of following these nanoparticles
by MRI. However, their potential is probably under-exploited due to their fast-renal clearance.
The combination of Au@DTDTPA NPs with TiONts is expected to overcome this limitation by
(i) the maintaining of nanotubes on site thanks to the design of nanohybrids compared to circulating
nanovectors, (ii) improving the efficiency of nanohybrids in IT compared to IV even with the EPR
effect, and (iii) the very possibility of combined injection of nanohybrids with radioactive iodine
grains during brachytherapy [65]. Moreover, grafting gold nanoparticles onto TiONts, together with
anticancer agents, paves the way to associate in the same entity, tumor retention, radiosensitization,
and chemotherapy, and seems to be a new, attractive, and versatile platform.

This paper describes and analyzes each step required for the synthesis of a next generation nanohybrid.
Analysis was performed using different characterization techniques (scanning transmission electron
microscopy (STEM), thermogravimetric analysis (TGA), ζ-potential measurement, X-ray photoelectron
spectroscopy (XPS), Fourier-transformed infrared (FTIR), UV-visible and inductively coupled plasma
(ICP) spectroscopies) as well as biological tests to evaluate efficacy against prostate cancer. Herein,
we also report in vitro bioassays carried out on a human PC-3 prostate adenocarcinoma cells using
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-ulfophenyl)-2H-tetrazolium (MTS) assay.
In vivo biodistribution assays were performed in PC-3 xenografted prostate tumors, after IT injection,
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on Balb/c nude male mice. The radiosensitizing efficacy of TiONts-AuNPs-PEG3000-DTX nanohybrids in
association with RT, on a hormone-independent prostate cancer model, was also studied. Overall, these
results describe the impact of a new generation TiONt-based treatment on a model of prostate cancer.

2. Results

The final nanohybrid (TiONts-AuNPs-PEG3000-DTX) was synthesized step-by-step from titanate
nanotubes (TiONts) according to Loiseau et al. [43]. The strategy used to engineer a very versatile
platform, which could be used for both nuclear imaging and therapy, is presented in Figure 1, even
if the final end product is intended only for therapy and imaging being used only for preclinical
developments. In this report, each grafting step has been characterized by different techniques. After
hydrothermal synthesis of TiONts, morphological conformity was highlighted by transmission electron
microscopy (TEM). As expected, a coiled spiral-shaped structure and an internal cavity, as described
in [41,43] and supporting information (Figure S1a) is shown. The observed dimensions are in agreement
with literature on this compound, showing (10 ± 1) nm in outer diameter, (4 ± 1) nm in inner diameter,
and (170 ± 50) nm in length [29–32,43]. TiONts present a large specific surface area due to their tubular
shape ((174 ± 1) m2.g−1), which is necessary to graft an important number of organic compounds.
These ligands improve colloidal stability, dispersion state, and circulation time within the organism.

 
Figure 1. Illustration of (i) (a) titanate nanotubes (TiONts) and step-by-step pre-functionalization with
(b) 3-aminopropyltriethoxysilane (APTES), (c) dithiolated diethylenetriaminepentaacetic acid-modified
gold (Au@DTDTPA) nanoparticles (NPs), (d) α-acid,ω-thiol-polyethylene glycol (HS-PEG3000-COOH),
and (e) p-maleimidophenyl isocyanate (PMPI)-modified docetaxel (DTX-PMPI) to yield the final
nanohybrid—TiONts-AuNPs-PEG3000-DTX; (ii) this step corresponds to the modification of (f) DTX
with (g) PMPI to form (h) DTX-PMPI (represented by an orange diamond).

In a previous work, TiONts, TiONts-APTES, and DTX-PMPI had already been characterized by
several analysis techniques [30,39,43]. Briefly, grafting ratio on TiONts surface was determined by
thermogravimetric analysis (TGA) (Figure 2). Results are reported in Table 1, and the details of the
equations are given in Figures S2 and S3.
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Figure 2. (a) Thermogravimetric analysis (TGA) and (b) derivative curves of bare TiONts and
functionalized-TiONts under air atmosphere.

Table 1. Results of relative mass loss and graft ratio of bare TiONts and functionalized-TiONts.

Nanohybrid Name
Initial

Temperature of
Degradation (◦C)

Relative
Mass

Loss (%)

Degraded
Molecular

Weight (g.mol−1)

Molecule.nm−2

(average)

Reproducibility
(n)

Number of
Grafted

Molecules Per
TiONt 1

TiONts 190 2.6 18 10.2 (±1.5) OH 10 −
TiONts-APTES 175 6.3 58 2.6 (±0.2) NH2 9 14,230

TiONts-AuNPs 150 12.4 511 0.40 (±0.05)
DTDTPA 7 2,200

TiONts-AuNPs-PEG3000 150 16.1 3,073 0.040 (±0.003)
PEG3000

4 220

TiONts-AuNPs-PEG3000-DTX 150 27.4 1,049 0.30 (±0.01)
DTX-PMPI 2 1,700

1 The number of grafted molecules per TiONt was estimated by means of geometrical calculation considering only
the external surface of TiONts.

Then, DTDTPA-modified gold nanoparticles were coupled with TiONts-APTES by peptide bond
formation. Peptide coupling was performed between one of DTDTPA’s carboxyl groups present in
Au@DTDTPA NPs and an amine function on the TiONts-APTES surface. These Au@DTDTPA NPs
are composed of a gold core with a diameter around 2.6 nm and a multilayered organic shell with
approximately 120 DTDTPA per nanoparticle according to the literature [52,62,64]. Thanks to TGA, the
graft ratio of DTDTPA on AuNPs was evaluated as 5.7 DTDTPA.nm−2 (Figure S4). The relative mass
loss (Au@DTDTPA NPs) was 50%, which led to molar ratio of 1:2.5 between DTDTPA and AuNPs,
respectively. HAADF-STEM (high angle annular dark field scanning transmission electron microscopy)
images highlighted the presence of gold nanoparticles on the nanotube surface and nowhere else on the
grid, suggesting a good purification of ungrafted Au@DTDTPA NPs (Figure 3a,b). The grafting rate of
gold nanoparticles on the TiONt surface was calculated and estimated between 20 and 40 AuNPs/TiONt
using several techniques: STEM (via a STEM counting of about several hundred of nanotubes), TGA
(the relative mass loss is due to DTDTPA molecules and was 0.40 (±0.05) DTDTPA.nm−2 of TiONts;
Table 1), and a dosage via ICP (inductively coupled plasma). Then, comparing HAADF-STEM images
before (Figure 3c,d) and after (Figure 3e,f) reflected the grafting step of PEG3000 on TiONts-AuNPs.
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Figure 3. HAADF-STEM (high angle annular dark field scanning transmission electron microscopy)
images showing (a,b) the grafting of Au@DTDTPA NPs on TiONts-APTES and the evolution of TiONts
dispersion state (c,d) before (TiONts-AuNPs) and (e,f) after PEG3000 grafting (TiONts-AuNPs-PEG3000).

X-ray photoelectron spectroscopy (XPS) analyses were carried out to evaluate the chemical
composition of the TiONts-AuNPs and TiONts-AuNPs-PEG3000 surface (Figure 4 and Table 2).

 
Figure 4. Fitted curves of O1s, C1s, and N1s peaks in XPS spectra for (a) TiONts-APTES,
(b) TiONts-AuNPs, and (c) TiONts-AuNPs-PEG3000.

214



Cancers 2019, 11, 1962

Table 2. X-ray photoelectron spectroscopy (XPS) analyses: atomic concentration of bare TiONts,
TiONts-APTES, TiONts-AuNPs, and TiONts-AuNPs-PEG3000.

Atomic Concentration (%) C1s O1s NaKLL Ti2p N1s Si2p Au4f

TiONts 7.3 58.7 13.5 20.5 − − −
Elements (TiONts)/Ti (%) 0.3 2.9 0.7 1.0 − − −

TiONts-APTES 11.2 56.8 5.7 21.5 2.3 2.5 −
Elements (TiONts-APTES)/Ti (%) 0.5 2.6 0.3 1.0 0.1 0.1 −

TiONts-AuNPs 18.5 54.1 1.4 19.2 3.1 2.5 1.2
Elements (TiONts-AuNPs)/Ti (%) 1.0 2.8 0.1 1.0 0.2 0.1 0.1

TiONts-AuNPs-PEG3000 23.8 52.1 0.5 17.5 2.9 2.0 1.2
Elements

(TiONts-AuNPs-PEG3000)/Ti (%) 1.4 3.0 ≈ 0 1.0 0.2 0.1 0.1

FTIR spectroscopy was realized to confirm the effective coatings on TiONts
(Figure 5a)—TiONts-APTES with the presence of amino-silane and the corresponding groups (Si-O-Si,
C-C-NH2, CH2); TiONts-AuNPs following the grafting of gold nanoparticles onto TiONts by peptidic
coupling ((C=O)-N-H formation as well as (C=O)-OH due to the DTDTPA coating of AuNPs);
and finally PEG3000 on TiONts-AuNPs-PEG3000 with a new C-OPEG specific to the ethylene glycol
repeat units. As far as surface modifications of TiONts are concerned, ζ-potential measurements were
realized to evaluate changes in terms of isoelectric points (IEP) and potential values at the physiological
pH (Figure 5b).

 
Figure 5. (a) FTIR spectra of TiONts, TiONts-APTES, TiONts-AuNPs, and TiONts-AuNPs-PEG3000

between 2000–900 cm−1 and (b) ζ-potential curves of bare TiONts and different functionalized TiONts
(the vertical dashed line corresponds to the physiological pH).

To study the colloidal stability of TiONts nanohybrids in physiological conditions (phosphate
buffered saline (PBS) buffer, pH 7.4), tubidimetric studies were realized (Figure 6a) by comparing
the decrease in absorbance over time at the wavelength of 600 nm. As expected, initial TiONts and
simply modified TiONts-APTES exhibited the lowest stability compared to the further modifications
of TiONts including AuNPs, PEG, and DTX, as can be seen also in the picture of the suspension of the
final nanohybrids (Figure 6b).
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Figure 6. (a) Turbidimetric studies: colloidal stability of functionalized TiONt suspensions (phosphate
buffered saline (PBS) 0.1 M; pH 7.4) over 150 min following their absorbance at 600 nm as a function of
time. (b) Picture of a TiONts-AuNPs-PEG3000-DTX suspension in PBS (0.1 M; pH 7.4) after 24 h.

MTS assays on a PC-3 human prostate cancer cell lines were performed to evaluate the cytotoxicity
of DTX in the final nanohybrid (Figure 7a). Briefly, an increasing range of DTX (from 0.5 nM to 500 nM)
was used to evaluate the cytotoxicity of free DTX and TiONts-AuNPs-PEG3000-DTX. For a given DTX
concentration, the committed quantity of TiONts-AuNPs-PEG3000 (without DTX) (green curve) or
Au@DTDTPA NPs (blue curve) corresponded to the quantity present on TiONts-AuNPs-PEG3000-DTX
(orange curve).

 
Figure 7. (a) Survival curves (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-ulfophenyl)
-2H-tetrazolium (MTS) cytotoxicity assays) on PC-3 cell lines after incubation of DTX, Au@DTDTPA
NPs, TiONts-AuNPs-PEG3000, and TiONts-AuNPs-PEG3000-DTX (mean ± SD). The studied range was
from 0.5 to 500 nM in DTX concentration, which also corresponded to a concentration range of 4.1× 10−3

to 4.1 μg.mL−1 for TiONts-AuNPs-PEG3000 and 3 × 10−3 to 3 μg.mL−1 for Au@DTDTPA NPs, present
on the TiONts-AuNPs-PEG3000-DTX. The horizontal dotted line allows for an estimate of the different
nanohybrids’ IC50. (b) Single photon emission computed tomography coupled with a conventional
scanner (SPECT/CT) imaging of kinetics and (c) SPECT tumor uptake (mean value ± SD) achieved in
Balb/c nude male mice after intratumoral (IT) injection of TiONts-AuNPs-PEG3000-DTX-111In at 1 h, 3 h,
24 h, 48 h, 72 h, and 6 days (as a function of 111In injected activity (5.7–8.7 MBq) and corrected by 111In
radioactive decay). (d) TiONts-AuNPs-PEG3000-DTX-111In biodistribution in dissected organs (bladder,
kidney, spleen, lung, heart, liver, bowel, blood, and tumor) by radioactivity detection using gamma
counting 10, 15, and 20 days after IT injection (mean value ± SD).
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The first in vivo biodistribution images, realized by SPECT coupled with a conventional scanner
(SPECT/CT) after IT injection, showed that TiONts-AuNPs-PEG3000-DTX rabiolabeled with 111In were
always retained within tumors six days after IT injection (Figure 7b). Moreover, from 24 h to 6 days,
the remaining quantity of nanohybrids in tumors did not seem to decrease and proved the ability of
the nanohybrid to maintain DTX and gold nanoparticles within tumors to increase their therapeutic
efficacy, as more than 60% of the injected radiolabeled nanohybrids were still inside the tumor after
6 days (Figure 7c) and that there was therefore no release of the radiolabeled Au@DTDTPA (NPs)—they
were still grafted to titanate nanotubes. Moreover, gamma counting confirmed these results because
more than 42.5 ± 3.7% of nanohybrids were still kept inside tumors 20 days after IT injection (Figure 7d).

Finally, the therapeutic effects on TiONt nanohybrids were investigated by the study of tumor
growth delay until a tumor volume of 1000 mm3 was reached (Figure 8 and Figure S9) and in the
presence or not of radiotherapy (RT). Differences were noted between treatments with or without RT
and the final nanohybrids TiONts-AuNPs-PEG3000-DTX associated with RT showed (i) the longest
delay before tumor growth (over 55 days) and (ii) a significant difference in delay compared to similar
nanohybrids without AuNPs (28% higher).

 
Figure 8. Therapeutic effect of control, TiONts-DTX, and TiONts-AuNPs-PEG3000-DTX, associated or
not with radiotherapy (RT) administered with three daily fractions of 4 Gy (3 groups, n = 6–7), after IT
injection into PC-3 xenografted tumors. * p = 0.035 (TiONts-AuNPs-PEG3000-DTX + RT vs. TiONts-DTX
+ RT); comparison performed using nonparametric Mann–Whitney test.

3. Discussion

The applied functionalization protocol with 3-aminopropyl triethoxysilane (APTES) tended to
limit the multilayered formation of this molecule on the surface of TiONts [66,67]. Thus, the grafting
ratio of APTES (2.6 NH2.nm−2) decreased significantly when compared to results available in the
literature [39,43]. Moreover, TiONts-APTES enhanced tube individualization, as compared to bare
nanotubes, for a suspension of equal concentration (Figure S1b,c). To some extent, a similar observation
can be made on grafted AuNPs that did not seem to stick to each other and were relatively evenly
distributed over the whole surface of TiONts.

From XPS analyses, gold was observed on TiONts-AuNPs and TiONts-AuNPs-PEG3000, which was
consistent with the presence of AuNPs (Table 2 and Figure S5). In addition, other atoms such as nitrogen
and silicon corresponding to APTES or even chemical elements identical to those of bare TiONts (Ti, O,
and Na) were found. Subsequently, the quantitative analysis revealed an increase in carbon and oxygen
content for TiONts-AuNPs, in comparison to TiONts-APTES, consistent with the presence of DTDTPA
on nanohybrid. Thereafter, increase of these same chemical elements also showed PEG3000 grafting on
TiONts-AuNPs-PEG3000. A significant decrease for chemical elements such as Ti2p, O1s, and NaKLL

was also observed, according to successive grafting. The decomposition of O1s, C1s, and N1s peaks in
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XPS spectra highlighted the formation of secondary amide bonds, characteristic of AuNPs grafting on
TiONts via peptide coupling (EDC/NHS) as well as carboxyl functions from DTDTPA (Figure 4a,b).
These same peaks also suggested the evolution of components associated to PEG3000 grafting via
peptide coupling (PyBOP) on the remaining free amine functions, after covalent immobilization of
Au@DTDTPA NPs (Figure 4c). Therefore, appearance of two new components was attributed to two
types of bonds ((C=O)-NH-C and (C=O)-OH) concerning TiONts-AuNPs and TiONts-AuNPs-PEG3000

samples compared to TiONts-APTES, one of which was located at 532.8 eV (7%) for the O1s peak and the
other at 288.1 eV (11.2%) for the C1s peak [40,68]. Moreover, the O1s region of TiONts-AuNPs-PEG3000

showed an increase for the component located at 532.3 eV, indicating a higher peptide coupling rate and
more carboxyl functions (from 7% to 14.3% before and after PEG3000 grafting, respectively). Moreover,
other components may be also assigned to carboxyl groups ((O=C)-OH), such as those located at
≈531 eV (O1s) and ≈286 eV (C1s) [68]. These functions were responsible for the increase of these
components in comparison to those observed at the same positions for TiONts-APTES—15.3% (O1s)
and 25% (C1s), respectively. These analyses were consistent with what was observed for N1s peak for
TiONts-AuNPs and TiONts-AuNPs-PEG3000, due to the increase of the 399.8 eV component attributed
to ((C=O)-NH-C) groups as well as C-NH2 bonds at the expense of C-NH3

+ (401.7 eV) with respect to
the N1S region of TiONts-APTES [69]. With regards to TiONts-AuNPs-PEG3000, the decomposition of
C1s and the O1s threshold highlighted the grafting of the polymer. The component associated with
C-C/C-H groups at 284.6 eV was more intense due to the PEGylated chains of PEG3000 (from 46.9% to
53.1%). Regarding the contributions of the C-OPEG bond, they may be located at 530.8 eV (O1s) and
286.1 eV (C1s) [40,69].

FTIR spectroscopy confirmed the XPS results, thus showing the effective synthesis of
TiONts-AuNPs and TiONts-AuNPs-PEG3000 nanohybrids. Indeed, IR spectra show the appearance of
new characteristic vibration bands in Figure 5a, corresponding to the formation of amide bonds located
at 1050 and 1550 cm−1 ((C=O)-N-H) as well as 1720 cm−1 ((C=O)-N-H). Furthermore, IR analysis
was consistent in that Au@DTDTPA NPs remained on the surface of TiONts even after last synthesis
steps, with the persistence of functions attributed to (C=O)-N-H and (C=O)-OH of DTDTPA molecules
(violet highlights on IR spectrum) [62]. This was corroborated by the HAADF-STEM images (Figure 3
and Figure S6). Moreover, the strong absorption band at 1100 cm−1 (C-OPEG) was also observed
(green highlights on IR spectrum) [47]. Finally, functions attributed to aliphatic carbon chains were
increasingly intense due to the additional organic moieties after each grafting (APTES, Au@DTDTPA
NPs, and PEG3000) on TiONts, and were located between 1450 and 1300 cm−1.

ζ-potential measurements indicated an isoelectric point (IEP) at pH 6.9 for TiONts-APTES. This
value was higher than for bare TiONts (IEP 3.3) due to the coating of amine functions (Figure 5b).
Therefore, the decrease in the number of amines partly engaged in Au@DTDTPA NPs coupling with
TiONts-APTES and appearance of COO− groups from DTDTPA led to an IEP shifted downward to
the lower pH value of 5.1 (violet curve). At pH 7.4, carboxylate functions significantly improved
the ζ-potential, in absolute value, favoring the electrostatic repulsion—from −6 mV (TiONts-APTES)
to −20 mV (TiONts-AuNPs). Nevertheless, a significant screening effect was observed concerning
PEG3000-functionalized TiONts (green curve) over the entire pH range studied (−2 mV at pH 7.4).
These results were striking when compared to a previous study [43], thus suggesting that the
steric effect mainly governs colloidal stability at physiological pH. The electrokinetic monitoring of
TiONts-AuNPs-PEG3000-DTX (orange curve) showed a less pronounced screening effect (−7 mV at
pH 7.4), even if the evolution of ζ-potential measurements as a function of pH were very close to that
of nanohybrid without DTX-PMPI. The strong screening effect was observed while the grafting of
Au@DTDTPA NPs induced a less important grafting density of PEG3000 on the surface of nanohybrid
than without Au@DTDTPA NPs (0.04 PEG3000.nm−2 for TiONts-AuNPs-PEG3000 vs. 0.05 PEG3000.nm−2

for TiONts-PEG3000; Table 1) [43] due to the decrease in the number of free amines and steric
hindrance. The lower coverage rate of polymer led to an area per chain of 25 nm2 (the PEG3000

radius of gyration is about 2.5 nm, which corresponded to a covering surface of 20 nm2), indicating a
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mushroom conformation [70]. However, this calculation did not consider the TiONts surface already
occupied by gold nanoparticles. Therefore, the polymer could also have been in brush conformation
onto nanohybrid.

DTX was modified by p-maleimidophenyl isocyanate (PMPI) to obtain an adequate function
for the combination with TiONts-AuNPs-PEG3000. The reaction between PMPI and thiol groups
was expected at pH 7.4 in PBS, as maleimide reacts specifically with thiol in a pH range from 6.5
to 7.5 (Figure S7), whereas the reaction was possible both with thiol and amine functions above
a pH of 7.5. The functionalization of TiONts-AuNPs-PEG3000 with DTX-PMPI was observed by
TGA. The relative mass loss of final nanohybrids was greater than that of TiONts-AuNPs-PEG3000,
revealing the immobilization of therapeutic agent (DTX) on the surface of TiONts (Figure 2).
The grafting ratio was estimated to 0.30 DTX-PMPI.nm−2 (Table 1) and higher than previously
reported (0.20 DTX-PMPI.nm−2) [43]. Indeed, thiol functions brought both by DTDTPA and PEG3000

could react with the maleimide group of DTX-PMPI in PBS (0.1 M; pH 7.4). However, despite repeated
purifications, it cannot be excluded that DTX-PMPI clung/adsorbed to amine groups of APTES not
functionalized by Au@DTDTPA NPs in the cavity of nanotubes and/or was trapped within PEGylated
chains (Figure S8). Consequently, this enhancement of DTX quantity could increase the therapeutic
effect of nanohybrid on tumor cells in addition to AuNPs.

Functionalization with Au@DTDTPA NPs and PEG3000 enhanced tube individualization as
compared to bare nanotubes at similar concentration (Figure 3c–f). Even if the graft ratio of PEG3000

was low, their presence seemed to limit nanohybrids agglomeration, comparing their dispersion with
the STEM images of TiONts-AuNPs. The hypothesis, shown above, concerning the conformation of
PEG3000 on the surface of TiONts (polymer brush conformation), could then be confirmed.

Colloidal stability of different functionalized TiONt suspensions was also investigated under
physiological conditions (PBS 0.1 M; pH 7.4) by turbidimetric analyses (Figure 6a) and correlated
with STEM images. Results demonstrated a very good colloidal stability of TiONts-AuNPs and
TiONts-AuNPs-PEG3000 in comparison with TiONts and TiONts-APTES. Indeed, the measured
absorbance did not significantly change after 150 min for AuNP-functionalized TiONts. The grafting
of DTX-PMPI on the surface of TiONts-AuNPs-PEG3000 also did not lead to any major change on the
colloidal stability of the final nanohybrid in PBS. Thus, colloidal stability was dramatically improved at
physiological pH and was largely sufficient over time to in vivo inject the nanohybrid after radiolabeling
the DTDTPA by 111In. Moreover, Figure 6b shows that brown TiONts-AuNPs-PEG3000-DTX suspension
was always stable after 24 h in PBS, proving the presence of gold nanoparticles (TiONts suspensions
are white).

Initial results demonstrated that Au@DTDTPA NPs and TiONts-AuNPs-PEG3000 did not exhibit
any cytotoxicity in the studied range (either from 3 × 10−3 to 3 μg.mL−1 of Au@DTDTPA NPs and
4.1 × 10−3 to 4.1 μg.mL−1 of TiONts-AuNPs-PEG3000), whereas unmodified DTX showed cytotoxicity
(black curve), with a half-maximum inhibitory concentration (IC50) of 3.1 nM, in agreement with results
previously shown in literature [43,71]. TiONts-AuNPs-PEG3000-DTX were still cytotoxic (IC50: 82 nM)
even though they were less toxic than free DTX. Nevertheless, the cytotoxic efficacy of the final
nanohybrid was higher with gold nanoparticles than what was previously observed for TiONts-DTX
(IC50 = 360 nM), synthesized by Loiseau et al. [43]. Indeed, these nanohybrids being better dispersed
and more stable in suspension have probably improved cell internalization by diffusion or endocytosis
processes of current nanohybrids in sick cells [45] and led to a better access of DTX to microtubules.
These achievements were very promising and allowed in vivo experiments on PC-3 xenografted
tumors into Balb/c nude mice.

Twenty days after IT injection, a small amount of nanohybrids was found in other organs such
as liver (2.4 ± 0.9%), kidney (1.2 ± 0.4%), lung (0.10 ± 0.01%), spleen (0.20 ± 0.05%), and bowel
(0.90 ± 0.01%). Less than 0.1% of nanohybrids were detected in bladder, blood, and heart. The low
quantities detected in different organs were correlated with the lack of toxicity shown during mice
follow up, which lasted three months post-injection.

219



Cancers 2019, 11, 1962

Using this in vivo approach, we observed that tumor volumes revealed a slight growth delay
after IT injection in mice. Indeed, TiONts-DTX and TiONts-AuNPs-PEG3000-DTX groups without
radiotherapy (RT) reached a volume of 1000 mm3 at a later time when compared with the control
group (40.7 ± 5.4 days, 39 ± 4 days, and 35.8 ± 4.5 days, respectively) (Figure 8). This interesting
effect may be explained by the retention of DTX within tumor cells by TiONt-based nanovectors
improving therapeutic efficacy and preventing its diffusion throughout the body. Thus, these results
are consistent with biodistribution analysis. Moreover, these observations have already been described
in prior studies evaluating the efficacy of TiONts-DTX with and without RT, in comparison with
groups receiving free DTX [43,44]. More importantly, we observed an improved therapeutic efficacy
by combining TiONts-AuNPs-PEG3000-DTX with RT. Indeed, tumor growth was significantly slowed
by TiONts-AuNPs-PEG3000-DTX associated with RT to reach a volume of 1000 mm3 (55.2 ± 6.9 days),
compared with TiONts-DTX with RT (49.9 ± 2.5 days) in the same conditions (p = 0.035). Thus,
these results suggest that gold nanoparticles significantly improve the RT efficacy of nanohybrid even
if the gold quantity injected (corresponding to 36.1 nmol of Au or 66.5 pmol of AuNPs and 15 μg
of Au@DTDTPA/animal) was significantly less than the quantity used in previous publication on
Au@DTDTPA NPs alone (160 μg of Au@DTDTPA/animal) [61], thus showing the synergistic effect of
the association of TiONts and AuNPs nanohybrids fulfilling their role as carriers by concentrating the
therapeutic and chelating agents within cancer cells.

4. Materials and Methods

4.1. Materials

Titanium dioxide (TiO2) rutile precursor was purchased from Tioxide (Calais, France).
Sodium hydroxide (NaOH), 3-aminopropyl triethoxysilane (APTES), ethanol, benzotriazole-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), N,N-diisopropylethylamine (DIEA),
diethylenetriaminepentaacetic acid bis(anhydride) (DTPA-BA), tetrachloroauric acid trihydrate (HAuCl4.
3H2O), sodium borohydride (NaBH4), acetic acid, methanol, dimethyl formamide (DMF), trimethylamine,
and aminoethanethiol were acquired from Sigma-Aldrich (Saint-Quentin-Fallavier, France). A derivative of
polyethylene glycol, named α-acid, ω-thiol-polyethylene glycol (HS-PEG3000-COOH, MW = 3073 g.mol−1),
was purchased from Iris Biotech GmbH (Marktredwitz, Germany). N-hydroxysuccinimide (NHS),
1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC), p-maleimidophenyl isocyanate (PMPI),
and tris(2-carboxyethyl)-phosphine hydrochloride (TCEP) were obtained from Thermo Scientific (Illkirch,
France). Docetaxel (DTX) was purchased from BIOTREND Chemikalien GmbH (Cologne, Germany).
Borate buffered saline was prepared from boric acid (99.8%). Phosphate buffered saline (PBS) 1× solution
(Fisher Bioreagents, Illkirch, France), dimethyl sulfoxide (DMSO extra dry, anhydrous 99.99%) (Acroseal),
and hydrochloric acid (HCl) were also obtained from Fisher Chemicals (Illkirch, France). Only Milli-Q
water (ρ = 18 MΩ cm) was used in the preparation of aqueous solutions and to rinse gold nanoparticles.
The ultrafiltration cell (Model 8400, 400 mL) and membranes (regenerated cellulose) were purchased from
Merck Millipore (Molsheim, France). Gold nanoparticles were filtered using a 0.22 μm pore diameter
polymer membrane purchased from Osmonics Inc (Penang, Malaysia). All chemicals were used without
further purification.

4.2. Preparation of Bare TiONts and Amine-Functionalized TiONts (TiONts-APTES)

Bare TiONts were synthesized by a hydrothermal method. A total of 1 g of precursor (titanium
dioxide rutile) was ultrasonicated (30 min, 375 W, Sonics Vibra-Cells (Newton, CT, USA) in a NaOH
aqueous solution (10 M, 250 mL). Subsequently, the mixture was transferred into a Teflon reactor with
mechanical stirring and heating at 155 ◦C for 36 h. TiONts were washed by centrifugation (24,000× g for
10 min), dialysis (Cellu·Sep tubular membranes of 12–14 kDa), and ultrafiltration (regenerated cellulose
membranes with a molecular weight cut-off (MWCO) of 100 kDa) [30,31,43]. Subsequently, TiONts
were functionalized with silane-coupling agent, presenting high reactivity with hydroxyl groups on
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the surface of material. Consequently, TiONts were modified with APTES (the molar ratio between
hydroxyl functions of TiONts and APTES was 1:3) via hydrolysis and condensation in a solution
of water and ethanol (50:50 v:v) under magnetic stirring at 60 ◦C for 5 h (TiONts-APTES) [39,47,67].
After the reaction, suspension was ultrafiltered (100 kDa) to eliminate the excess of APTES. Finally,
the TiONts-APTES were freeze-dried.

4.3. Synthesis of Dithiolated Diethylenetriaminepentaacetic Acid (DTDTPA) and Functionalized Gold
Nanoparticles Synthesis (Au@DTDTPA NPs)

The synthesis of Au@DTDTPA NPs was described by Alric et al. [52,63]. Briefly, 5.6 × 10−3 mol
of dithiolated diethylenetriaminepentaacetic acid bis(anhydride) (DTPA-BA) was dissolved in DMF
and heated to 70 ◦C. Then, 1.23 × 10−2 mol of aminoethanethiol was dissolved in DMF and 1.74 mL
of triethylamine. This solution was added and mixture was stirred magnetically at 70 ◦C overnight.
Subsequently, the solution was cooled to 25 ◦C and placed in an ice bath. A white powder (NEt3·HCl)
was seen to precipitate out and was filtered. After filtration, chloroform washing, and drying under
vacuum, DTDTPA was obtained as a white powder.

Gold nanoparticles were synthesized adapting Brust’s protocol in the presence of DTDTPA to
control size and colloidal stability [72]. In a typical preparation of gold nanoparticles, 5.1 × 10−5 mol
of HAuCl4·3H2O was dissolved in methanol and mixed with 9.4 × 10−5 mol of DTDTPA in water,
and acetic acid was added to the gold salt solution while continuously stirring the mixture. After
5 min, 5 × 10−5 mol of NaBH4 dissolved in water was added to the orange mixture under vigorous
stirring at 25 ◦C for 1 h, before adding HCl solution. After partial removal of the solvent under
reduced pressure at a maximum temperature of 40 ◦C, the precipitate was filtered. The resulting black
powder (Au@DTDTPA NPs) was dried and either stored as a solid or dispersed in 10 mL of 0.01 M
NaOH solution.

4.4. AuNP-Coated TiONt (TiONts-AuNPs) Synthesis

TiONts-APTES were mixed with Au@DTDTPA NPs in 40 mL of phosphate buffered saline (0.1 M;
pH 7.4). A large excess of EDC and NHS were added beforehand on water (pH 5), to activate the
carboxylate functions of the DTDTPA on the surface of AuNPs, during 90 min under magnetic stirring.
The molar ratio between amines on the surface of the TiONts-APTES and the carboxylate functions of
the DTDTPA was 1:0.6. The reaction took place under magnetic stirring for 24 h. Then, TiONts-AuNPs
were washed by ultrafiltration (500 kDa) and freeze-dried. Elimination of non-grafted AuNPs was
optimized by UV-control of washing waters.

4.5. Grafting of Polyethylene Glycol (PEG3000) on TiONts-AuNPs

Heterobifunctional polymers HS-PEG3000-COOH were activated with PyBOP in a molar ratio
of 1:1. The reaction took place in DMSO in the presence of the organic base DIEA (excess) under
magnetic stirring and nitrogen flow for 30 min. TiONts-AuNPs were dispersed in DMSO and added
to activation solution for 24 h under magnetic stirring and nitrogen flow at 25 ◦C. Polymers were
grafted on the remaining amine functions of APTES. The molar ratio was 1:1 between amine functions
(initially present on TiONts-APTES even if gold nanoparticles were present) and polymers. Finally,
the product (TiONts-AuNPs-PEG3000) was washed by centrifugation (20,000 × g for 20 min), then
purified by ultrafiltration (500 kDa) and freeze-dried.

4.6. Activation and Grafting of the Therapeutic Agent: DTX

Activation and grafting of the therapeutic agent have been described by Loiseau et al. [43].
First, DTX and PMPI (DTX-PMP) were dissolved in DMSO and then added in borate buffered saline.
The molar ratio was 1:4, respectively, under magnetic stirring at 25 ◦C for 24 h. The solution of DTX-PMPI
was dialyzed (0.5–1 kDa) and freeze-dried to obtain a yellowish powder. TiONts-AuNPs-PEG3000-DTX
were synthesized from TiONts-AuNPs-PEG3000 and DTX-PMPI (large excess) using TCEP in PBS
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(0.1 M; pH 7.4). The mixture was homogenized beforehand in an ultrasonic bath and placed under
magnetic stirring for 24 h at 25 ◦C. TiONts-AuNPs-PEG3000-DTX were dialyzed, ultrafiltered (500 kDa),
and freeze-dried.

4.7. Characterization Techniques of Nanohybrids

4.7.1. Thermogravimetric Analysis (TGA)

The amount of the molecules on the surface of the TiONts after each grafting step was determined
by TGA (TA instrument, Discovery TGA (New Castle, DE, USA)). An air flow rate of 25 mL.min−1 and
a temperature ramp of 10 ◦C.min−1 from 50 to 800 ◦C were used for measurements.

4.7.2. Surface Area Measurements

Specific surface area measurements were carried out using a Micromeritics Tristar II apparatus.
Samples were outgassed in situ under 20 mTorr pressure for 16 h at 100 ◦C. Brunauer–Emmett–Teller
(BET) method (SBET) was used in the calculation of specific surface area value from N2 gas adsorption.

4.7.3. Transmission Electron Microscopy (TEM)

Nanotube morphology and agglomeration state characterization were carried out with a JEOL
JEM-2100F, operating at an accelerating voltage of 200 kV and fitted with an ultra-high pole-piece
achieving a point-to-point resolution of 0.19 nm. HAADF-STEM micrographs of AuNP-loaded TiONts
were taken on this instrument, equipped with a field emission gun (FEG) type cathode. Samples were
prepared by dropping a dilute suspension of powders onto the carbon-coated copper grids.

4.7.4. Inductively Coupled Plasma (ICP) Spectroscopy

Determination of titanium and gold contents in final nanohybrids was performed by ICP coupled
to mass spectrometry (ICP-MS) analysis (ThermoScientific iCAP 6000 series ICP Spectrometer (Waltham,
MA, USA)). A total of 2 mg of final nanohybrids were dissolved in aqua regia at 40 ◦C. The resulting
solutions were diluted in HNO3 for analysis.

4.7.5. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were collected with a PHI 5000 Versaprobe apparatus from a monochromatic
Al Kα1 radiation (EKα1 (Al) = 1486.7 eV with a 200 μm diameter spot size, accelerating voltage of
12 kV, and power of 200 W). Powders were deposited on an indium sheet and then pressed. A Shirley
background was subtracted and Gauss (70%)–Lorentz (30%) profiles were applied. Data analysis
and curve fittings were realized with CasaXPS processing, and MultiPak software was employed for
quantitative analysis. Neutralization process was used to minimize charge effects. Titanium 2p peak
(458.7 eV) was used as a reference and allowed the correction of charge effects. The resolution was
2.0 eV for global spectra and 1.3 eV for windows corresponding to selected lines.

4.7.6. Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR spectra were recorded on a Bruker Vertex 70v using OPUS version 3.1. using the KBr method,
in which the pellets were made by mixing 2 mg of sample within 198 mg of dried KBr.

4.7.7. ζ-Potential Measurements

A Malvern Nano ZS instrument supplied by DTS Nano V7.11 software was used to determine
zeta potentials of nanoparticle suspensions. pH titrations were performed using aqueous solutions of
HCl (0.1 M), NaOH (0.1 M), or NaOH (0.01 M) to adjust the pH from 3 to 11. Before each measurement,
suspension was prepared in aqueous NaCl solution (10−2 M) and sonicated for 10 min.
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4.7.8. UV-Visible

Shimadzu UV-2550 was used to measure UV-visible absorbance at 600 nm. Turbidimetric studies
of nanoparticle suspensions were made in PBS (0.1 M; pH 7.4) at 25 ◦C (one measurement/5 min).

4.8. Radiolabeling with Indium-111

For in vivo biodistribution studies, DTDTPA molecules grafted on the nanohybrid were labeled
using indium-111 radionuclide (111In radioactivity half-life t1/2 = 67.9 h) [73]. The preparation of
111In-labelled nanohybrids was performed by adding 111In chloride to TiONts-AuNPs-PEG3000-DTX in
ammonium acetate buffer. Briefly, 386 MBq of 111InCl3 in 0.05 M HCl (500 μL) were mixed with 50 μL of
1 M AcONH4 pH 7.07 and 450 μL of 0.1 M AcONH4 pH 5.8, and 2 mg of TiONts-AuNPs-PEG3000-DTX
was then added. The resulting mixture (pH 5) was stirred overnight (16 h) at 37 ◦C in a Thermomixer.
Instant thin layer chromatography (ITLC) was performed to determine the radiolabeling yield and
to assess the absence of free 111In. A total of 1 μL of the nanohybrids mixture was spotted on the
ITLC-silica gel (SG) strip, which was subsequently eluted with sodium citrate 0.1 M pH 5, and the
strip was then analyzed using an AR-2000 radiochromatograph (Eckert and Ziegler, Berlin, Germany;
Rf = 0 for radiolabeled nanoparticles whereas Rf = 1 for small 111In-AcO). At the end of incubation,
suspension was centrifuged (13,000 × g, 15 min) and supernatant was discarded. The radiolabeled
nanohybrids were then suspended in saline prior to injection.

4.9. Cells and Animals

Human PC-3 prostate adenocarcinoma cells (ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal serum calf (Dutscher, France) at 37 ◦C,
5% CO2, and 95% humidity.

Two days prior to mice injection with cancer cells, whole-body irradiation was performed with a
γ-source (2 Gy, 60Co, BioMep, Bretenières, France). The injection unit included 10 × 106 PC-3 cells in
200 μL serum-free culture medium containing Matrigel (50:50, V:V, BD Biosciences). Injection was
performed subcutaneously on the right flank of immunosuppressed athymic Balb/c nude male mice
which were at least six weeks of age (Charles River, L’Arbresles, France). All mice were housed in
our approved animal facility (Centre Georges–François Leclerc, Dijon, France) and all experiments
followed the guidelines of the Federation of European Animal Science Associations. All animal
studies were conducted in accordance with the European legislation on the use of laboratory animals
(directive 2010/63/EU) and approved by accredited ethical committee of the Grand Campus (Dijon,
France). The Ministry project agreement numbers are #13968 (for radiotherapy experiments) and #7830
(for imaging experiments), and the ethical committee agreement number is 105, with the official name
“C2ea Grand Campus”.

4.10. Treatments

Mice were randomized 20 days post cancer cells injection. To distribute mice among the different
treatment groups, a randomization was performed. The aim was to obtain an equivalent average tumor
volume (TV) in each treatment group (about 200 mm3). Before and during irradiation, each mouse was
anesthetized with 2.5% isoflurane mixed with oxygen (MINERVE system, Esternay, France).

One hour before the first RT fraction, NPs were delivered intratumorally (50 μL, 1.87 μg/μL
for TiONts-DTX and 2 μg/μL for TiONts-AuNPs-PEG3000-DTX, in order to have the same DTX
concentration in both cases). Radiotherapy was delivered using three daily fractions of 4 Gy by a small
animal irradiator (SARRP, Xstrahl, United Kingdom), with 225 kV energy X-ray photons and a dose
rate of 3.1 Gy/min. For each RT session, an anterior field and a posterior field were used to irradiate
the tumor in a targeted way with a homogeneous dose.
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4.11. In Vitro Evaluation of Nanohybrid Cytotoxicity

To evaluate the cytotoxic activity of DTX on the surface of nanohybrids, androgen-independent
PC-3 prostate cancer cells were seeded in 96-well plates at a concentration of 3000 cells/well and
incubated at 37 ◦C in 190 μL of drug-free culture medium (DMEM) with 10% fetal bovine serum
(FBS) for 24 h before treatment (when the cells were at around 20% confluence). Cytotoxicity assays
were performed with four samples at each concentration of free DTX (positive control), Au@DTDTPA
NPs, TiONts-AuNPs-PEG3000, or TiONts-AuNPs-PEG3000-DTX. Tumor cells were incubated (+10 μL
of drug in 190 μL of culture medium) with a range of equivalent DTX concentrations from 0.5 to
500 nM (100 nM of DTX corresponds to 0.2 μg of nanohybrids per well from TGA, i.e., a nanohybrid
concentration of 1.0 μg.mL−1). After 96 h of incubation, cell viability was evaluated using MTS
assay (Promega Corporation, Madison, WI, USA) according to Mirjolet et al. [44,45,74]. Results were
expressed as relative absorption at 490 nm relative to the untreated control.

4.12. Analysis of TiONts-AuNPs-PEG3000-DTX Biodistribution

Because the organic shell of Au@DTDTPA NPs ensures the immobilization of 111In ions (due to the
chelating properties of DTDTPA) [64], TiONts-AuNPS-PEG3000-DTX can be radiolabeled. The location
of these hybrid nanostructures can therefore be monitored by SPECT. After mice in vivo injection,
TiONts were tracked using a NanoSPECT/CT small animal imaging tomographic gamma-camera
(Bioscan Inc., Poway, CA, USA). TiONts-AuNPs-PEG3000-DTX-111In (50 μL, 40–60 μg; 5.7–8.7 MBq
of activity) were injected into nine subcutaneous PC-3 human prostate tumor-bearing mice. In vivo
biodistribution at 1 h, 3 h, 24 h, 48 h, 72 h, and 6 days after injection was analyzed using SPECT/CT
imaging. Then, 10 days post-injection, the 3 imaged animals were sacrificed, and 15 days and 20 days
after injection the other mice (three animals per group) were also sacrificed. Tumor, blood, lung, liver,
kidney, spleen, bladder, bowel, and heart of each mouse were collected and radioactivity in these
samples was measured using a gamma counter (Wizard 1480, Perkin Elmer, Waltham, MA, USA).

4.13. Evaluation of the Radiotherapeutic Efficacy of TiONts-DTX and TiONts-AuNPs-PEG3000-DTX

To evaluate the benefit of nanohybrids, tumors were treated with an intratumoral injection of a
50 μL TiONts-DTX or TiONts-AuNPs-PEG3000-DTX suspension (containing 10.5 nmol of DTX grafted
onto 93.5 μg of TiONts-DTX and 100 μg of TiONts-AuNPs-PEG3000-DTX). The gold quantity injected
present on TiONts-AuNPs-PEG3000-DTX was 15 μg Au@DTDTPA/animal (corresponding to 36.1 nmol
of Au or 66.5 pmol of 2.6-nm AuNPs). After induction of PC-3 tumors in mice and as soon as the
tumors had reached a mean volume of approximately 200 mm3, mice were randomized according
to their individual tumor volume into three groups of 67 mice (control IT injection, TiONts-DTX,
and TiONts-AuNPs-PEG3000-DTX).

To evaluate the effectiveness of treatment, tumor growth was evaluated by the growth retardation
parameter (time to reach a volume of 1000 mm3). The TV was recorded three times a week using
calipers and calculated according to the following formula: TV = thickness × width × length × 0.5.
Each group included six or seven mice; numbers were calculated considering inter-mouse variability.
Tumor growth delay was compared between mice groups using the nonparametric Mann–Whitney test.

5. Conclusions

The elaborated nanohybrid (TiONts-AuNPs-PEG3000-DTX) was prepared using a step-by-step
synthesis allowing for the precise characterization of each grafting step. A thorough characterization
of the latter led to substantial results, showing the originality and innovation of the associations,
particularly the AuNPs/TiONts combination. Grafting of gold nanoparticles, functionalized with
DTDTPA, on the surface of TiONts-APTES was successful thanks to peptidic coupling. This
pathway of grafting limited AuNP and TiONt agglomeration and ensured an even distribution
of Au@DTDTPA NPs over the surface of TiONts. Moreover, gold nanoparticles provided nanohybrids
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with a remarkable colloidal stability under physiological conditions, improving in vitro and in vivo
behavior for targeted biomedical applications. The significant amount of therapeutic agent (DTX)
modified by PMPI on the TiONts surface showed that DTX-PMPI were covalently bound with thiol
functions (from PEG3000 and DTDTPA) but also via free amine groups (APTES) depending on the pH.
Thus, this study confirmed the potent therapeutic effect of our final nanohybrid after DTX grafting
onto the surface of nanotubes. In vitro biological assays (MTS) highlighted the cytotoxic activity of
DTX present on the surface of TiONts-AuNPs-PEG3000-DTX on human PC-3 prostate adenocarcinoma
cells. Although nanohybrids’ cytotoxicity was lower than that of DTX alone (IC50 = 82 nM versus
3.1 nM, respectively), cytotoxic activity remained very high. These results proved a better access
of TiONts-AuNPs-PEG3000-DTX to microtubules compared to first generation TiONts-DTX (without
Au@DTDTPA NPs) (IC50 = 390 nM) [43], possibly suggesting a better internalization. This observation
was not surprising, as new functionalized nanomaterial was better dispersed at physiological pH,
and was thus more stable in suspension even though it exhibited a lower ζ-potential indicating a
screening effect (the steric hindrance should prevail in this case). In addition, we successfully developed
a safe nanocarrier of DTX to directly deliver this drug into prostate tumors (by IT injection), able to
maintain it inside tumor cells for longer (at least 20 days, as demonstrated by biodistribution results in
Balb/c nude mice), and to prevent its diffusion throughout the body, avoiding side effects. Therefore,
the effectiveness of the selected therapeutic agent was improved. After combined IT injection with
radiotherapy, TiONts-AuNPs-PEG3000-DTX nanohybrid improved treatment efficacy by delaying
tumor growth compared to the homologous nanohybrids without gold nanoparticles. Gold can
increase the effect already demonstrated for TiONts-DTX [49,52]. Finally, these functionalized TiONts
appear as promising versatile tools in the biomedical field to fight cancer, prostate cancer in particular.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/2072-6694/11/
12/1962/s1. Figure S1: Transmission electron microscopy (TEM) images show (a) the spiral morphology with an
internal cavity of titanate nanotubes and (b,c) the evolution of TiONt dispersion before and after APTES grafting,
respectively, Figure S2: Theoretical calculation of the hydroxyl rates on bare TiONts, Figure S3: Theoretical
calculation for functionalized TiONt rate of grafting, Figure S4: TGA and derivative curves of Au@DTDTPA
NPs under air atmosphere, Figure S5: (a) Ti2p and (b) Au4f peaks in XPS spectra for TiONts-AuNPs, Figure
S6: HAADF-STEM images of TiONts-AuNPs-PEG3000, Figure S7: (a) Maleimide reacts specifically with a thiol
function at pH <7.5 and (b) loses its specificity to react either with a thiol function or with amine function at pH
>7.5, Figure S8: (a) Polymer (Boc-NH-PEG3000-COOH; MW = 3,173 g.mol−1) having an inactive function (Boc) and
carboxyl function to react with an amine group via peptide coupling and (b) TGA curves showing the adsorption
of DTX-PMPI upon contact between TiONts-PEG3000-Boc and DTX-PMPI (TiONts-DTX were washed by dialysis
and ultrafiltration (100 kDa)), Figure S9: Therapeutic effect as function of time of control, TiONts-PEG3000-DTX,
and TiONts-AuNPs-PEG3000-DTX, associated or not with radiotherapy (RT) with three daily fractions of 4 Gy,
24 h after injection into PC-3 xenografted tumors (n = 6, 7).
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Abstract: Advanced ovarian cancer is the most lethal gynecological cancer, with a high rate of
chemoresistance and relapse. Photodynamic therapy offers new prospects for ovarian cancer treatment,
but current photosensitizers lack tumor specificity, resulting in low efficacy and significant side-effects.
In the present work, the clinically approved photosensitizer verteporfin was encapsulated within
nanostructured lipid carriers (NLC) for targeted photodynamic therapy of ovarian cancer. Cellular uptake
and phototoxicity of free verteporfin and NLC-verteporfin were studied in vitro in human ovarian cancer
cell lines cultured in 2D and 3D-spheroids, and biodistribution and photodynamic therapy were evaluated
in vivo in mice. Both molecules were internalized in ovarian cancer cells and strongly inhibited tumor
cells viability when exposed to laser light only. In vivo biodistribution and pharmacokinetic studies
evidenced a long circulation time of NLC associated with efficient tumor uptake. Administration of
2 mg·kg−1 free verteporfin induced severe phototoxic adverse effects leading to the death of 5 out of
8 mice. In contrast, laser light exposure of tumors after intravenous administration of NLC-verteporfin
(8 mg·kg−1) significantly inhibited tumor growth without visible toxicity. NLC-verteporfin thus led to
efficient verteporfin vectorization to the tumor site and protection from side-effects, providing promising
therapeutic prospects for photodynamic therapy of cancer.

Keywords: photodynamic therapy; lipid nanoparticles; drug delivery system; tumor vectorization;
verteporfin; ovarian carcinomatosis; spheroids

1. Introduction

Ovarian cancer accounts for about 4% of worldwide cancer incidence and is the most lethal
gynecological cancer [1]. Seventy-five percent of ovarian cancer cases are detected in late stages, and
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the 5-year survival rate of patients in advanced-stages is barely 30% [2]. Due to its non-symptomatic
advancement, high metastasis rate, and its resistance to chemotherapy, treatment of ovarian cancer
constitutes a clinical challenge. Tumor growth and dissemination of ovarian cancer within the peritoneal
cavity result in peritoneal carcinomatosis. Current treatments are based on tumor surgery combined
with intravenous chemotherapy [2,3]. Unfortunately, most women with ovarian cancer relapse after
the first-line therapy [2]. It is therefore critical to develop new approaches and treatment options to
decrease the recurrence rate and to improve patient survival [2,3].

Photodynamic therapy (PDT) is an emerging and promising therapeutic modality for fighting
cancer. PDT is based on the administration of a photosensitizer and its activation at the tumor site
when exposed to light of a particular wavelength. The activated photosensitizer releases energy to
generate highly toxic singlet oxygen (1O2) and reactive oxygen species (ROS). These products mediate
microvascular damages, tumor cell toxicity, and anti-tumor immune responses [4–6]. PDT is used
for the treatment of several cancers, in particular those that are accessible to laser light including
skin, bladder, gastroesophageal, and lung cancers [4]. There are several photosensitizing agents
currently approved by the US Food and Drug Administration. Among those, verteporfin (Visudyn®)
is a second-generation photosensitizer approved for the PDT-based treatment of age related macular
degeneration. It is now extensively studied as PDT agent for treatment of numerous cancer types [4,7–9].
Verteporfin is activated by near infrared (NIR) light (689 nm) that penetrates deeply into tissues and
displays a very high yield of singlet oxygen production [7]. However, this photosensitizer lacks
tumor specificity, resulting into adverse effects on healthy tissues and thus limiting its concentration
of use [4,7,10]. Combining photosensitizing drugs with nanoparticles could overcome some of the
limitations encountered with free photosensitizers [11–13], in particular because it is expected to
increase their cellular uptake and passive accumulation into tumors due to the enhanced permeability
and retention (EPR) effect [12,14]. Verteporfin loaded in mesoporous silica nanoparticles has been
shown to inhibit the growth of melanoma cells in vitro [15], and in vivo in subcutaneous tumor bearing
mice after topical administration and light exposure [16].

In the present study, verteporfin was encapsulated within nanostructured lipid carriers (NLC) for PDT
of ovarian cancer after systemic administration. Lipid-based nanoparticles are used as drug nanocarriers
because of their excellent biocompatibility, long circulation time, and high tumor accumulation due to
the EPR effect [12,13,17–19]. The cell-uptake and phototoxicity of NLC-verteporfin were first assessed
in vitro using 2D-monolayers and 3D-spheroids of human ovarian cancer cells. Biodistribution and
pharmacokinetic studies of NLC-verteporfin were then evaluated in vivo after intravenous injection.
Finally, the PDT efficacy of NLC-verteporfin was compared to free verteporfin in mice with ovarian cancer
tumors. This study provides promising therapeutic prospects for PDT in ovarian cancer.

2. Results

2.1. Nanostructured Lipid Carriers Efficiently Encapsulate Verteporfin

NLC were used to encapsulate the photosensitizer verteporfin, or the NIR fluorophore
LipimageTM815 as a drug delivery reporter. NLC formulation was performed as previously
described [19], providing neutral nanoparticles with an hydrodynamic diameter of 47.9 ± 1.0 nm and a
polydispersity index < 0.2 (Table 1). Verteporfin encapsulation yield in NLC was quantitative (>95%),
with a final formulation payload of 943 μg of drug for 100 mg of lipids. This formulation was stable for
at least 3 months (size variation < 10%, polydispersity index < 0.2), when stored at 4 ◦C in dark in
water (concentration of ~100 mg·mL−1 of lipids) (Table 1).

Considering spectral properties, NLC-verteporfin displayed similar absorption profiles at 690 nm
compared to free verteporfin in culture medium, in particular with an absorption peak at 690 nm
(Figure S1a), and showed that verteporfin molecules were mainly in a monomeric form without
aggregation inside the lipid core of the nanoparticles. The loading capability was also confirmed
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by comparable fluorescence emission signal intensity from verteporfin and NLC-verteporfin after
excitation at 420 nm (Figure S1b).

Table 1. Physico-chemical and encapsulation properties of nanostructured lipid carriers (NLC).

Properties
NLC-Verteporfin

NLC-LipImageTM815
T0 T0 + 3 Months

Hydrodynamic diameter (nm) a 47.9 ± 1.0 54.4 ± 0.6 46.1 ± 0.7
Polydispersity index a 0.12 ± 0.02 0.18 ± 0.01 0.13 ± 0.01
Zeta potential (mV) a −3.7 ± 0.9 −2.0 ± 1.3 −4.2 ± 4.3

Verteporfin (μg/mL) b 1026.2 ± 15.6 1037.5 ± 0.7 /

Verteporfin concentration (μM) b 1428 1443 /

LipiImageTM815 concentration (μM) / / 302
a Dynamic Light Scattering DLC; b High Performance Liquid Chromatography HPLC.

2.2. Verteporfin and NLC-Verteporfin Bind and are Internalized in Ovarian Cancer Cells

The cellular uptake of verteporfin and NLC-verteporfin was evaluated in three different ovarian
cancer cell lines, and was found to be slower for NLC-verteporfin than for free verteporfin. Indeed,
flow cytometry analyses showed maximal binding of verteporfin in ovarian cancer cell lines SKOV3,
IGROV1, and OVCAR3 after 2 h and 24 h incubation at 37 ◦C (Figure 1). In contrast, the binding
of NLC-verteporfin was increased at 24 h compared to 2 h incubation in these cells. At 4 ◦C,
the internalization process was inhibited for both verteporfin and NLC-verteporfin (Figure 1).
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Figure 1. Verteporfin and NLC-verteporfin interact with ovarian cancer cells. Ovarian cancer SKOV3,
IGROV1, and OVCAR3 cells were incubated with 1 μmol·L−1 verteporfin or NLC-verteporfin for 2 h or
24 h at 4 ◦C or 37 ◦C as indicated. (a) Histograms show cellular uptake assessed by flow cytometry. Black,
control cells; blue, 4 ◦C for 2 h; green, 37 ◦C for 2 h; red, 37 ◦C for 24 h. (b) Median fluorescence intensity
(MFI). Data are expressed as the mean ± standard deviation (SD) of three independent experiments.
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Confocal microscopy showed that both verteporfin and NLC-verteporfin were mostly found in
the cytoplasm of SKOV3 and OVCAR3 cells (Figure 2a and Figure S2), confirming their internalization
in cells. In SKOV3 spheroids, which mimic solid tumors with appropriate cell–cell interactions as well
as gradients of nutrients and oxygen [20], verteporfin, and NLC-verteporfin uptakes were observed in
both at the periphery and at the center of the spheroids (Figure 2b).

 

Figure 2. Verteporfin and NLC-verteporfin are internalized in SKOV3 cells and spheroids.
Representative confocal microscopy images of SKOV3 cells (a) or sections of SKOV3 spheroids
(b), incubated with 1 μmol·L−1 verteporfin or NLC-verteporfin for 24 h. Nuclei are stained with Hoechst
33342 (in blue). Verteporfin fluorescence is observed in red. Control: untreated cells or spheroids.

2.3. Verteporfin and NLC-Verteporfin Induce Phototoxicity in Ovarian Cancer Cells and Spheroids

Both free verteporfin and NLC-verteporfin induced high phototoxicity in ovarian cancer cells
in vitro. Increasing concentrations of free verteporfin or NLC-verteporfin exposed to NIR light reduced
the viability of SKOV3 and OVCAR3 cells cultured in monolayers and in spheroids, whereas they had
no toxic effect on their proliferation in the dark (Figure 3). The OVCAR3 cells cultured in monolayer
appeared to be less sensitive to verteporfin and NLC-verteporfin treatments as compared to SKOV3
cells (Figure 3a,b and Table 2), but interestingly OVCAR3 spheroids were highly sensitive to light
exposure 2 h or 24 h after both treatments, with IC50 values similar to those of SKOV3 spheroids
(Figure 3c,d, Table 2 and Figure S3).

The drug-light interval (light exposure 2 h or 24 h after treatment) had no influence on the
phototoxicity of both treatments in 2D cell cultures (Figure 3a,b and Table 2). In contrast, both
verteporfin and NLC-verteporfin had a stronger toxic effect on the viability of SKOV3 and OVCAR3
spheroids when exposed to the light 24 h after treatment as compared to 2 h (Figure 3c,d and Table 2).
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Figure 3. Verteporfin and NLC-verteporfin mediated phototoxicity in SKOV3 and OVCAR3 cells and
spheroids. SKOV3 (left panels) and OVCAR3 (right panels) cells (a,b) or spheroids (c,d) were treated
with increasing concentrations of free verteporfin (in grey/black) or NLC-verteporfin (in blue) for 2 h
or 24 h before NIR light exposure at 690 nm (fluency 10 J·cm−2). In parallel, cells or spheroids were
maintained in the dark. (a,b) Cell viability was assessed 72 h following light exposure. Data are
expressed as the mean ± SD of ≥ 3 independent experiments. (c,d) Cell viability in spheroids was
assessed 72 h following light exposure. Data are expressed as the mean ± SD of ≥ 3 independent
experiments in triplicate.

Table 2. Sensitivity of ovarian cancer cells to verteporfin and NLC-verteporfin.

Cell Lines Culture Conditions
Verteporfin

IC50 (nmol·L−1)
NLC-Verteporfin
IC50 (nmol·L−1)

SKOV3

2D
2 h 17.8 ± 0.9 7.3 ± 0.4
24 h 23.8 ± 0.9 8.8 ± 0.5

3D
2 h 41.2 ± 4.2 29.3 ± 7.1
24 h 9.3 ± 0.7 9.7 ± 1.1

OVCAR3

2D
2 h # 117.5 ± 14.4 116.4 ± 22.7
24 h 94.9 ± 15.4 97.5 ± 17.4

3D
2 h 28.9 ± 0.8 36.6 ± 3.2
24 h 9.7 ± 1.0 5.3 ± 0.5

The drug concentrations required to inhibit cell growth by 50% (IC50) at 2 h or 24 h in SKOV3 or OVCAR3 cells
cultured in monolayer (2D) or spheroids (3D) and after light exposure (690 nm; 10 J·cm-2). Data represent the mean
± SD (SKOV3, n = 3; OVCAR3, n = 4, except # n = 2). Each independent experiment was performed in triplicate.
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2.4. NLC Accumulate in Ovarian Tumors In Vivo

The in vivo biodistribution and pharmacokinetics of NLC were assessed with particular interest
on tumor uptake and specificity. While free verteporfin was rapidly eliminated from the bloodstream
following intravenous administration (elimination half-life: 1.9 h) (Figure 4a), NLC circulated for
several hours as shown by ex vivo fluorescence imaging of plasma samples from healthy mice after
intravenous injection of fluorescent dye-loaded NLC (NLC-LipImageTM815: elimination half-life: 6.5 h)
or NLC-verteporfin (elimination half-life: 9.1 h) (Figure 4a).

 

Figure 4. NLC circulated in the bloodstream and accumulated in subcutaneous SKOV3 tumors.
(a) Healthy mice were injected intravenously with NLC-verteporfin (8 mg·kg−1 of verteporfin),
dye-loaded NLC (LipImageTM-815), or free verteporfin (2 mg·kg−1). Fluorescence intensity
measurements of verteporfin (for free verteporfin or NLC-verteporfin), or of LipImageTM-815
(for NLC-LipImage) were performed on blood plasma samples taken at different time points. The results
are expressed as the mean ± SD (n = 3). (b–e) Mice with SKOV3 subcutaneous tumors were injected
intravenously with NLC-LipImage. (b) Representative fluorescence images (50 ms integration time)
recorded using 2D-Fluorescence reflectance optical imaging (FRI) at different times after intravenous
injection are shown (min-max: 4243-55869). Dotted lines show subcutaneous tumors. (c) Regions of
interest (ROI) are defined on tumor, liver, and skin to semi-quantify the amount of photons detected
per pixel. The results are expressed as the mean fluorescence ± SD in tumor, skin, and liver, and
as the mean tumor/skin and tumor/liver fluorescence ratios ± SD (n = 3). (d) Fluorescence images were
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performed on isolated organs 24 h after intravenous injection of NLC-LipImage. Representative
fluorescence images of organs in injected and non-injected mice are shown (20 ms integration time;
min-max: 1414-27109). (e) ROI are defined on the extracted organs to semi-quantify the amount of
photons detected per pixel. The results are expressed as the mean ± SD in SKOV3 tumor-bearing
mice (n = 3) and non-injected mice (control). (f) Mice with SKOV3 subcutaneous tumors were injected
intravenously with NLC-verteporfin (8 mg·kg−1 of verteporfin). Verteporfin measurements were
performed by HPLC at 24 h on tumors, livers, and kidneys. The results are expressed as the mean ± SD
(n = 2).

In addition, in vivo biodistribution of NLC-LipImage in mice with subcutaneous SKOV3 tumors
showed accumulation into the liver, as expected with lipid nanoparticles, reaching a plateau between
5 h and 24 h (Figure 4b,c). Nonetheless, NLC also progressively accumulated into the tumor, reaching
a maximum 24 h after injection. Tumor specificity was illustrated by a tumor to skin ratio of 3.1 ± 0.5
at 24 h (Figure 4c). At this time, the mice were euthanized, and the collected organs were subjected
to ex vivo fluorescence imaging (Figure 4d), confirming the strong fluorescence signal in the liver,
but also the accumulation of NLC-LipImage into the tumor, with a high tumor to muscle ratio of
11.5 ± 0.8 (Figure 4e). High performance liquid chromatography (HPLC), as another quantification
method, also confirmed these results in tissues and blood plasma (Figure 4f and Figure S4). Altogether,
in vivo and ex vivo fluorescence imaging demonstrated long circulation time, liver uptake, and tumor
accumulation of NLC-verteporfin after intravenous injection in mice.

2.5. NLC-Verteporfin Improves PDT, Free Verteporfin is Highly Toxic In Vivo

Mice with well-established subcutaneous SKOV3 ovarian tumors were treated by single
intravenous injection of free verteporfin, NLC-verteporfin or vehicle (control group) (Figure 5a).
Tumors were then exposed to NIR laser light and the tumor volume was monitored for 2 weeks.

We first assessed the PDT efficacy of free verteporfin. When tumors were exposed to laser light
15 min after free verteporfin injection (2 mg·kg−1), their growth was rapidly and strongly reduced
(Figure 5b). However, three mice died on the day of light exposure, and two others died one week
after, showing the strong toxicity of circulating activated verteporfin (Figure 5b and Figure S5). Among
the three remaining mice at the end of the experiment, two were totally cured, and one escaped the
treatment. In contrast, in absence of light or when tumors were exposed to laser light 24 h after
verteporfin injection, no effect was observed on either tumor growth or animal wellbeing, showing
the high photospecificity and the short circulation half-life of verteporfin, respectively (Figure 5b and
Figure S5). Similarly, intravenous administration of NLC-verteporfin (2 mg·kg−1 of verteporfin), in the
dark or when tumors were exposed to laser light 24 h after NLC-verteporfin administration, was safe
and did not induce any sign of toxicity. However, no effect on tumor growth was observed, suggesting
inadequate PDT conditions (Figure 5c).

Since no undesirable toxicity had been observed using NLC-verteporfin (Figure S5), a new
experiment was performed using higher NLC-verteporfin concentration and higher light fluency.
We checked the innocuousness of light exposure at 200 J·cm−2 in a preliminary experiment, and
observed no effect on mice tumor and skin (Figure S6a). Thereby, NLC-verteporfin (8 mg·kg−1 of
verteporfin) was combined with 200 J·cm−2 light exposure 24 h after intravenous administration, and
significantly inhibited tumor growth as compared to the control group or to NLC-verteporfin in the
dark (Figure 5d). These treatments were well tolerated and no significant weight loss was observed
(Figure S6b). In accordance with our preliminary experiment, the 200 J·cm−2 light exposure did not
damage the skin (Figure S7). Moreover, in most tumors treated with NLC-verteporfin (7/8 tumors),
a whitening of the tumor was observed during the days following light exposure that might indicate
treatment activity (Figure S7). In addition, necrotic areas were observed in tumors treated with
NLC-verteporfin combined with laser light only (Figure 5e). Macroscopic observation of the main
organs did not show evidence of damage. In addition, liver sections did not show any evidence of
necrosis or damage (Figure S8).
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Figure 5. NLC-verteporfin improved PDT after intravenous administration in mice with ovarian cancer.
(a) Mice with well-established SKOV3 subcutaneous tumors (125 ± 7 mm3) were distributed into
groups of 8 mice and treated by a single intravenous injection of free verteporfin, NLC-verteporfin
or vehicle (control). Mice were maintained in the dark or submitted to a single NIR laser exposure
15 min or 24 h after injection. Non-invasive monitoring of tissue oxygenation (StO2) was performed by
in vivo photoacoustic imaging (Ph.ac.) on the tumors 24 h after light exposure. The tumor volume was
evaluated by caliper measurements 3 times a week for 2 weeks. (b,c) Mice were injected with 1× PBS
(control), free verteporfin (2 mg·kg−1), or NLC-verteporfin (2 mg·kg−1 of verteporfin), and tumors
were exposed to 50 J·cm−2 light 15 min or 24 h after the injection, as indicated. Data are expressed as
the relative tumor growth (% of tumor volume on the day of light exposure) ± SEM in each group
(n = 8, except in the group treated with free verteporfin and exposed to light 15 min after IV injection of
verteporfin, in which 5 mice died during the experiment, as illustrated by skulls). Dotted red lines
represent the tumor volume of each mouse from the group exposed to 50 J·cm−2 light, 15 min after free
verteporfin injection. (d) Mice were intravenously injected with 1× PBS (control), or NLC-verteporfin
(verteporfin 8 mg·kg−1), and exposed to 200 J·cm−2 light, 24 h after the injection as indicated. Data are
expressed as the relative tumor growth (% of tumor volume at the day of light exposure) ± SEM in
each group (n = 8). p = 0.0003 ANOVA with Tukey post-hoc tests (**, ***, significantly different from
the control group). (e) Hematoxylin and eosin staining on frozen tumor sections, Scale bar: 50 μm.
Representative images in each group are shown.

Besides, tumor tissue oxygen saturation (StO2) measured by non-invasive photoacoustic imaging
24 h after light exposure was decreased among mice treated with NLC-verteporfin as compared to the
control group (Figure S9a), suggesting vascular impairment resulting in tissue hypoxia in the treated
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tumors. Interestingly, the two tumors from the treated group displaying the higher StO2 values were
the less-responsive tumors (Figure S9b).

Taken together, these results showed that NLC-verteporfin accumulation in tumor allowed a
significant inhibition of tumor growth after light exposure with high fluency, and decreased side-effects.

2.6. NLC Accumulate in Disseminated Ovarian Tumor Nodules

Peritoneal carcinomatosis results from tumor growth and dissemination within the peritoneal
cavity, and disseminated tumor nodules could be treated with PDT [3]. To evaluate tumor accumulation
and drug delivery in disseminated small tumor nodules, NLC tumor uptake was assessed in an
orthotopic mouse model of human peritoneal carcinomatosis from ovarian cancer. Luciferase-modified
SKOV3 ovarian cancer cells were inoculated into one ovary, and tumor growth and peritoneal
dissemination was monitored using non-invasive bioluminescence imaging in vivo (Figure 6a). When
peritoneal carcinomatosis was established (4 to 5 weeks after tumor cells implantation), NLC-LipImage
was administered intravenously. Despite the predictable high liver signal, NLC-LipImage provided
clearly detectable signal spots in the peritoneal cavity (Figure 6b, Video S1 and Video S2). Furthermore,
intraoperative fluorescence imaging was used simultaneously with bioluminescence imaging, and
showed the colocalization of NLC with most tumor nodules (Figure 6c), demonstrating NLC tumor
uptake in peritoneal carcinomatosis.
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Figure 6. NLC-LipImage accumulated in ovarian tumor nodules after intravenous administration.
(a) Orthotopic murine model of peritoneal carcinomatosis from ovarian cancer. Mice were inoculated with
SKOV3-Luc cells into one ovary. Tumor growth and dissemination of tumor cells in the peritoneal cavity
were followed by in vivo bioluminescence imaging over time. (b) Mice with peritoneal carcinomatosis or
healthy mice were injected intravenously with NLC-LipImageTM-815 for 24 h, and imaged with fluorescence
tomography/micro-computed tomography (microCT). Arrows show NLC-LipImage fluorescence in
tumor nodules. (c) Mice with established peritoneal carcinomatosis were injected intravenously with
NLC-LipImage, and were submitted to intraoperative fluorescence in combination with bioluminescence
after 24 h. Representative images of one operated mouse (upper panel), and with extended organs
exposition after liver removal (lower panel) are shown. Bioluminescence showed SKOV3 cells in the
peritoneal cavity (in green) and 2D-fluorescence imaging showed NLC-LipImage location (in red). Arrows
show NLC-LipImage and SKOV3 tumor nodules signals colocation (in yellow).
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3. Discussion

In this study, we showed that the encapsulation of the clinically approved photosensitizer
verteporfin in NLC allowed cellular uptake and high phototoxicity in ovarian cancer cells
cultured in monolayers and in 3D-spheroids. When injected intravenously in mice, these
nanoparticles demonstrated tumor uptake, including in peritoneal small tumor nodules. Furthermore,
NLC-verteporfin improved PDT efficacy in ovarian tumors in vivo with no phototoxic adverse effects
compared to free verteporfin.

Lipid-based nanoparticles appear as nanocarriers of choice for lipophilic molecules such as the
verteporfin photosensitizer [13,19]. We demonstrated here that verteporfin loading did not affect the
colloidal properties of NLC. In addition, NLC showed high verteporfin encapsulation efficiency and
stability for several months, as previously shown [21]. With solvent-free simple up-scalable fabrication
process, NLC-verteporfin could easily be produced in large quantities for the clinic.

The cellular uptake of NLC-verteporfin involved endocytosis processes, taking more time than
free verteporfin, part of which can rapidly diffuse across cell membranes. NLC-verteporfin uptake
was also shown in tumor spheroids, which mimic in vivo tumors with tumor cell interactions and
gradients of nutrients and oxygen [22–25]. The slower kinetic of NLC-verteporfin uptake compared to
free verteporfin did not impair the efficiency of verteporfin phototoxicity. Indeed, verteporfin had the
same phototoxicity when free or loaded in NLC in both SKOV3 and OVCAR3 ovarian cancer cells
and spheroids. Accordingly, the phototoxic activity of verteporfin formulated in nanoparticles has
recently been shown in ovarian carcinoma cells in vitro [26,27]. In addition, we observed that PDT
was more efficient in spheroids than in monolayer-cultured cells, especially on OVCAR3 spheroids.
The mechanism by which the OVCAR3 cells resisted to PDT in 2D culture but not in spheroids is
still unknown. These results highlighted that the toxicity of drugs significantly varied depending
on whether it is assessed in spheroids or in monolayer cell cultures, and this thus underlined the
importance of using spheroids before moving forward in vivo experiments in mice [22,23,25]. Further
experiments are needed to study NLC-verteporfin uptake and cytotoxicity in multicellular spheroids,
which will reproduce both tumor cells and microenvironment [24]. Taking into account cellular and
microenvironment heterogeneity within tumors is particularly important to enhance the accumulation
of nanoparticles in the tumor.

Verteporfin therapy is the first-line therapy for serious ocular diseases, age-related macular
degeneration and myopic choroidal neovascularization [28]. In these cases, the illumination of the
retina is performed 15 min after intravenous injection of the photosensitizer, and the photodynamic
reaction produces an anti-vascular effect that reduces disease progression. Because of its high NIR
light-specific phototoxicity (in the nanomolar range), verteporfin is also extensively studied as PDT
agent for the treatment of cancers, but mainly in vitro at the moment [4,7,9,27]. Yet, verteporfin has
been evaluated in a phase I/II clinical study in patients with advanced pancreatic cancer, and has been
shown to induce PDT-dependent tumor necrosis with high variability [8]. In our work, illumination of
subcutaneous SKOV3 ovarian tumors 15 min after intravenous injection of a high dose of verteporfin
led to strong tumor regression, illustrating the strong phototoxic effect of verteporfin on vasculature,
but was associated with dramatic adverse effects and ultimately with death of most of the mice.
The inhibitory effect of verteporfin on tumor vasculature and/or tumor cells, and its relationship to
side-effects, remain to be formally investigated. Given the high photospecificity of verteporfin, no
effect was observed in the absence of light. Furthermore, according to the short circulation half-life of
free verteporfin, we did not observe any impact on tumors exposed to laser light 24 h after verteporfin
injection. Altogether, this strongly suggested the need to formulate verteporfin to improve its tumor
specificity and to decrease its side-effects.

A major issue for PDT is therefore to improve photosensitizer delivery efficiency and tumor
specificity [7]. Many nanoparticle-based formulations have been proposed and developed, in order to
exploit the EPR effect of tumors [7,13,14]. According to our data, and to the literature [12,13,17–19],
NLC had a long circulation time and accumulate in subcutaneous tumors, as well as in peritoneal small
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tumor nodules 24 h after injection. This accumulation enabled tumor delivery of high concentrations
of verteporfin, as demonstrated by tumor fluorescence imaging and HPLC dosing. These data and
previous study [29] suggested that NLC were rapidly dissociated following their internalization
in tumor cells, thus releasing verteporfin. Furthermore, photoactivation was performed 24 h after
injection when circulating NLC-verteporfin concentration was low. This appeared to protect from
post-illumination systemic adverse effects of verteporfin, since no toxicity was observed. In addition,
no evidence of toxicity was observed in liver, despite the high hepatic accumulation of NLC, as it has
been previously shown with dye-loaded NLC [30]. Nanoparticles-based encapsulation of verteporfin
has been shown to promote anticancer activity in melanoma cells in vitro [15] and in vivo after topical
administration and repeated light exposure [16]. In addition, co-encapsulation of verteporfin with
chemotherapies, such as temozolomide in glioblastoma multiform cells in vitro [31], cisplatin in SKOV3
cells in vitro [32], or docetaxel in colon cancer cells in vitro and in vivo after six instances of light
exposure [33], has also shown anticancer activity. Our study is the first, to our knowledge, to show PDT
efficacy in subcutaneous ovarian tumors after single intravenous administration of NLC-verteporfin
and laser light exposure. These results should be reinforced by using orthotopic model of peritoneal
carcinomatosis from ovarian cancer.

The success of PDT mainly depends on total light dose, exposure time, and fluency rate [34]. Here,
we demonstrated that tumor growth inhibition was related to the combination of NLC-verteporfin dose
(8 mg·kg−1 of verteporfin) and laser light fluency (690 nm and 200 J·cm−2), these factors yet needing
further optimization. Optimal excitation wavelengths for PDT are described between 600 and 850 nm,
and a fluency of 200 J·cm−2 is usually used to avoid thermal effect [34]. Our data showed that these PDT
conditions induced tumor necrosis. A specific quantification of tumor necrosis should be performed
to confirm these observations. However, in our experiment, although PDT significantly inhibited
tumor growth, tumors still grew. A white coloring was observed on most of the tumors following
light exposure, but it disappeared after 5 days, suggesting that some tumor cells escaped PDT or were
incompletely treated, especially at the tumor periphery. With our illumination set-up, the area optimally
covered by the laser light was 5 mm in diameter, and may not be large enough to treat the entire tumor
(6.4 ± 1.0 mm mean diameter at the day of illumination). Tumor periphery thus received suboptimal
illumination, which can explain the partial response and consequent relapse we observed. Delivering
the activating light to allow PDT to uniformly treat all tumor cells is indeed challenging, but essential
for optimal therapeutic efficacy [3,35,36]. In addition, NLC-verteporfin efficacy may be transient.
Interestingly, repeating PDT, as experienced in colon cancer or melanoma [16,33], might reduce the
risk of tumor recurrence with no accumulative toxicity, hypersensitivity or resistance [3,36]. This yet
requires repeated access to the tumor, which may not be practical, depending on the tumor location
and accessibility. Altogether, these data suggested that the dose regimen of NLC-verteporfin have to
be optimized to achieve long-term antitumor efficacy. Furthermore, the effect of PDT on induction of
inflammatory and immune response, as well as its combination with cancer immunotherapies might
be investigated to enhance the PDT response [5,6,13,34].

We further used non-invasive photoacoustic imaging to measure tissue oxygenation in the tumor
24 h after PDT treatment. The reduced levels of StO2 observed in tumors responding to the treatment
suggested vascular impairment and tissue hypoxia, although this remains to be demonstrated by CD31
staining in tumors. In contrast, high levels of StO2 were observed in tumors not responding to treatment.
This suggested that tumor hypoxia monitoring by non-invasive photoacoustic imaging could be used
to predict early tumor response to PDT, as soon as 24 h after light exposure. Similarly, photoacoustic
imaging has been previously demonstrated to be predictive of tumor response to radiotherapy in head
and neck cancer [37].

Our results offer new prospects for the management of ovarian cancer and in particular for the
treatment of peritoneal carcinomatosis, in which conventional cytoreductive surgery often remains
suboptimal for a number of patients [2,3]. Indeed, some tumor residues cannot be surgically removed
because of their location or close contact with vital structures, and are responsible for relapse. Actually,
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PDT has already been demonstrated to be combined with conventional surgical tumor resection
to improve treatment outcome of peritoneal carcinomatosis despite a narrow therapeutic index [3].
Intraoperative PDT could be applied immediately following surgical tumor debulking and could
treat residual peritoneal tumors in areas where surgical procedures pose a high risk of perioperative
complications [38,39]. Significant toxicity induced by intraperitoneal PDT has been shown in Phase I
and II clinical trials, owing to the heterogeneous population of patients, who had poor prognosis and
failed to respond to first-line treatments, and to the non-specificity of photosensitizers for tumor cells [3].
We showed that NLC-verteporfin accumulated in small tumor nodules and provided tumor contrast
that can be detected by intraoperative fluorescence imaging. Therefore, photoactivating laser light
can be specifically delivered on identified tumor residue, thus further increasing treatment specificity
and sparing healthy tissue, including the liver. Treating residual peritoneal metastases by PDT after
cytoreductive surgery should thus be further investigated depending on metastatic tumor burden.

4. Materials and Methods

4.1. Materials

Suppocire™NB was purchased from Gattefossé (Saint-Priest, France). MyrjTM S40 (poly(ethylene
glycol) stearate surfactant with 40 ethylene glycol motifs, and Super-refined Soybean oil were supplied
by CRODA (Chocques, France). LipoidTM s75 was purchased from Lipoid GmbH (Ludwigshafen,
Germany). HPLC grade solvents were obtained from VWR Scientific (Fontenay sous Bois, France) and
other chemicals including verteporfin from Sigma-Aldrich (Saint-Quentin Fallavier, France).

HPLC-grade water (specific resistance = 18.2 MΩ cm) was obtained from a Classic DI MK2 water
purification system (Elga, UK) and was used in all experiments. SpectraPor™ dialysis membrane
12–14,000 was purchased from Roth Sochiel EURL (Lauterbourg, France). Nanostructured lipid
carriers (NLC) were formulated using a VCX750 Ultrasonic processor from Sonics (Newtown, CT,
USA) equipped with a 3 mm diameter microtip.

4.2. Formulation of Nanostructured Lipid Carriers

The lipid phase was prepared by mixing solid (Suppocire™NB, 255 mg) and liquid (Super-refined
Soybean oil, 85 mg) lipids as well as the lipophilic surfactant Lipoid™ s75 (65 mg) and verteporfin
(4 mg) while the aqueous phase was composed of the hydrophilic surfactant, MyrjTM S40 (345 mg)
prepared in 1250 μL DI water. After homogenization at 50 ◦C, both lipid and aqueous phases
were crudely mixed and sonication cycles were performed at 45 ◦C during 5 min. Non-encapsulated
components were separated from NLC by dialysis (1× PBS, MWCO: 12–14 kDa, overnight). Dye-loaded
NLC (LipImage™ 815) were synthetized by a similar process, as previously described [40]. Prior to
characterization and injection, NLC dispersions were filtered through a 0.22 μm cellulose Millipore
membrane for sterilization. Particle concentration was assessed by weighing freeze-dried samples
of NLC obtained from a known volume. NLC formulation was stored in liquid suspension at 4 ◦C
in dark.

4.3. Dynamic Light Scattering

The hydrodynamic diameter and zeta potential of the NLC were measured at 22 ◦C with a
Malvern Zeta Sizer Nanoinstrument (NanoZS, Malvern, UK) in 0.1× PBS buffer. Physical stability was
investigated by DLS measurements over 3 months with samples stored at 4 ◦C in dark. Mean average
diameters and polydispersity indices reported were obtained from scattered light intensity results.
Data were expressed in terms of mean and standard deviation of three independent measurements.

4.4. HPLC Analyses

Verteporfin was analyzed by HPLC using a Waters Alliance 2695 Separation module equipped
with a Waters 2487 dual absorbance detector and a reverse-phase C18 column (Atlantis T3, 5 μm,
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50 × 4.6 mm, 100 Å) (Waters, Milford, MA, USA). Data were processed using Empower™ 2 software.
The elution used a gradient mobile phase consisting of (A) 0.05 mM monobasic sodium phosphate
(pH 3.5) solution and (B) methanol, according to previously published method [41]. The gradient was
applied as follows: 0–4 min from 50 to 65% eluent B; 4–8 min from 65 to 85% eluent B; 8–22 min from
85 to 99% eluent B; 22–27 min from 99 to 10% eluent B; 27–30 min from 10 to 50% eluent B; 30–40 min
50% eluent B. A flow rate of 1 mL/min was used with a 20 μL injection volume. Verteporfin was
detected at 430 nm (Soret band) and linear calibration curve was established from 0 to 600 μg.mL−1

for quantification.
For analysis of the verteporfin payload in NLC, nanoparticles were disassembled. 100 μL of NLC

was added to 100 μL of methanol. Samples were centrifuged to pellet lipids after precipitation, and the
supernatant was taken for analysis. The lipid pellet was rinsed three times more with 100 μL methanol.
The total supernatant, adjusted to 500 μL, was centrifuged once more to remove any remaining lipids
and injected to HPLC analysis for verteporfin quantitation.

For plasma pharmacokinetics, plasma samples were diluted two-fold with (MeOH 90%/NaH2PO4

0.05 mM 10%) and centrifuged for 1h at 13,000 rpm. The supernatant was injected on HPLC. For organ
quantification, tumors, livers and kidneys were crudely crushed then incubated with 1 mL of (MeOH
90%/NaH2PO4 0.05 mM 10%), for 4 days. After centrifugation for 1 h at 13,000 rpm, the supernatant
was analyzed by HPLC.

4.5. Absorbance and Fluorescence Spectrum

Evolution 201 UV–visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and
LS 55 Fluorescence Spectrometer (PerkinElmer, Waltham, MA, USA) were used to measure verteporfin
and NLC-verteporfin absorbance in medium and fluorescence in 1× PBS, respectively.

4.6. Cell Lines and Culture

The human SKOV3 and OVCAR3 cell lines were obtained from LGC standard (Molsheim, France).
The human IGROV1 cell line was obtained from Institut Gustave Roussy (Villejuif, France). All cells
were routinely tested for the presence of mycoplasma (Mycoalert® Mycoplasma Detection Kit, Lonza,
Rockland, ME, USA) and used within three months after thawing.

4.6.1. Two-Dimensions (2D) Cell Culture

Cells were maintained in culture at 37 ◦C in RPMI-1640 medium with 10% FBS (SKOV3 and
IGROV1) or with 20% FBS and 0.01 mg·mL−1 insulin (OVCAR3) in a 5% CO2 humidified atmosphere.
The cell morphology was routinely checked.

4.6.2. Three-Dimensions (3D) Cell Culture

Spheroids were generated by plating 3000 cells/well, into 96-well round bottom ultra-low
attachment (ULA) spheroid microplates (Corning, Tewksbury, MA, USA). The spheroid culture was
performed in complete medium in a humidified atmosphere with 5% CO2. Spheroid formation and
growth were assessed by microscopic examination using an inverted microscope and by imaging the
spheroids at each time point.

4.7. Flow Cytometry

Cells were plated on 6-well plates and treated with verteporfin or NLC-verteporfin for 2 h or 24 h
at 37 ◦C or at 4 ◦C in the dark. After incubation cells were harvested and re-suspended in 1× PBS for
flow cytometry analysis. Fluorescence emission of verteporfin was analyzed using flow cytometry
LSRII and FCS Express software (BD Biosciences, San Jose, CA, USA).
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4.8. Fluorescence Microscopy

Cells were plated on labtek® and treated with verteporfin or NLC-verteporfin for 2 h or 24 h in
the dark at 37 ◦C before confocal imaging. Spheroids were treated with verteporfin or NLC-verteporfin
incubation for 24 h at 37 ◦C, and harvested, washed, fixed in 4% paraformaldehyde, frozen in optimal
cutting temperature (OCT) compound for embedding, and cut into 12-μm sections. Hoechst was used
to counterstain the cell nuclei. Fluorescence microscopy was carried out using a confocal microscope
(LSM 710; Carl Zeiss, Jena, Germany). An objective Plan Apochromat 20×/0.8 NA in air and an
objective Plan Apochromat 63×/1.4 NA in oil were used. The excitation was at 405 nm and emission
filter between 650 and 730 nm for verteporfin, and between 450 and 500 nm for Hoechst.

4.9. In Vitro Cytotoxicity Assays

Cell proliferation assays were conducted in 96-well culture plates. 2D-cultured cells and spheroids
were cultured for 24 h and 72 h, respectively, prior to treatment with increasing concentration of
verteporfin or NLC-verteporfin in complete medium. Illumination at 690 nm for 60 s with power
output at 167 mW·cm−2 (fluency 10 J·cm−2, High Power Devices Inc., North Brunswick, NJ, USA)
was performed 2 h or 24 h after treatment. The cell viability was quantified 72 h after light exposure
using Presto BlueTM (Invitrogen, Waltham, MA, USA) in 2D cell models, or using the CellTiter-Glo®

3D Cell Viability Assay (Promega, Charbonnière, France) in spheroids. Fluorescence was measured
using a multilabel counter (Omega Fluostar, BMG Labtech, Champigny sur Marne, France) with the
excitation and emission filter at 560 and 590 nm, and the bioluminescence was measured using counter
(Victor3TM, Perkin Elmer, Waltham, MA, USA). Cell viability was normalized to control cells (no drug
and un-illuminated). The drug concentrations required to inhibit cell growth by 50% (IC50) were
interpolated from the dose-response curves.

4.10. In Vivo Experiments

All animal studies were performed in accordance with the European Economic Community guidelines
and the “Principles of Laboratory Animal Care” (NIH publication N 86-23 revised 1985) and were approved
by the institutional guidelines and the European Community (EU Directive 2010/63/EU) for the use of
experimental animals (authorization for the experiment: apafis#15176-201808281433752 v1).

4.10.1. Subcutaneous Ovarian Tumor Model

Anesthetized (4% isoflurane/air for anesthesia induction and 1.5% thereafter) six-week-old female
NMRI nude mice (Janvier Labs, Le Genest-Saint Isle, France) were injected subcutaneously in the flank
with 107 luciferase-modified SKOV3 cells in 1× PBS. Tumor size was measured three times a week
using a caliper, and the tumor volume was calculated as

length × (width)2 × 0.4

4.10.2. Pharmacokinetics Studies on Blood Plasma Samples

Healthy mice or mice with SKOV3 subcutaneous tumor were anesthetized using 4% isoflurane/air
for anesthesia induction and 1.5% thereafter, and 200 μL NLC-LipImageTM815 (50 μM of
LipimageTM815) or NLC-verteporfin (8 mg·kg−1 of verteporfin) or free verteporfin (2 mg·kg−1)
were administered intravenously via the tail vein. Fifty microliters of blood were sampled from the tail
vein before and at different times after injection, centrifuged 5 min at 8,000 g, and 10 μL of plasma were
used for fluorescence imaging [23,42] or HPLC. Half-lives were measured from nonlinear regression fit
analyses (two phase decay). Tumor, liver, and kidney samples were excised 24 h after treatments, and
frozen for further HPLC analyses.
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4.10.3. Biodistribution of Fluorescent NLC In Vivo

2D-fluorescence images were acquired at several time points after intravenous administration of
NLC-LipImageTM-815 (200 μL, 50 μmol·L−1) using the Fluobeam800TM (Fluoptics, Grenoble, France)
that excites fluorescence at 780 nm and detects emitted light at wavelengths greater than 830 nm. At the
end of the experiment, mice were sacrificed, and some organs were collected for ex vivo imaging using
the Fluobeam800TM. Semiquantitative data were obtained using the Wasabi® software (Hamamatsu,
Massy, France) by drawing regions of interest (ROIs) on the different organs and were expressed as the
number of relative light units per pixel per unit of exposure time and relative to the fluorescence signal
in the skin or muscle [22,42].

4.10.4. Orthotopic Murine Model of Peritoneal Carcinomatosis from Ovarian Cancer

Six-week-old female NMRI nude mice (Janvier) were anesthetized (isoflurane/air 4% for induction
and 2% then after) and placed on a heating mat at 37 ◦C. Buprenorphin 0.6 mg·kg−1 was injected
subcutaneously for analgesia before and 16 h after surgery. An incision of 2 cm was performed in the
peritoneum. Luciferase-modified SKOV3 cells were suspended in medium at 3 × 106 cells/50 μL and
were slowly injected into the ovaries through lumen of the fallopian tube. The peritoneum and the
skin were closed with synthetic absorbable suture (Optime® 4.0 for the peritoneum and Monocryl®

4.0 for the skin), and mice were placed on the right flank and were carefully observed until they
woke up. Tumor growth and peritoneal invasion were weekly monitored by in vivo bioluminescence
imaging (IVIS KINETIC, Perkin Elmer, Waltham, MA, USA) 5 min after the intraperitoneal injection of
150 mg·kg−1 of D-luciferin (Promega, Charbonnière, France).

Fluorescence diffuse optical tomography (fDOT) acquisitions were performed 24 h after
intravenous administration of NLC-LipImageTM-815 (200μL, 50μM) in mice with established peritoneal
carcinomatosis or in healthy mice. This system consists of a 690 nm laser source, a CCD camera and a set
of filters [42]. The light source is a 35-mW compact laser diode (Power Technology, Little Rock, AR, USA)
equipped with a bandpass interference filter (685AF30OD6; Melles Griot, Albuquerque, NM, USA).
Emitted fluorescence was filtered by 730/30 nm band-pass filter (RG9 OD5; Schott, Mainz, Germany)
placed in front of a near infrared-sensitive CCD camera (Hamamatsu Photonics K.K., Shizuoka,
Japan) mounted with a f/15-mm objective (Schneider Kreutznach, Bad Kreuznach, Germany). X-ray
micro-computed tomography was performed using the vivaCT40 (Scanco Medical, Wangen-Brüttisellen,
Switzerland) at 45 kV voltage and 177 μA intensity with an 80 μm isotropic voxel size and 200 ms
integration time. 3D fluorescence and microCT reconstructed volumes were merged using external
as well as anatomical landmarks from both imaging modalities. Immediately after 3D non-invasive
fluorescence imaging, mice received an intraperitoneal injection of 150 mg·kg−1 of D-luciferin and
were then quickly dissected so as to expose the main organs for sequential bioluminescence and
fluorescence imaging (IVIS KINETIC (Perkin Elmer, Waltham, MA, USA) and Fluobeam®800 (Fluoptics,
Grenoble, France)).

4.10.5. PDT In Vivo

When SKOV3 subcutaneous tumors of approximately 100 mm3 were established (17 days after
cells implantation), mice were distributed into groups of 8. Intravenous administration of 200 μL of
free verteporfin (1.8 mg·kg−1) or loaded in lipids nanoparticles (NLC-verteporfin, 2 or 8 mg·kg−1 of
verteporfin) was performed in anesthetized mice (isoflurane/air 4% for induction and 1.5% thereafter).
Control mice received the vehicle (1× PBS).

Either 15 m or 24 h after verteporfin or NLC-verteporfin injections, subcutaneous tumors were
exposed to a near infrared laser emitting at 690 nm with a collimator (convex lens, 25 mm diameter)
positioned at 10 cm distance from the tumor, for 5 min and 30 s (150 mW·cm−2, fluency 50 J·cm−2) or
for 22 min and 15 s (150 mW·cm−2, fluency 200 J·cm−2). Injected groups and control group were then
maintained in the dark for 6 days after injection. Mice were observed daily and weighed three times a
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week. Tumor size was measured three times a week using a caliper for 2 weeks after PDT. Mice bearing
tumors ≥ 1.5 cm3 were euthanized immediately. At the end of the experiment, tumors were excised
and frozen for further analyses.

4.10.6. Photoacoustic Imaging

Photoacoustic imaging was performed 24 h after tumor exposure to light with the Vevo®LAZR
system (Fujifilm, Visualsonics Inc., Toronto, ON, Canada) using the LZ201 transducer (256 elements
linear array; 15 MHz center frequency, [9–18 MHz bandwith], 100 μm axial resolution; 220 μm
lateral resolution; 30 × 30 mm2 image size). All imaging experiments were conducted under gaseous
anesthesia (isoflurane/air 4% for induction and 1.5% thereafter). 3D B-mode and oxyhemo (750 and
850 nm) scans were performed on the subcutaneous tumors. Total oxygen saturation rate (StO2) was
calculated from oxyhemo data as previously described [43].

4.10.7. Histology

Tumors and livers were frozen and sections of a 7-μm thickness were stained with hematoxylin
and eosin (HE). Sections were observed under a Zeiss AxioImager M2 microscope by two researchers
who were blinded to the treatment groups (four different samples per group).

4.11. Statistical Analyses

All analyses were performed using the GraphPad Prism software (GraphPad Software Inc.,
San Diego, CA, USA). Statistical comparisons between two groups or more were conducted with
Mann–Whitney test, Kruskal–Wallis test, or Friedman test with Dunn’s multiple comparisons post hoc
test. Statistical comparisons between mice groups over time were determined by two-way ANOVA
with Tukey’s post hoc test. Statistical significance was defined for p values ≤ 0.05.

5. Conclusions

PDT is increasingly recognized as an emerging clinical tool in cancer therapy besides other
therapies. There are several advantages for PDT, such as spatiotemporal control of treatment induction
by light activation, reduced systemic cytotoxicity, conventional therapies synergy, chemoresistance
reversing, and activation of the immune response. Our study established that the encapsulation of
the photosensitizer verteporfin in NLC enhanced PDT in ovarian cancer cells cultured in monolayer,
in spheroids, and in vivo in tumor bearing mice. Encapsulating verteporfin in NLC led to higher tumor
specificity with both higher verteporfin concentration delivered to the tumor and lower circulating
verteporfin at the time of illumination, thus protecting from photosensitizer systemic adverse effects.
These results provided promising therapeutic perspectives for PDT in ovarian cancers and in peritoneal
carcinomatosis from ovarian cancer in combination with conventional surgery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/11/1760/s1,
Figure S1: Absorbtion and fluorescence spectra of verteporfin and NLC-verteporfin, Figure S2: Verteporfin and
NLC-verteporfin are internalized in ovarian cancer cells and spheroids; Figure S3: Representative images of
SKOV3 and OVCAR3 spheroids treated with verteporfin or NLC-verteporfin; Figure S4: Circulating verteporfin
and NLC-verteporfin detected by HPLC after intravenous administration; Figure S5: Weight of mice from the
implantation of the tumors to the end of the experiment; Figure S6: No side-effect of NIR light exposure at
200 J·cm−2 in mice with ovarian subcutaneous cancer; Figure S7: NLC-verteporfin enhances PDT after intravenous
administration in mice with ovarian subcutaneous cancer; Figure S8: Hematoxylin and eosin staining on frozen
liver sections; Figure S9: Tumor tissue oxygen saturation and tumor weight after NLC-verteporfin and PDT in mice
with ovarian subcutaneous cancer; Video S1: Biodistribution of NLC-Lipimage after intravenous administration
in healthy mouse; Video S2: Biodistribution of NLC-Lipimage after intravenous administration in mouse with
SKOV3 peritoneal carcinomatosis.
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Abstract: Pancreatic cancer is one of the most lethal cancers, with an extremely poor prognosis.
The development of more effective therapies is thus imperative. Natural origin compounds
isolated from Plectranthus genus, such as parvifloron D (PvD), have cytotoxic and antiproliferative
activity against human tumour cells. However, PvD is a very low water-soluble compound, being
nanotechnology a promising alternative strategy to solve this problem. Therefore, the aim of this study
was to optimize a nanosystem for preferential delivery of PvD to pancreatic tumour cells. Albumin
nanoparticles (BSA NPs) were produced through a desolvation method. Glucose cross-linking and
bioactive functionalization profiles of BSA platform were elucidated and analysed using static lattice
atomistic simulations in vacuum. Using the optimized methodology, PvD was encapsulated (yield
higher than 80%) while NPs were characterized in terms of size (100–400 nm) and morphology.
Importantly, to achieve a preferential targeting to pancreatic cancer cells, erlotinib and cetuximab were
attached to the PvD-loaded nanoparticle surface, and their antiproliferative effects were evaluated
in BxPC3 and Panc-1 cell lines. Erlotinib conjugated NPs presented the highest antiproliferative
effect toward pancreatic tumour cells. Accordingly, cell cycle analysis of the BxPC3 cell line showed
marked accumulation of tumour cells in G1-phase and cell cycle arrest promoted by NPs. As a result,
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erlotinib conjugated PvD-loaded BSA NPs must be considered a suitable and promising carrier to
deliver PvD at the tumour site, improving the treatment of pancreatic cancer.

Keywords: pancreatic cancer; parvifloron D; nanoparticles; albumin; erlotinib

1. Introduction

Pancreatic cancer remains one of the most lethal cancers worldwide [1]. Conventional therapy
approaches such as surgery, radiation and chemotherapy have had discrete impact, as approximately
100% of patients develop metastases and end up dying [1]. Chemotherapy is still the most common
option, although with minimal impact on survival [2–4]. The current first-line chemotherapy agent
in pancreatic cancer is gemcitabine, which extends the overall survival by only 6 to 12 weeks [3,5,6].
Additionally, its benefits are generally compromised by a low half-life and relative low concentration
around the tumour tissue [7]. Therefore, there is an urgent need for novel and more effective
therapies [1].

Nowadays, approximately 60% of clinically used antitumor drugs are derivatives or come directly
from natural products [8,9]. Terpenoids are the largest class of natural products with medicinal
properties and they represent a rich source for drug discovery, especially anticancer drugs [10].
The majority induce tumour cell death by targeting apoptotic pathways [10]. Abietane diterpenoids
are characteristic secondary metabolites from the Lamiaceae family reported to have cytotoxic and
antiproliferative activity against tumour cell lines [11]. More specifically, Plectranthus ecklonii and
its major compound, parvifloron D (PvD), caught our attention [12,13]. PvD has been shown to
inhibit cancer proliferation by apoptosis in some cancer cell lines, such as human myeloid leukaemia,
melanoma and breast cancer [12]. However, PvD presents very poor water solubility characteristics,
as well as an apparent lack of selectivity toward cancer cells [12,14]. Since PvD also shows lack of
specificity and cytotoxicity in noncancerous cell lines, the use of nanotechnology appears as a possible
solution to deliver this drug to pancreatic cancer tissue without undesirable side effects.

Besides improving solubility and stability, nanoparticles (NPs) may extend formulation actions,
combine activities with different degrees of hydrophilicity/lipophilicity, crucial for targeting and to
deliver the drug at a specific tissue or organ [15–17]. In addition, NPs allow a better action of natural
products, promoting a sustained release with reduced dose administration [15,18,19]. In this regard,
albumin NPs (BSA NPs) are increasingly being used as drug delivery system for effective accumulation
within tumour tissues through the enhanced permeability and retention (EPR) effect and albumin
binding target proteins [6,20]. In fact, albumin is the most abundant protein in blood plasma, being
biocompatible, biodegradable and nontoxic [6,20–22], and exhibiting active targeting and specific
activity in the liver-pancreas system [7,23].

It has been shown that specific targeting of tumour cells can be guaranteed through different linkers
or functional molecules [24,25]. Polyethylene glycol (PEG) is one of the most used polymers [26,27]
since PEGylation has been shown to reduce NP immunogenicity and enhance accumulation in tumours
by heightening the circulation time and promoting the EPR effect [24,27]. Further, the addition of
antibodies, like cetuximab (CET) and erlotinib (ERL), was already shown to be necessary to promote
targeted delivery. Indeed, the Epidermal Growth Factor Receptor (EGFR) is overexpressed in pancreatic
cancer and both antibodies are EGFR inhibitors [28].

Therefore, due to the low water-solubility of PvD, we have encapsulated PvD into a biocompatible
and hydrophilic nanomaterial as a possible drug delivery system. Bovine serum albumin (BSA)
was chosen as encapsulating material. In order to produce our BSA NPs, a desolvation method
was used. This method was chosen given its advantages, such as the fact that it does not require a
temperature increase, being a suitable method for heat sensitive polymers, like BSA [29,30]. In the last
step of desolvation method, glutaraldehyde is the most common added cross-linking agent [21,31,32].
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However, due to glutaraldehyde’s undesirable effects, we have tested more biocompatible alternative
cross-linking methods including ultraviolet (UV) irradiation, addition of glucose, and combinations
of both. Finally, to further optimize the NP preparation method, other different conditions were
tested, including different stirring rates during the emulsion step (100 and 500 rpm), cross-linking
times (30 min and 24 h) and type of organic solvent (hexane, acetone, DMSO and ethanol), and
aqueous:organic solvent proportions (1:1, 2:1 and 3:1). The organic solvents tested were chosen for
being the ones that best dissolve our compound with different ICH classification, i.e., grade of toxicity.
All organic solvents were properly removed with centrifuge wash cycles after NP production.

To summarize, in the present work we produced PvD-loaded BSA NPs followed by their
functionalization with ERL and/or CET for pancreatic cancer cell targeting.

2. Results

2.1. Optimization of BSA-Based NPs Preparation Method

To optimize the NP preparation method, different conditions were tested to select the best
conditions to achieve BSA NPs with a mean size ranging between 100–400 nm, monodisperse
size distribution, high cross-linking efficacy and the lowest negative zeta potential, to ensure high
stability [33]. Table 1 shows the results obtained with all the conditions tested.

Table 1. BSA nanoparticle (NP) characterization in terms of size, zeta potential, polydispersity index
(PdI) and cross-linking efficacy (CE (%))—influence of experimental conditions.

Mean Size (nm) (± SD) Zeta Potential PdI CE (%)

Cross-linking agent

Glutaraldehyde 178 (± 43) −1 <0.220 54
Glucose 225 (± 60) −14 <0.250 97

Glucose + UV 237 (± 70) −4 <0.120 44
UV 600 (± 116) −1 <0.180 95

Stirring rate
(rpm)

100 4396 (± 398) 0 <0.710 98
500 225 (± 25) −14 <0.250 97

Cross-linking time
24 h 129 (± 34 11 <0.100 56

30 min 225 (± 25) −14 <0.250 97

Type of organic solvent

DMSO 153 (± 25) 0 <0.010 69
Ethanol 145 (±42) −2 <0.330 50
Acetone 244 (± 9) −8 <0.260 98

Hexane 1346 (± 144) −1 <0.180 88

Aqueous: Organic ratio
1:1 236 (± 62) −1 <0.230 78
2:1 898 (± 33) 0 <0.210 77
3:1 244 (± 9) −8 <0.260 98

After analysing the designed particles in terms of mean size, zeta potential and cross-linking
efficacy [CE (%)], and testing different rpm (100 and 500 rpm), we conclude that the best outcomes
were achieved with a stirring rate of 500 rpm with smaller particle size and lower PdI. Then, for the
four cross-linking tested groups, the cross-linking with glucose showed the smallest size. However,
when observing the cross-linking time (30 min and 24 h), we choose 30 min as the best cross-linking
time, since the CE% drastically decreased over the time. Hereupon, comparing the results obtained for
all organic solvents tested, we have elected acetone. Indeed, acetone is a ICH Class 3, i.e., regarded
as less toxic and of lower risk to human health, and, of note, class 3 includes no solvent known as
a human health hazard at levels normally accepted in pharmaceuticals. Finally, we tested different
proportions of aqueous BSA: organic solvent ratios, and choose the 3:1. The resulting particle size was
near 200 nm, presenting a negative zeta potential and high CE (up to 90%), close to the established
goal. In bold (Table 1), is represented the best result in each condition tested.
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2.2. Cytotoxicity Assay in a Saccharomyces Cerevisiae Model

The percentage of growth inhibition (GI) was calculated by the determination of the linear slope
in the logarithmic phase for each sample (Figure 1).

Figure 1. Growth curves of Saccharomyces cerevisiae cultures exposed to BSA NPs (x - negative control;
� - 3.0 μM; � - 3.9 μM; — - 4.6 μM; � - 5.3 μM). Yeast growth is presented as the natural logarithm of
cell concentration, which is expressed as number of yeast cells/mL. The interval 2–5 h was considered
as the log growth phase (n = 4, mean ± SD).

Interestingly, the exposure to BSA NPs at the lowest concentration (3.0 μM) resulted in 3.2% of GI
and at the highest concentration (5.3 μM) resulted in 15.6%. On the other hand, the negative control
was assumed as producing zero percentage of GI (100% yeast growth), in each experiment.

2.3. Circular Dichroism Spectroscopy

Circular dichroism spectroscopy was used to analyse the secondary structure of the BSA protein
in its native form (BSA), NPs (BSA NPs) and NPs with ERL (ERL conjugated BSA NPs). Samples of
NPs that were randomly destroyed by ultra-sounds and heat (Destroyed NP) were also analysed to
confirm if this method destroys the BSA secondary structure and consequently NPs.

All samples were quantified in water and the respective spectra were measured in the far UV
with protein concentrations corresponding to 0.2 or 0.4 mg/mL. Figures 2 and 3 show the collected
spectra. Typically, α-helix showed two maxima of negative signal at 208 and 222 nm. Antiparallel
β-sheet shows one negative maximum at ca. 218 nm and a positive one at ca. 195 nm. Random coil is
characterized by a negative maximum at ca. 208 nm.

Circular dichroism has been extensively applied to evaluate the secondary structure of proteins
as different amounts of secondary structural elements, such as α-helix and β-sheets, correspond to
different CD spectra. This is due to the protein CD spectrum being considered the sum of the spectra
of the individual secondary structures present in the protein. In order to have the same intensity as the
BSA spectrum, the spectra of all complexes in Figure 3 were multiplied by a constant.

BSA showed a typical CD spectrum with a high α-helical content - negative ellipticity at ~208 and
~220 nm in the far UV range. After aggregation and formation of the NPs the spectra lost intensity but
kept their shape. This might indicate one of two possible effects, either the α-helical content decreased,
or the protein concentration is lower. Without having a control experiment to accurately determine the
protein concentration no conclusions can be made. However, the persistence of the band at 220 nm
suggests that it is only a concentration decrease. Thus, the preparation process used to destroy the NP
(ultra-sounds and increased heat) did not destroy the secondary structure of BSA, revealing that those
methods are safe and do not affect BSA structure. Importantly, BSA secondary structure is maintained
even when in particle form [34,35].
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Figure 2. CD spectra measured in the far UV range for all samples: � - BSA 0.2 mg/mL; � - BSA NPs
0.4 mg/mL; � - ERL conjugated BSA NPs 0.4 mg/mL; — - Destroyed NPs 0.4 mg/mL.

Figure 3. CD spectra measured in the far UV range after normalization – all spectra having the same
intensity as BSA (� - BSA 0.2 mg/mL; � - BSA NPs 0.4 mg/mL; � - ERL conjugated BSA NPs 0.4 mg/mL;
— - Destroyed NPs 0.4 mg/mL).

2.4. Hemolytic Activity of Potential Injectable PvD-loaded BSA NPs Dosage Form

Understanding the interactions between NPs and blood components is critical for future clinical
applications. One of the most fundamental studies on the interactions between NPs and blood
components is to access their haemolytic properties. In fact, in vivo haemolysis can trigger several
pathological conditions such as anaemia and jaundice. In vitro evaluation of NPs biocompatibility is a
crucial step towards early preclinical development because the small size and unique physicochemical
properties of NPs may cause damage in red blood cells (RBC). Thus, the US FDA recommends that
an in vitro haemolysis study should be performed for compounds intended for injectable use, at the
intended concentration for i.v. administration to test the possible haemolytic potential. This assay
evaluates haemoglobin release in the plasma, as an indicator of RBC lysis, following the exposure
to a test agent [36]. In this work, the haemolytic activity against RBCs was used as a marker of a
general membrane toxicity effect of PvD. Since the concentration of haemoglobin depends both on the
number of disintegrated RBCs in the sample and the volume of the fluid, the degree of haemolysis
is often described as the percentage of free haemoglobin in relation to the total. The percentage of
haemolysis of PvD in free form or incorporated in BSA NPs, as well as in empty NPs, was evaluated
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for concentrations up to 50 μM. For all the formulations at the tested concentrations, the haemolysis
was always below 1%, ensuring their safety for i.v. administration.

2.5. PvD Encapsulation Efficiency

The encapsulation efficiency (EE, %) is one of the most important physicochemical characteristics
of NPs-based formulations. Many methods have been used to evaluate the EE, including dialysis
bag diffusion, gel filtration, ultrafiltration, and ultracentrifugation. Compared with the conventional
drug delivery systems, the size of the reservoir of NPs in which the drug molecule is loaded is
extremely small. Depending on this small capacity of NPs, the drug molecules interact with the
polymeric structure to a certain degree. In this work, EE (%) was determined for all nanoformulations
by measuring the non-encapsulated drug (lost PvD during the nanoencapsulation procedure) by
centrifugation, i.e., through indirect quantification. Herein, we obtained 79.47%, 82.07%, 79.92%,
72.76%, for PvD-loaded BSA NPs, ERL conjugated PvD-loaded BSA NPs, CET conjugated PvD-loaded
BSA NPs and ERL-CET conjugated PvD-loaded BSA NPs, respectively. For this assay, a calibration
curve was firstly performed using previously isolated PvD as a standard. PvD solutions ranging
from 4.4 to 44 μg/mL were evaluated and a calibration curve (y = 31316x − 66339) was obtained
with R2 = 0.999. Limit of Detection (LOD) and Limit of Quantification (LOQ) were calculated to be
2.2 μg/mL and 6.5 μg/mL, respectively.

2.6. ERL and CET Conjugated BSA NPs Conjugation Quantification

The ideal NP-based formulations should have a specific targeting to tumour cells, minimizing
or even avoiding off-target effects of the drug on healthy tissues. In this field, much research has
conjugated targeting ligands specific to cell surface components that are unique or upregulated in
tumour tissues to NPs surfaces. In the current study, the presence of carboxylic and amino groups
on the surface promotes the surface functionalization for BSA NPs. The ERL and CET conjugation
quantification was determined by measuring the non-conjugated ligand, i.e., again through indirect
quantification. The value was 40 μg/mL, for ERL conjugated PvD-loaded BSA NPs, ERL conjugated
empty BSA NPs and ERL-CET conjugated empty BSA NPs, and 0.01 μg/mL for ERL-CET conjugated
PvD-loaded BSA NPs. CET conjugated values were equivalent to those measured for ERL conjugation.

2.7. Static Lattice Atomistic Simulations (SLAS) in Vacuum

2.7.1. Molecular Mechanics Assisted Model Building and Energy Refinements

Molecular mechanics energy relationship (MMER), a method for analytical-mathematical
representation of potential energy surfaces, was used to provide information about the contributions
of valence terms, noncovalent Coulombic terms, and noncovalent van der Waals interactions for the
BSA/cross-linker and BSA/bioactive interactions. The MMER model for potential energy factor in
various molecular complexes can be written as follows in Equation (1):

Emolecule/complex = V∑ = Vb + Vθ + Vϕ + Vij + Vhb + Vel (1)

where, V∑ is related to total steric energy for an optimized structure, Vb corresponds to bond
stretching contributions, Vθ denotes bond angle contributions, Vϕ represents torsional contribution
from dihedral angles, Vij incorporates van der Waals interactions due to non-bonded interatomic
distances, Vhb symbolizes hydrogen-bond energy function and Vel stands for electrostatic energy.

In addition, the total potential energy deviation, ΔETotal, was calculated as the difference between
the total potential energy of the complex system and the sum of the potential energies of isolated
individual molecules, as in the following Equation (2):

ΔETotal(A/B) = ETotal(A/B) - (ETotal(A) + ETotal(B)) (2)
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The molecular stability can then be estimated by comparing the total potential energies of the
isolated and complexed systems. If the total potential energy of complex is smaller than the sum of the
potential energies of isolated individual molecules in the same conformation, the complexed form is
more stable and its formation is favoured [37].

2.7.2. Fabrication of Glucose Cross-Linked BSA NPs

The energy relationships confirming the cross-linking of BSA with glucose are presented in
Equations (3)–(5) and the corresponding energy minimized geometrical conformations are depicted in
Figure 4:

EBSA = −276.821V∑ = 4.001Vb + 20.569Vθ + 29.478Vϕ − 23.961Vij − 6.478Vhb − 300.432Vel (3)

EGLUCOSE = 1.064V∑ = 0.556Vb + 2.998Vθ + 1.696Vϕ + 6.820Vij − 0.000Vhb + 11.008Vel (4)

EBSA-GLUCOSE = −342.611V∑ = 5.383Vb + 26.787Vθ + 38.058Vϕ − 21.609Vij − 4.323Vhb − 386.908Vel (5)

 

Figure 4. Visualization of geometrical preferences and functional interactions between BSA
(stick rendering) in complexation with the glucose molecules (ball-and-tube rendering) after molecular
mechanics simulations in vacuum. Colour codes: C (cyan), O (red), N (blue) and H (white).

It is evident from MMER that BSA-glucose formed a very stable complex, with ΔEBINDING of
−66.854 kcal/mol, wherein a major stabilizing role was played by electrostatic interactions (ΔE=−97.484
kcal/mol) and partially by van der Waals forces (ΔE = −4.468 kcal/mol). As expected from a cross-linked
structure, the torsional strains caused by a small molecule cross-linking agent such as glucose may cause
an internal stress arising from bond/angle stretching and bending, leading to a rigid structure and hence
destabilization of the matrix as evident from the bonding energy terms viz Vb (ΔE = 0.826 kcal/mol),
Vθ (ΔE = 3.22 kcal/mol) and Vϕ (ΔE = 6.884 kcal/mol). Interestingly, such constrained structure will
bring the subpeptidic chains closer and hence enhancing the electrostatic interactions contributing to
the final stabilized structure. It is worth noting that the H-bonding component of BSA was somewhat
diminished (ΔE = 2.155 kcal/mol) after cross-linking, which may be due to reduction in intramolecular
H-bonding and introduction of intermolecular H-bonding. This observation is further confirmed by
Figure 5 wherein: (1) the reducing sugar-derived carbonyl group of glucose formed an adduct with
free amine group of BSA (–C=O . . . NH–) [38]; (2) –OH . . . O=C– hydrogen bonding; and (3) -OH . . .
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NH– hydrogen bonding [39]. These findings further corroborate with the experimental data wherein it
was proposed that longer cross-linking time may lead to reduced cross-linking efficiency which may
further be attributed to the above inter- and intra-molecular H-bonding interplay.

 

Figure 5. Visualization of geometrical preferences and functional interactions between BSA (stick
rendering) in complexation with the ERL molecule (ball-and-tube rendering) after molecular mechanics
simulations in vacuum. Colour codes: C (cyan), O (red), N (blue) and H (white).

2.7.3. Functionalization of BSA NPs with ERL

The geometrical visualization and MMER profiles for BSA-ERL complex are depicted in Equations
(6)–(8) and Figure 5, respectively:

EBSA = −276.821V∑ = 4.001Vb + 20.569Vθ + 29.478Vϕ − 23.961Vij − 6.478Vhb − 300.432Vel (6)

EERL = 17.719V∑ = 0.995Vb + 1.991Vθ + 5.833Vϕ + 8.899Vi (7)

EBSA-ERL = −284.457V∑ = 5.650Vb + 45.119Vθ + 53.256Vϕ − 37.967Vij − 7.469Vhb − 343.046Vel (8)

The aim of generating MMER in this case was to confirm the mode of interaction inherent to
the peptide-bioactive complex. In case of bioactives’ functionalization in a carrier, it is of utmost
important that the functional groups responsible for their bioactivity are not involved in covalent
bonding. In the current modelling exercise, it was established that the N atoms of ERL were H-bonded
to the -C=O functionality of BSA. This is in line with previously developed ERL-functionalized
carriers by Ali and co-workers, one of the first reports mentioning such functionalization [40].
The BSA-ERL complex was energetically stabilized with ΔEbinding of −25.355 kcal/mol with both
bonding and non-bonding interactions playing a significant part. The significant destabilization by
the bonding interactions (Vb, Vθ and Vϕ) led to significant geometrical changes in the BSA molecule
further leading to apparent globalization which may further assist in colloidation of the nanosystem.
The 41.158 kcal/mol destabilization by the bonding interactions was neutralized and exceeded by
the non-bonding stabilization of 66.51 kcal/mol with electrostatic interactions playing the major role.
Interestingly the close fit of the ERL molecule further stabilized the van der Waals contributions and
hence the H-bonding.
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2.7.4. Functionalization of BSA NPs with CET

In a study published in PNAS, Donaldson and co-workers provided an interesting proposition
that can be quoted as follows “the identification and subsequent grafting of a unique peptide binding
site within the Fab domain offers a unique means of adding functionality to monoclonal antibodies
through a noncovalent interaction including improved pre-targeted imaging, alternative payload
delivery, and cross-linking of mAbs on cell surfaces to enhance their therapeutic potential” [40]. Taking
lead from the above proposition, the current study employed CET as the mAb and tested the potential
of grafting BSA to the light (A, C) and heavy (B, D) chains of CET. As this study doesn’t involve
molecular docking, the light and heavy chains were individually interacted with the BSA molecule and
thereby light chain A was selected for the final modelling paradigm based on preliminary geometrical
and energetic interaction profiling (detailed docking studies are out-of-scope of this study). Similar to
ERL, the BSA-CET molecular complex was destabilized by the bonding energy terms (bond, angle, and
torsion) while significantly stabilized by the non-bonding energy components (van der Waals forces,
H-bonding, and electrostatic interactions) as depicted in Equations (9)–(11):

EBSA = −276.821V∑ = 4.001Vb + 20.569Vθ + 29.478Vϕ − 23.961Vij − 6.478Vhb − 300.432Vel (9)

ECET = −959.541V∑ = 17.270Vb + 124.263Vθ + 123.955Vϕ − 167.367Vij − 34.565hb − 1023.1Vel (10)

EBSA-CET = −1281.649V∑ = 23.443Vb + 237.799Vθ + 203.402Vϕ − 238.943Vij − 44.723Vhb − 1462.63Vel (11)

A close look at Figure 6 revealed an extensive molecular network with –C=O . . . N-H amide
linkages and –C=O . . . O-H hydrogen bonds.

 

Figure 6. Visualization of geometrical preferences and functional interactions between BSA (yellow
ribbon rendering) in complexation with the CET Chain A (red ribbon rendering) after molecular
mechanics simulations in vacuum. Colour codes: C (cyan), O (red), N (blue) and H (white).
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2.8. Physical and Morphological Characterization of the EGFR Inhibitors Conjugated BSA NPs

Table 2 shows DLS analysis of particle size and zeta potential of ERL conjugated empty BSA
NPs, ERL conjugated PvD-loaded BSA NPs, CET conjugated empty BSA NPs, CET conjugated
PvD-loaded BSA NPs, ERL-CET conjugated empty BSA NPs, ERL-CET conjugated PvD-loaded BSA
NPs, PvD-loaded BSA NPs and Empty BSA NPs.

Table 2. Particle size, polydispersity index (PdI) and zeta potential of all EGFR inhibitors conjugated
BSA nanoformulations by DLS analysis.

BSA Nanoformulations
Mean Diameter

(nm) ± SD
Mean Zeta Potential

(mV) ± SD
PdI

ERL-CET conjugated PvD-loaded BSA NPs 1466 (±155) −48 (± 6) <0.560
ERL-CET conjugated empty BSA NPs 502 (± 36) −32 (± 6) <1

ERL conjugated PvD-loaded BSA NPs 349 (± 59) −39 (± 10) <0.450
ERL conjugated empty BSA NPs 336 (± 91) −36 (± 5) <0.090

CET conjugated PvD-loaded BSA NPs 43 (± 4) −43 (± 4) <1
CET conjugated empty BSA NPs 42 (± 5) −32 (± 6) <1

PvD-loaded BSA NPs 280 (± 86) −42 (± 4) <0.370
Empty BSA NPs 393 (± 131) −37 (± 6) <0.120

AFM analysis confirmed that particles sizes were very close to those obtained by DLS analysis.
Figures 7–10 show AFM images of all formulations prepared as well as their size and morphology.

Figure 7. AFM images (2D and sectorial images) with size scale of (A) PvD-loaded, and (B) Empty
ERL-CET conjugated NPs.

Figure 8. AFM images (3D and 2D images) with size scale of (A) PvD-loaded, and (B) empty ERL
conjugated NPs.
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Figure 9. AFM images (2D and 3D images) with size scale of (A) PvD-loaded, and (B) empty CET
conjugated NPs.

Figure 10. AFM images (3D and sectorial images) with size scale of (A) PvD-loaded, and (B) empty
non-conjugated NPs.

AFM allows the optimization of biomaterials processes, performance, physical and chemical
properties, offering a great contribution to the understanding of surface and interface properties,
even at the nanoscale [41]. Considering DLS and AFM analysis, as well as the cell viability studies
of PvD-loaded BSA NPs, we have decided to proceed only with the best particles in terms of mean
size (between 100–400 nm, allowing a safe i.v. administration), zeta potential (higher than −30 mV,
allowing a higher physical stability [33]), with monodisperse size distribution and lowest IC50 values
as followed described. Thus, SEM and TEM focused on ERL conjugated NPs and non-conjugated NPs,
confirming particle sizes and spherical morphology (Figures 11 and 12).

Figure 11. SEM images of BSA NPs. (A) empty ERL conjugated NPs; (B) PvD-loaded non-conjugated
NPs; (C) ERL conjugated PvD-loaded NPs; (D) empty non-conjugated NPs. Scale bars = 1 μm.
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Figure 12. TEM images of BSA NPs. (A) empty ERL conjugated NPs; (B) PvD-loaded non-conjugated
NPs; (C) ERL conjugated NPs PvD-loaded; (D) empty non-conjugated NPs. Scale bars = 0.5 μm.

2.9. Cell Viability Studies of PvD-loaded BSA NPs

Free PvD was shown highly cytotoxic for both cell lines, being particularly cytotoxic in BxPC3 cell
line (Table 3).

Table 3. Antiproliferative effect (IC50) of PvD in free form or nanoformulated in two human pancreatic
adenocarcinoma cell lines (BXPC3 and PANC-1).

Formulation Tested BxPC3 PANC-1

Free PvD 10.6 ± 3.6 21.7
Empty BSA NPs >30 >40

PvD-loaded BSA NPs >30 >40
ERL conjugated empty BSA NPs <20 >40

ERL conjugated PvD-loaded BSA NPs 21.5 ± 2.2 16.8
CET conjugated empty BSA NPs >30 >40

CET conjugated PvD-loaded BSA NPs >30 >40
ERL-CET conjugated empty BSA NPs <20 >40

ERL-CET conjugated PvD-loaded BSA NPs 6.9 ± 1.1 > 40

Incubation period was 48 h. IC50 values are expressed in μM (n = 6).

However, the IC50 of PvD-loaded BSA NPs was higher than 30 μM, suggesting that at the end
of the 48 h of incubation, PvD was not totally released from the particles. In fact, we know from
previous in vitro studies (Santos-Rebelo et al. [13]) that total PvD particle release only occurs after 72 h
of incubation. Indeed, NPs are possibly inducing its expected effect, since it would not be desirable
that PvD cytotoxicity occurs during the administration, but only in the target tumor site. Nevertheless,
IC50 of ERL conjugated PvD-loaded BSA NPs and ERL-CET conjugated PvD-loaded BSA NPs are
lower than those of non-conjugated particles. However, when comparing ERL conjugated empty
BSA NPs and ERL-CET conjugated empty BSA NPs, the IC50 values are also low, which leads us
to hypothesize that the toxicity observed for ERL conjugated PvD-loaded BSA NPs and ERL-CET
conjugated PvD-loaded BSA NPs may results from the ERL on the NP surface. In fact, this can increase
particle internalization, allowing a higher drug release inside the target cells, particularly in the BxPC3
cell line. In vivo assays are needed to confirm targeting in a living organism.

262



Cancers 2019, 11, 1733

2.10. Cell Cycle Assays

To go deeper into the mechanisms by which these different particles impact on tumour cell
proliferation, we evaluated cell cycle progression in BxPC3 cells after incubation with free PvD,
PvD-loaded BSA NPs and ERL conjugated PvD-loaded BSA NPs, and comparing with a blank control
in which cells grew without any chemical influence. Figures 13 and 14 show the percentage of cells in
different phases of the cell cycle after 24 h of particle incubation. As observed in Figure 14, exposure
of cells to ERL conjugated PvD-loaded BSA NPs induced a marked accumulation of cells in the G1
phase, when compared with control (p < 0.05). Regarding PvD-loaded BSA NPs, the results show that
these forms did not affect cell cycle progression. Importantly, this is in agreement with our previous
hypothesis that total PvD is not totally released from the NPs at 24 h of incubation. Further, ERL in
NPs surface probably increases particle internalization, allowing a higher drug release inside the target
cells. In conclusion, these outcomes indicate that both PvD and ERL are responsible for driving tumour
cells to arrest in the G1 phase of the cell cycle, preventing them from dividing and spreading.

Figure 13. Effect of NPs on tumour cell cycle progression. Cellular DNA was stained with propidium
iodide (PI) to determine cell cycle distribution. BxPC3 cells were treated with free PvD, PvD-loaded
BSA NPs and ERL conjugated PvD-loaded BSA NPs, and compared with control, 24 h after incubation.
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Figure 14. Effect of NPs on tumour cell cycle progression. Cellular DNA was stained with propidium
iodide (PI) to determine cell cycle distribution. Percentage of cells in G1, S and G2 cell cycle phases in no
addition (control; white), Free PvD (light grey), PvD-loaded BSA NPs (dark grey) and ERL conjugated
PvD-loaded BSA NPs (black), after 24 h incubation. Results are expressed as mean ± SEM for three
different experiments. * p < 0.05 from control by one-way ANOVA test.

2.11. Lactate Dehydrogenase Assay

To evaluate if PvD-dependent decrease of cell viability was due to either cell death or cell cycle
arrest, we assessed lactate dehydrogenase release as a measure of cell membrane disruption, and
therefore cell death (Figure 15).

Control
Free PvD

PvD loaded NPs

ERL conj. PvD NPs

Figure 15. Lactate dehydrogenase (LDH) assay, using free PvD, ERL conjugated empty BSA NPs, ERL
conjugated PvD-loaded BSA NPs. Results are expressed as mean ± SEM for three different experiments.

No significant differences were detected in membrane integrity between all samples tested,
suggesting that the decrease of cell viability likely results from cell cycle arrest.

3. Discussion

Pancreatic cancer median survival after diagnosis ranges between 2–8 months, making this one
of the most lethal types of cancer [2]. Moreover, the application of conventional drugs approved
against pancreatic cancer is limited by drug resistance and a large number of adverse side effects [13].
Taking this into account, new therapies as nanoparticle applications could become a promising tool for
sustained delivery of anticancer drugs.
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We previously confirmed that PvD is a potential lead molecule mainly due to its specificity to
pancreatic tumour cells [2]. However, PvD has very low water solubility and it strongly requires
a suitable carrier like BSA NPs. In the present study, BSA NPs for PvD delivery were produced
with an optimized method, where the conditions chosen include 500 rpm stirring rate, 30 min
of cross-linking time and 3:1 aqueous/acetone ratio. These conditions resulted in particles with
particle size ranging between 100–400 nm, monodisperse size distribution, high CE and negative
zeta potential. BSA NPs were tested for toxicity in a Saccharomyces cerevisiae model, showing no
relevant toxicity in the highest concentration tested, indicating promising carrier characteristics to
deliver our drug. CD spectroscopy revealed the main structure of our NPs, where BSA secondary
structure remained intact after nanoparticle arrangement. Previous studies by Differential Scanning
Calorimetry [13] suggest that following NPs arrangement the structure modification of BSA chains may
not involve changes in the protein secondary structure. Further, BSA secondary structure, even after
NPs arrangement, seems to resist to heat and ultra-sounds. Finally, haemolytic activity was tested in
BSA NPs as well as in free drug, to ensure that our formulation could be applied by i.v. administration.
Since the haemolytic activity was below 1%, even for the highest concentrations tested, our formulation
may be considered safe for i.v. administration, without any haemolytic risk.

The promising formulation, here developed, presented an EE greater than 80%, a value that is
very high in comparison with other drug delivery systems. For example, in some micellar NPs the
maximum capacity of the drug is only around 20–30% [42].

To target NPs to pancreatic cancer cells, we used EGFR inhibitors, ERL and CET, since EGFR
overexpression has been found in 90% of pancreatic cancers [2]. NP conformation was further elucidated
using SLAS in vacuum. Most studies with BSA NPs have used glutaraldehyde as cross-linking agent [43].
However, glutaraldehyde demonstrated toxicity to healthy cells [43]. We have proposed to use glucose
as cross-linking agent and MMER confirmed that BSA-glucose formed a very stable complex. Moreover,
MMER profiles for BSA-ERL complex showed that the functional groups responsible for bioactivity
are not involved in covalent bonding, leaving them free to ensure their action in targeting tumour cells,
and yet the BSA-ERL complex was considered energetically stabilized. When analysing BSA-CET
molecular complex, it seems to be destabilized by the bonding energy terms, but significantly stabilized
by the non-bonding energy components. Nevertheless, being CET a complex molecule with light and
heavy chains, future molecular docking studies may better clarify those interactions.

When analysing ERL and CET conjugated empty and PvD-loaded BSA NPs by DLS, we concluded
that ERL conjugated BSA NPs size, zeta potential and PdI values are better aligned with our goals.
Accordingly, ERL-CET conjugated BSA NPs showed to have huge particle sizes as well PdI, which
leads to a non-monodispersed suspension. On the other side, CET conjugated BSA NPs exhibit sizes
that are too small. AFM analysis of those particles suggested a possible interaction between the
compounds used that led to some kind of NP undoing process. In addition, CET conjugated BSA NPs
showed low toxicity to pancreatic cancer cell lines, with IC50 values higher than 30 μM, compared to
ERL conjugated BSA NPs, which showed IC50 values lower than 20 μM to BxPC3 cell line. Therefore,
we choose to proceed our studies only with ERL conjugated BSA NPs. Thus, SEM, TEM, cell cycle
and lactate dehydrogenase assays focused on ERL conjugated NPs and non- conjugated NPs. Cell
cycle and lactate dehydrogenase assays suggested that the decrease of cell viability caused by NPs
forms, as well as by free PvD, may occur by cell cycle arrest in the G1 phase and not by cell death,
as membrane integrity remained intact.

Further in vivo testing is now required to characterize PvD pharmacokinetics and to evaluate
its in vivo safety after the nanoencapsulation process. In a preliminary in vivo tolerability assay,
a suspension of free PvD in 5% of DMSO (single dose 3 mg / kg) was intradermally injected in a
small number of Wistar rats. Plasmatic concentration of PvD increased over the time (up to 6 h) and
no animal death was verified till the end of the study (data not shown). In this preliminary study,
the intradermal route was chosen mainly due to safety reasons. In vivo efficacy studies using the
promising nanoformulation here developed are also warranted.
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4. Materials and Methods

4.1. Optimization of BSA-Based NPs Development

Briefly, 50 mg of BSA was dissolved in 2.0 mL of purified water with the pH adjusted to 7–10
with NaOH solution. Subsequently, this solution was added dropwise into 8 mL of absolute ethanol
solution under magnetic stirring (100 and 500 rpm). After the desolvation process, the cross-linking
agent (glutaraldehyde, glucose, UV light and combination of both glucose and UV light methods)
was added to induce particle cross-linking. The cross-linking process was performed under stirring
of the suspension over a period of time (30 min and 24 h). First of all, the best stirring rate for NPs
formation was defined. Then, after the desolvation process, four cross-linking groups were tested: the
first in which 8% glutaraldehyde in water was added to induce particle cross-linking (1.175 μL/mg
BSA); the second was placed in the UV chamber under UV light (wavelength 254 nm) for 30 min
(the distance between the light source and the sample was 15 cm); on the third, 6 mM glucose was
added (1.175 μL/mg BSA); for the forth, the addition of glucose was followed by immediate exposure
to UV source in the same conditions mentioned in the second group [43]. After setting these first two
steps, cross-linking process was tested under different time periods of stirring. Then, different organic
solvents were added to BSA solution for further addition of the active compound in order to verify
which one is the best solution for achieving the greatest nanoformulation in terms of size, zeta potential
and cross-linking efficacy (CE, %).

4.2. NPs Cytotoxicity Assays on Saccharomyces Cerevisiae Model

The use of S. cerevisiae as an in vitro model organism has as main advantages the similarity
with mammalian cells, the yeast fast growth, and the inexpensiveness and easy cultivation. Yeast
is especially useful for toxicity studies involving oxidative stress-related mechanisms, since it can
grow both in presence and absence of oxygen [44]. Through this assay, we aimed to study BSA NPs’
potential cytotoxicity, testing the effects on the S. cerevisiae growth when contacting with different
concentrations of BSA NPs samples. Saccharomyces cerevisiae (ATCC® 9763™) was cultivated in yeast
extract peptone dextrose medium containing 1% yeast extract, 0.5% peptone and 2% glucose in
disposable cuvettes, with a final volume of 2 mL. Non-treated cultures were used as negative control
and BSA NPs samples were analysed at different concentrations (3.0 to 5.3 μM). Before adding the BSA
NPs to the yeast cultures, an ultrasonic bath (Bandelin SONOREX Super RK510, Berlin, Germany) was
used to homogenize the NP suspensions, for 3 min. Then, the assay was carried out as described by
Roberto et al. [44]. Briefly, before each absorbance measurements in the spectrophotometer (Thermo
Scientific model Evolution 300 BB, Waltham MA, USA) at 525 nm, the cultures were mixed in a vortex.
The growth curve in the logarithmic phase for each sample, as well as for the control group was
conducted by correlating the logarithm of the cell concentration (number of cells/mL) against the
incubation time. Each group was tested in four replicates (n = 4). For each sample and corresponding
concentration, the growth inhibition (GI, %) was calculated from the linear slope in the logarithmic
phase of S. cerevisiae growth curve.

The cell concentrations (cells/mL) were calculated applying Equation (12):

n◦ cells/mL =

(
X ∗ 1000mm3

)

Y ∗w2 ∗ d
(12)

where X = n.º cells counted; Y = n.º of smallest squares counted; d= depth of counting chamber and
w=width of 1 square unit [44].

4.3. Evaluation of BSA NPs Secondary Structure by far UV Circular Dichroism

Circular dichroism (CD) spectra were recorded on a JASCO J-720 spectropolarimeter (JASCO,
Hiroshima, Japan) equipped with a 180–700 nm photomultiplier (EXEL-308). CD spectra were recorded
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in the far UV range from 260 to 200 nm with quartz Suprasil® CD cuvettes (0.1 cm) at room temperature
(ca. 25 ◦C). Each CD spectrum was the result of six scans recorded in degrees. The following acquisition
parameters were used: data pitch, 0.5 nm; bandwidth, 2.0 nm; response, 2 s and scan speed, 50 nm/min.

4.4. Haemolytic Activity

The haemolytic activity of PvD in free and encapsulated forms as well as in empty NPs was
determined using EDTA-preserved peripheral human blood [36]. Human peripheral blood was
obtained from a voluntary donor, then it was EDTA-preserved and used in the same day of experiments.
Plasma was removed by centrifugation at 1000× g for 10 min and the RBCs suspension was washed
three-times in PBS at 1000× g for 10 min. The NPs formulations were suspended in PBS buffer
(European Pharmacopeia 7.0) and free PvD was dissolved in DMSO and then diluted in PBS. Free
PvD concentrations ranging from 0.03 to 51.27 μM and encapsulated PvD concentrations ranging
from 0.04 to 80.11 μM were distributed in 96-well plates (100 μL/well). A DMSO control at the higher
concentration used for free PvD was also tested. Then, 100 μL of RBCs suspension was added to
all samples, microplates were incubated at 37 ◦C for 1 h and then centrifuged at 800× g for 10 min.
Absorbance of supernatants was measured at 550 nm with a reference filter at 620 nm. The percentage
of the haemolytic activity for each sample was calculated comparing each individual determination to
a 100% haemolysis (erythrocytes in distilled water), positive control and negative control (erythrocytes
in PBS) according to Equation (13):

(AbsS – AbsN)/(AbsP – AbsN) × 100 (13)

where AbsS is the average absorbance of the sample, AbsN is the average absorbance of the negative
control and AbsP is the average absorbance of the positive control.

4.5. Synthesis of BSA NPs Conjugated with ERL or CET

In this step, we aimed to assess if the EGFR inhibitors and its conjugation with BSA NPs allow
or not a targeting deliver of the system to pancreatic tumour cells. Thus, the synthesis of BSA NPs
conjugated with ERL or CET was performed by incubating them with a NPs suspension [45,46]. Briefly,
EGFR inhibitors (500 μL) were added dropwise into the NPs suspension, followed by a 2 h reaction
under stirring (500 rpm). At the end of the reaction, the mixture was centrifuged (2800× g/10 min)
and resuspended with purified water. The quantification of the EGFR inhibitors conjugation was then
determined in the following section.

4.6. HPLC Method

A reverse-phase HPLC chromatographic method (stationary phase - LiChrospher RP 18 (5 μm),
Lichrocart 250 – 4.6) at a detection wavelength of 254 nm, was used for PvD quantification. Briefly, we
used a HPLC system (Hitachi LaCrom Elite, with column oven and a UV-Vis diode array detector,
San Jose CA, USA) with a mobile phase containing methanol and trichloroacetic acid 0.1% (80:20, v/v)
at a flow rate of 1.0 mL/min. The injection volume was 20 μL, the run-time was 15 min and the
column conditions were maintained at 30 ◦C. Measurements were carried out in duplicate and PvD
encapsulation efficiency was calculated according to Equation (14):

EE (%) = (Amount of encapsulated drug/Initial drug amount) × 100 (14)

For ERL quantification, a reverse-phase HPLC chromatographic method on a NovaPak® C18
column (3.9 × 150 mm) from Waters (Milford, MA, USA) was used, at a detection wavelength of 346 nm,
as previously described [47]. Briefly, the same HPLC system was used but with an isocratic mobile
phase consisting of acetonitrile and acidified water pH 2.6 (40:60, v/v) and a flow rate of 1.0 mL/min.
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Column conditions were maintained at 22 ◦C, with an injection volume of 20 μL and a retention time
of 4.5 min. Measurements were carried out in duplicate.

4.7. LC-MS/MS Analysis for CET Quantification

LC-MS/MS analyses were performed as previously described by François et al. [48]. Briefly,
a XEVO TQ-S triple quadrupole mass spectrometer (Waters) was used, controlled by Masslynx
software (version 4.1) and an Acquity I-Class LC system (Waters) was linked to the instrument.
Chromatography was performed using a gradient combining 0.1% formic acid in water with 0.1%
formic acid in acetonitrile. Peptides separation was achieved on an Acquity UPLC BEH Shield C18
column, 2.1 mm × 50 mm, 1.7 μm, (Waters), using a gradient from 5 to 33% over 10 min, at a flow rate
of 500 μL/min and the temperature was maintained at 50 ◦C.

4.8. Static Lattice Atomistic Simulations

Molecular simulations were performed using commercial software: HyperChemLiteTM 8.0.8
Molecular Modeling System (Hypercube Inc., Gainesville, FL, USA) and ChemBio3D Ultra 11.0
(CambridgeSoft Corporation, Cambridge, UK). The structures of glucose and ERL were with
natural angles as a 3D model while the structures of the peptide chains BSA (BSA; sequence:
LQARILAVERYLKDQQL) and CET (CET; PDBID:4GW5; Chain A) were generated using the built-in
sequence editor module of HyperChem. A progressive-convergence-strategy was applied for energy
minimization with MM+ force field. The confirmers having lowest energy were employed for
geometrical optimization and the molecular complexes were assembled by parallel disposition to
generate the final models: BSA-glucose, BSA-ERL, and BSA-CET corresponding to BSA formulations
with glucose cross-linking and ERL/CET functionalization, respectively. Full geometry optimization
was carried out in vacuum employing the Polak–Ribiere conjugate gradient algorithm until an RMS
gradient of 0.001kcal/mol was reached. For molecular mechanics calculations in vacuum, the force
fields were utilized with a distance-dependent dielectric constant scaled by a factor of 1. The 1–4 scale
factors were electrostatic = 0.5 and van der Waals = 0.5 [49].

4.9. Physical and Morphological Characterization of the EGFR Inhibitors Conjugated BSA NPs (Size, Surface
and Morphology): Dynamic Light Scattering (DLS) and Atomic Force Microscopy (AFM), Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM)

Freshly prepared nanoformulations were studied in terms of their structure, surface morphology,
shape and size by DLS, AFM, SEM and TEM. The analysed samples were: empty BSA-NPs, PvD-loaded
BSA NPs, ERL conjugated empty BSA NPs, ERL conjugated PvD-loaded BSA NPs, CET conjugated
empty BSA NPs, CET conjugated PvD-loaded BSA NPs, ERL-CET conjugated empty BSA NPs ERL-CET
conjugated PvD-loaded BSA NPs.

DLS (Coulter nano-sizer Delta Nano™, Brea, CA, USA) was used to perform a physical
characterization of the NPs, evaluating mean particle size, polydispersity index (PdI) and zeta
potential of the NPs’ diluted suspension (n = 3). For DLS analysis, samples were diluted with purified
water (1:10) and the measurements were carried out at room temperature (25 ◦C).

An atomic force microscope, Multimode 8 coupled to Nanoscope V Controller (Bruker, Coventry,
UK) was used to acquire AFM images by using peak force tapping and ScanAssist mode. An aliquot
of each sample (~30 μL) was mounted on a freshly cleaved mica sheet and left to dry before being
analysed, in order to offer a clean and flat surface for AFM analysis. The images were obtained in
ambient conditions, at a sweep rate close to 1 Hz, using Scanasyst-air 0.4 N/m tips, from Bruker.

For SEM, all samples were fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer
(European Pharmacopeia 7.0), at pH 7.2 during 1 h. After centrifugation, the pellets were washed three
times in the fixative buffer and aliquots (10 μL) of the sample suspensions were scattered over a round
glass coverslip previously coated with poly-L-lysine. The samples were then exposed to osmium
tetroxide vapours in a fixative chamber during 30 min, dehydrated in a graded series of ethanol and
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dried with hexamethyldisilazane. After coated with a thin layer of gold, the samples were observed on
a JEOL 5200LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of
20 kV, and images were recorded digitally.

For TEM, the samples were fixed with glutaraldehyde as for SEM and aliquots (10 μL) of the
samples’ suspensions were dispersed on carbon-coated copper grids. Afterwards, the material was
negative staining with 1% uranyl acetate and left to dry at room temperature. Observations were
carried out on a JEOL 1200EX transmission electron microscope (JEOL Ltd.) at an accelerating voltage
of 80 kV. Images were recorded digitally.

4.10. Cell Viability Studies of PvD-Loaded BSA NPs

In order to evaluate PvD selectivity and antiproliferative effects against human pancreatic tumour
cells in its free form, as well as when encapsulated in BSA NPs, two different cell lines were tested,
BxPC3 and PANC-1 (human pancreatic adenocarcinoma cell lines). Both BxPC3 and PANC-1 cell lines
were obtained from the ATCC (Manassas, VA, USA).

The cell lines tested are typically adherent cell cultures. Evaluations were made in different
experimental conditions regarding the different types of cells. Thus, BxPC3 cells were maintained in
in RPMI 1640 medium with glutamax, supplemented with 10% (v/v) inactivated fetal bovine serum
(iFBS), 50 U/mL penicillin and 50 μg/mL streptomycin. PANC-1 cells were maintained in Dulbecco’s
Modified Eagle’s medium (DMEM) with high-glucose (4500 mg/L), supplemented with 10% iFBS,
50 U/mL penicillin and 50 μg/mL streptomycin. Both cell lines were maintained in an incubator at
37 ◦C in a humidified atmosphere of 5% CO2.

The effect of PvD on cell proliferation was evaluated by MTT assay [50]. Briefly, cells were seeded
in 96-well plates (1 × 104 cell per well for BxPC3 and for PANC-1) under normal conditions (5% CO2

humidified atmosphere at 37 ◦C) and allowed to adhere overnight. The cells were then incubated for
48 h with free PvD, ERL conjugated empty BSA NPs, ERL conjugated PvD-loaded BSA NPs, CET
conjugated empty BSA NPs, CET conjugated PvD-loaded BSA NPs, ERL-CET conjugated empty
BSA NPs, ERL-CET conjugated PvD-loaded BSA NPs, PvD-loaded BSA NPs and Empty BSA NPs at
different concentrations: between 5 and 30.0 μM for BxPC3 and to PANC-1 between 10.0 and 40.0 μM
for all PvD-loaded nanoformulations and free PvD and between 20 and 30.0 μM for BxPC3 and to
PANC-1 between 30.0 and 40.0 μM for all empty nanoformulations. The cells medium was removed
after the incubation period and PBS was used to wash the wells. Then, MTT solution (50 μL of a
10%) was added to the cells and the plates were incubated for a 4 h period. After the incubation time,
to solubilize the formazan crystals formed during the incubation period, DMSO was added to each
well (100 μL).

Using a microplate reader, it was measured the absorbance of all samples at 570 nm and the IC50

was determined. The cytotoxic effect was evaluated by determining the percentage of viable/death cells
for each formulation studied concentration. Cell proliferation analysis was carried out in GraphPad
Prism®5 (GraphPad Software, San Diego, CA, USA). Values were plotted and fit to a standard inhibition
log dose-response curve to generate the IC50 values. A total of three independent experiments, with
six replicates per condition, were carried out.

4.11. Cell Cycle Assays

BxPC3 human pancreatic carcinoma cells were used as a tumour cell model to evaluate the effects
of PvD-loaded NPs and PvD in its free form on cell cycle progression. Cell cycle progression was
evaluated using a standard staining procedure with propidium iodide (PI) (Fluka, Sigma-Aldrich,
Darmstadt, Germany) followed by flow cytometry. Briefly, BxPC3 cells were incubated with free PvD,
PvD-loaded BSA NPs and ERL conjugated PvD-loaded BSA NPs at a PvD concentration of 10 μM for
24 h. Next, cells were detached with Tryple and collected by centrifugation at 800× g for 5 min, at 4 ◦C.
Cell pellets were resuspended in ice-cold PBS and fixed under gentle vortexing by dropwise addition
of an equal volume of ice-cold 80% ethanol (−20 ◦C), followed by 30 min on ice. Subsequently, samples
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were stored at 4 ◦C for at least 18 h until data acquisition. For cell cycle analysis, cells were centrifuged
at 850× g for 5 min, at 4 ◦C, and pellets resuspended in RNase A (50 μg/mL, in PBS) and PI (25 μg/mL)
and further incubated for 30 min, at 37 ◦C. Sample acquisition and data analysis were performed using
the Guava easyCyteTM Flow Cytometer (Merck Millipore, Darmstadt, Germany) and Guava analysis
software, with the acquisition of at least 10,000 events per sample.

4.12. Lactate Dehydrogenase (LDH) Assay

The lactate dehydrogenase assay measures membrane integrity as a function of the amount of
cytoplasmic LDH released into the medium. The assay is based on the reduction of NAD by LDH.
Reduced NADH is then utilized in the conversion of a tetrazolium dye to a coloured product that is
measured spectrophotometrically. The 24 h incubation medium collected in the cell cycle assay was
used to perform this assay for the same samples used in the previous assay: free PvD, ERL PvD-loaded
BSA NPs and ERL conjugated PvD-loaded BSA NPs at a PvD concentration of 10 μM. A 50 μL aliquot
of each incubation medium was collected and transferred to a 96-well plate and 50 μL of Lactate
Dehydrogenase Assay Mixture was added and gently mixed. The plate was covered with an opaque
material to protect from light and incubated at room temperature for 10 min. Samples absorbance was
measured at a wavelength of 490 nm in a MR 4000 plate reader (Model 680 Microplate reader, Bio-Rad
Laboratories, Hercules, CA, USA).

4.13. Statistical Analysis

The significance of differences between samples was assessed using one-way analysis of variance
(ANOVA) for mean comparisons (Tukey’s test). A 0.05 significance level was adopted for every test.

5. Conclusions

BSA NPs were efficiently produced and PvD was successfully encapsulated. The BSA secondary
structure was shown to be maintained after NP formation and after submitting BSA NPs to ultra-sounds
and heat, which can be seen as verification of the formation of stable nanocarriers. Regarding haemolytic
activity, PvD-loaded BSA NPs have shown to be safe to human RBCs, which allows this formulation
to be administered in future injectable use. Static lattice atomistic simulations have proven that
these nanocarriers are a stable formulation, suggesting that glucose was an excellent choice as a
cross-linking agent, with lower toxicity than glutaraldehyde. Concerning physical and morphological
characterization of the NPs there are considerable differences between all the formulations developed,
being ERL conjugated BSA NPs and non-conjugated BSA NPs (empty and PvD-loaded) the formulations
that have shown better results according to our goals: size ranging between 100–400 nm, with
monodisperse size distribution, well-defined morphology, high cross-linking efficacy and negative
zeta potential. Cell culture and cytotoxicity assays indicated that NPs can damage pancreatic tumour
cells. However, the results of CET conjugated NPs, when comparing to ERL conjugated NPs, showed
that ERL conjugated NPs were more efficient at reducing cell viability. Thus, ERL conjugated NPs were
chosen to proceed to SEM and TEM analysis, as well as to cell cycle and lactate dehydrogenase assays.
This formulation showed well-defined morphology by SEM and TEM analysis. Since there was no
significant damage in cell membrane integrity, our results suggest that the decrease on cell viability by
these particles may occur, at least in part, by a cell cycle arrest-dependent mechanism rather than by
inducing cell death.

Further studies must be undertaken, including mechanistic studies of the optimized formulation,
by performing in vivo assays to test ERLconjugated PvD-loaded BSA NPs targeting efficacy as well
as safety.
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Abstract: Nanomedicine as a multimodality treatment of cancer utilizes the advantages of
nanodelivery systems of drugs. They are superior to the clinical administration of different therapeutic
agents in several aspects, including simultaneous delivery of drugs to the active site, precise ratio
control of the loading drugs and overcoming multidrug resistance. The role of nanopolymer size
and structural shape on the internalization process and subsequent intracellular toxicity is limited.
Here, the size and shape dependent mechanism of a functionalized copolymer was investigated using
folic acid (FA) covalently bonded to the copolymer poly (styrene-alt-maleic anhydride) (SMA) on its
hydrophilic exterior via a biological linker 2,4-diaminobutyric acid (DABA) to target folic acid receptors
(FR) overly expressed on cancer cells actively. We recently reported that unloaded FA-DABA-SMA
copolymers significantly reduced cancer cell viability, suggesting a secondary therapeutic mechanism
of action of the copolymer carrier post-internalization. Here, we investigated the size and shape
dependent secondary mechanism of unloaded 350 kDa and 20 kDa FA-DABA-SMA. The 350 kDa and
20 kDa copolymers actively target folic acid receptors (FR) to initialize internationalization, but only
the large size and sheet shaped copolymer disables cell division by intracellular disruptions of essential
oncogenic proteins including p53, STAT-3 and c-Myc. Furthermore, the 350 kDa FA-DABA-SMA
activates early and late apoptotic events in both PANC-1 and MDA-MB-231 cancer cells. These findings
indicate that the large size and structural sheet shape of the 350 kDa FA-DABA-SMA copolymer
facilitate multimodal tumor targeting mechanisms together with the ability to internalize hydrophobic
chemotherapeutics to disable critical oncogenic proteins controlling cell division and to induce
apoptosis. The significance of these novel findings reveals copolymer secondary cellular targets and
therapeutic actions that extend beyond the direct delivery of chemotherapeutics. This report offers
novel therapeutic insight into the intracellular activity of copolymers critically dependent on the size
and structural shape of the nanopolymers.

Keywords: nanomedicine; FA-DABA-SMA; self-assembly; oncogenic proteins; intracellular
disruption; folic receptor alpha; active targeting; drug delivery

1. Introduction

Targeting strategies of nanopolymers are formulated to enhance the specific distribution of
the therapeutic macromolecules in the treatment of cancer. Active targeting mechanisms utilize

Cancers 2019, 11, 1698; doi:10.3390/cancers11111698 www.mdpi.com/journal/cancers275
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tumor-specific receptor ligands to achieve a degree of specificity and are therefore utilized as a
promising complementary strategy to improve drug delivery. To this end, multifunctional “smart”
nanopolymers combine several targeting strategies to increase treatment specificity and reduce systemic
toxicities associated with conventional chemotherapeutics.

Recently, we reported on a biocompatible pH responsive, active targeting delivery
system, fabricated using folic acid functionalized on an amphiphilic alternating copolymer
poly (styrene-alt-maleic anhydride) via a biodegradable linker 2,4-diaminobutyric acid
(FA-DABA-SMA) [1,2]. Active targeting strategies using folic acid (FA) have gained much attention
in cancer because folic acid receptors (FR) are overexpressed on cancerous cells up to two orders in
magnitude relative to non-malignant cells [2,3]. Additionally, the self-assembly of the FA-DABA-SMA
copolymeric template was designed to be pH responsive, forming amphiphilic nanostructures at pH 7,
allowing for the encapsulation of hydrophobic drugs in its interior core. This structure is stable at
neutral pH, but collapses under acidic conditions consistent with the tumor microenvironment, thereby
releasing the carrier drugs on-site from its core [4]. Nanopolymers can be selectively designed to alter
the pharmacokinetic profile and tissue distribution characteristics of drug delivery vehicles. The size,
shape and surface modifications, all of which alter the pharmacokinetics and intracellular mechanisms,
can be chemically modified such that they can have a significant therapeutic impact in vivo [5].

Investigations into the toxic effects following nanopolymer internalization are minimal as many
nanopolymers are designed to be inert delivery vehicles with little or no toxic effects when they release
their contents. To this end, Albanese et al. provided a detailed review on the effect of the nanoparticle
size, shape and surface chemistry on biological systems upon internalization [6]. Physical attributes of
nanopolymers continued to be explored regarding their effects on therapeutic efficacy; however, the
consensus remains that the effects and final properties of nanoparticles in the endo-lysosomal vesicles of
cells remain unknown. For example, nanoparticles in the intracellular cytosol space can activate several
biological functions, including disrupting mitochondrial function, eliciting the production of reactive
oxygen species and activation of the oxidative stress mediated signaling cascade [7,8]. Other reports
have demonstrated that nanoparticles such as hydrophilic titanium oxide TiO2 nanoparticles are
oncogenic [9]. It is known that large nanoparticles do not extravasate far beyond the blood vessel,
whereas small nanoparticles travel deep into the tumor, but remain there only transiently. Therefore, it
is essential to optimize the next generation of nanopolymers focusing on the intracellular therapeutic
mechanisms after internalization to successfully translate these drug delivery systems to the clinic.

Recently, we demonstrated for the first time that FA-DABA-SMA can act as a “smart” cancer
targeting drug delivery system able to penetrate the inner core of three-dimensional pancreatic and
breast cancer tumor spheroids [4]. To elucidate the possibility of toxicity from the polymeric template
design, we reported that the empty SMA and functionalized FA-DABA-SMA polymers reduced
PANC-1 and MDA MB-231 cancer cell viability using the WST-1 cell proliferation reagent, the data of
which indicated a concentration dependent cell death at 48 and 72 hours of incubation [1].

Unexpectedly, these results revealed a previously unknown mechanism(s) of action of the empty
FA-DABA-SMA copolymer where it can reduce tumor spheroid volume. We propose that this is
achieved through a possible intracellular mechanism of action that targets oncoproteins, thereby
inducing apoptosis. The rationale for this is based on a seminal report by Boshnjaku et al. who reported
on a novel role for FRα [10]. This report details that ability of FRα to translocate to the nucleus and
to act as a transcription factor by binding to the cis-regulatory elements activating transcriptional
developmental genes including HES1 and FGFR4 [10]. This finding suggests that FRα may influence
the regulation of a variety of malignant processes such as cell migration, cell growth and epithelial to
mesenchymal transition (EMT) [3]. Given this critical role of the FRα, we propose that FA-DABA-SMA
remains bound to FRα and subsequently becomes internalized, leading to disruption of intracellular
processes that regulate cell proliferation and survival, ultimately leading to apoptosis. This disruption
of the intracellular processes by FA-DABA-SMA binding FRα may, therefore, translate into a potent
multimodal therapeutic effect(s) by dysregulating the essential mechanisms of tumorigenesis.
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In this report, the FA-DABA-SMA copolymer is found to bind FR, after which it is translocated
intracellularly via receptor-mediated endocytosis. Due to the large size and nanostructure of the
350 kDa FA-DABA-SMA copolymer, it can disrupt critical oncogenic processes, including cell
proliferation, and induce apoptosis. Here, the internalization of the 350 kDa FA-DABA-SMA was found
to reduce cell viability, but also disabled the oncogenic p53, c-Myc and STAT-3 cell survival proteins,
inducing apoptosis. The large sized 350 kDa FA-DABA-SMA has a single chain hydrodynamic radius
(Rh) of 6 nm and self-assembles into sheets (Rh of the self-assembled SMA nanostructure of 850 nm in
water), while the small sized 20 kDa polymer has a single chain Rh of 3 nm and self-assembles into
cylinders (Rh of the self-assembled SMA structure of 120 nm in water). The large sized FA-DABA-SMA
nanopolymers and not the 20 kDa copolymers were internalized by binding to FR and, subsequently,
inhibited intracellular oncogenic proteins. These results support the next-generation multimodality
and therapeutic potential of nanopolymers. It is known that nanomedicines conjugated with targeting
macromolecules can recognize a specific target, bind and be internalized via a specific mechanism like
receptor-mediated endocytosis [11,12]. The novelty of our findings suggests that the critical size and
the unique nanostructure of the copolymer enable the active targeting of folic acid receptors to facilitate
the internalization, transportation and cellular localization of the delivery vehicle, where it disables
oncogenic survival proteins and induces apoptosis. The significance of these findings provides insight
into the previously unknown secondary intracellular mechanisms of action of FA-DABA-SMA that
may extend beyond simple delivery vehicles previously thought to be inert.

2. Results

2.1. Folic Acid Receptor Expression on DU-145 Prostate, PANC-1 Pancreatic and MDA-MB-231
Triple-Negative Breast Cancer Cells

The expression levels of FR were characterized in the prostate (DU-145), pancreatic (PANC-1) and
breast (MDA-MB-231) cancer cells. It is well established in the literature that MDA-MB-231 and, to a
lesser degree, PANC-1 cells overexpress FR, while DU-145 cells have minimal expression levels [13,14].
In Figure 1a, the immunocytochemistry staining of the FR using the anti-FR antibody showed varying
expression levels of the FR on the different cancer cell lines (Figure 1b).

The MDA-MB-231 cells expressed high levels of FR in comparison to the PANC-1 pancreatic
cancer cells. The DU-145 cells expressed minimal levels of FR. These different cell lines allowed for a
better understanding of the behaviour of the nanopolymer interacting with the target FR receptor in
a range from low to high FR expression levels to better evaluate the efficacy and targeting potential
of FA-DABA-SMA. Flow cytometry analyses showed similar trends in FR expression for DU-145
and PANC-1 cells on the cell membrane; however, the expression levels of FR were much lower
in the MDA-MB-231 breast cancer cells. The discrepancy between the results may be due to the
staining of both external and internalized FR on permeabilized cells (Figure 1a, right) compared to
only the surface staining of the receptor (Figure 1c, right). Typically, the majority of FR exists internally
and is cycled to the surface dependent on growth related needs. It has been reported that the high
expression of FR on MDA-MB-231 breast cancer cell lines may be due to the high metabolic activity
of an aggressive invasive ductal adenocarcinoma and, therefore, may require more folate to sustain
rapid cell growth [15]. Further research into FR expression has suggested that when cellular growth
reaches a plateau and the growth rate slows, an increased expression of FR is observed [16]. Overall,
the varying expression levels of the FR in these three cell lines provided valuable information on the
efficacy and interactions of the FA conjugated nanopolymers targeting varying expression levels of FR
and exerting their therapeutic effects, which will be discussed later.
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Figure 1. Folic acid receptor (FR) expression levels on DU-145 prostate, MDA-MB-231 breast and
PANC1 pancreatic cancer cell lines. (a) Immunocytochemistry staining for FR in permeabilized DU-145,
MDA-MB-231 and PANC-1 cells. The white scale bar represents 100 μm. Pictures were taken at 400×
magnification. Blue DAPI stain represents the nuclei, and red staining is anti-FR antibody followed with
AlexaFluor 594 secondary antibody for FR expression. (b) Quantification of expression levels by relative
density corrected for average background staining of the AlexaFluor 594 secondary antibody. Error bar
due to multiple images being quantified (n = 3–4). The data are a combination of two independent
experiments with similar results. (c) Flow cytometry was used to confirm the expression level of the FR.
Graphs represent an overlay of FR, secondary only control, and autofluorescence control.

2.2. Effect of Large and Small Sized FA-DABA-SMA Nanopolymers on the Cell Viability of DU-145, PANC-1
and MDA-MB-231 Cancer Cell Lines

Recently, we reported on the therapeutic efficacy of the 350 kDa FA-DABA-SMA and its ability
to target FR actively and deliver hydrophobic anti-cancer agents [4,17]. Furthermore, the data in the
report revealed that the empty nanopolymers reduced cell viability, penetrated tumor spheroids and
decreased their volumes [4]. Here, we questioned whether the size of the nanopolymer could be a
contributing factor to these therapeutically important effects of the nanopolymers [1,4,17]. We tested
empty large (350 kDa) and small (20 kDa) sized FA-DABA-SMA nanopolymers on DU-145, PANC-1
and MDA-MB-231 cancer cell lines. As shown in Figure 2, both large and small FA-DABA-SMA at the
effective dose of 3 μM as determined from our previous studies [1,17] did not affect DU-145 (Figure 2a)
and PANC-1 (Figure 2b) cell viability. The MDA-MB-231 cell viability, however, was significantly
reduced (p < 0.02) by the large nanopolymer when compared with the untreated control cells.
These findings confirm the possibility of a novel dual therapeutic mechanism(s) of FA-DABA-SMA.
It is proposed that the variation of the expression levels of the FR and the responsiveness of the
MDA-MB-231 to the nanopolymer suggest that the binding avidity of the large sheet-like structure of
FA-DABA-SMA interaction with FR might have a potent therapeutic effect, leading to FR stimulation
and creating an enhanced sensitivity in cancer cells.
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Figure 2. Differential effects of large and small FA-DABA-SMA nanopolymer on cell viability of DU-145
prostate, PANC-1 pancreatic and MDA-MB-231 breast cancer cells. Comparison of the cell viability of
(A) DU-145, (B) PANC-1 and (C) MDA MB-231 cell lines at 24, 48 and 72 hours treated with a 20 kDa
FA-DABA-SMA (small) and a 350 kDa FA-DABA-SMA (large) nanopolymer using the WST-1 assay.
Results were compared by a one-way ANOVA at 95% confidence using Fisher’s LSD test. The data
(triplicates) are one of two separate experiments with similar results. The significance is reported
in comparison to the untreated control at the respective time point (solid line) and as a comparison
between 350 kDa and 20 kDa nanopolymers (dashed line).

2.3. Live Cell Fluorescence Microscopy of Curcumin Loaded 350 kDa FA-DABA-SMA Reveals FR Mediated
Endocytosis and Translocation to the Nucleus

To track the nanopolymer’s intracellular activity over 48 hours, the small and large sized
FA-DABA-SMA nanopolymers were loaded with curcumin and applied on DU-145, PANC-1 and
MDA-MD-231 cancer cells in culture. Within 24 hours, the large FA-DABA-SMA polymer was
internalized and appeared to be translocated to the nucleus and released curcumin in the nucleus of
MDA MB-231 cells after 48 hours (Figure 3). In contrast, the large nanopolymer was bound to FR on
DU-145 prostate cancer cells with no evidence of internalization over 48 hours (Figure 3). As expected,
there was no binding and internalization of the small (20 kDa) FA-DABA-SMA nanopolymer in the
DU-145 cells. The PANC-1 cancer cells, on the other hand, appeared to interact with the small and large
nanopolymer in a manner that was consistent with our previous studies [1,17]. These results suggest
that the FR expression levels may not be a significant contributory factor, but more importantly, the
size and nanostructure of the copolymer, which subsequently contribute to the therapeutic potential of
FA-DABA-SMA, might be a more important factor to consider. To this end, the PANC-1 pancreatic and
MDA-MB-231 breast cancer cells were used to investigate further the FR interactions and therapeutic
potential of the FA-DABA-SMA copolymer size in delivering hydrophobic chemotherapeutic drugs.
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Figure 3. Live-cell fluorescence microscopy of curcumin-loaded FA-DABA-SMA binding FR mediating
endocytosis and preferentially targeting the nucleus. Live cell tracking of the large (350 kDa) and small
(20 kDa) curcumin loaded FA-DABA-SMA on DU-145, PANC1, and MDA MB-231 cells over 24 and 48
hours. Pictures were taken at 400×magnification. Blue DAPI stain represents the nuclei, and green
fluorescence is the curcumin loaded nanopolymers. Results are a combination of two independent
experiments with similar results. Arrows indicate nuclei.

2.4. The 350 kDa FA-DABA-SMA Delivers Hydrophobic Chemotherapeutic Drugs More Effectively Than the
20 kDa Copolymer to Reduce Cell Viability

In our initial studies, single chemotherapeutic agents demonstrated a decrease in cell viability;
however, recent studies have suggested enhanced effectiveness of a combinatorial approach with
nanopolymers [12,18]. Acetylsalicylic acid (ASA), a hydrophobic agent, is known to exert a synergistic
effect when administered with conventional chemotherapeutics in several cancers [19,20]. To this end,
ASA was chosen to be administered in combination with tamoxifen (Tmx) for MDA-MB-231 breast
cancer cells and 5-fluorouracil (5-Fu) for PANC-1 cells.

PANC-1 pancreatic cancer cells were treated with small and large nanopolymers loaded with
ASA and 5-Fu or with the respective drugs alone, and the cell viability was measured after 72 hours
of treatment. In Figure 4, PANC-1 cells exhibited a significant (p < 0.001) decrease in cell viability
when treated with the large nanopolymers loaded with 5-Fu compared with the 5-Fu drug alone.
However, all other treatment conditions, including a combination treatment, did not show significant
differences between free drugs or drug loaded nanopolymers. Drug loaded small nanopolymers also
demonstrated no significant results when compared to cells treated with the drugs alone. Compared
to the untreated control cells, all treatment groups except for 3 μM ASA loaded small FA-DABA-SMA
and 2.5 mM ASA showed significant (p < 0.01 to p ≤ 0.0001) decreases in cell viability.

In contrast, MDA-MB-231 cells treated with either ASA or tamoxifen (Tmx) loaded large
nanopolymers showed a significant decrease (p ≤ 0.0001) in cell viability when compared with
the drugs alone. Consistent with previous results, MDA-MB-231 cells treated with Tmx loaded small
nanopolymers exhibited a significant decrease in cell viability (p ≤ 0.0001) when compared with Tmx
alone. Compared to the untreated control cells, all treatment groups except for 3 μM ASA loaded
small FA-DABA-SMA and 20 μM Tmx demonstrated significant (p < 0.01 to p ≤ 0.0001) decreases in
cell viability.
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Figure 4. Large nanopolymers deliver hydrophobic therapeutic agents and reduces cell viability
more efficiently than small nanopolymers. Comparison of the cell viability of (A) PANC-1 and (B)
MDA-MB-231 cell lines at 72 hours treated with 20 kDa (small) and 350 kDa (large) FA-DABA-SMA
nanopolymer loaded with hydrophobic agents, acetylsalicylic acid (ASA), 5-fluorouracil (5-Fu), and
tamoxifen (Tmx) given individually or in combination using the WST-1 cell proliferation assay. Results
were compared by a one-way ANOVA at 95% confidence using Fisher’s LSD test (n = 6). The data are a
combination of two independent experiments with similar results. The significance is in comparison to
the nanopolymer delivered drug(s) and drug alone at the respective time point.

Collectively, these results indicate that the potency of both large and small nanopolymers,
when loaded with hydrophobic drugs, may vary depending on the cancer type. For example, the
MDA-MB-231 breast cancer cells demonstrated higher sensitivity to the treatment with both small and
large nanopolymers when compared with PANC-1 pancreatic cancer cells. Interestingly, the potency of
the combination drug therapy when delivered via the nanopolymers was comparable to the drugs
alone across both cell lines. For example, tamoxifen is used to treat estrogen receptor positive breast
cancer cases, as an important adjuvant hormonal therapy. However, tamoxifen induced side effects
have been noted, in particular fatty liver, which is one of the most common side effects among them.
Actively targeting cancer cells with drug loaded nanopolymers would upend any of these adverse
side effects of the chemotherapeutics. Furthermore, the encapsulation of the hydrophobic drugs in an
amphiphilic delivery system is expected to improve the solubility of the drug for enhanced access to
cancerous cells. From these results, the size of the nanopolymer does not appear to affect the drug
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delivery ability of the nanopolymer as both the small and large therapy loaded nanopolymers were
significantly able to reduce cell viability in both cell lines. Given these and earlier results, we further
investigated the possibility of a novel dual therapeutic role of the large nanopolymers on both PANC-1
and MDA-MB-231 cancer cells.

2.5. Folic Acid-Functionalized Copolymer Disables Intracellular Expression of STAT3, p53 and c-Myc in
MDA-MB-231 Breast Cancer Cells

To determine the possibility of a novel intrinsic therapeutic property of the large sized
FA-DABA-SMA copolymer, it was important to consider its effects on critical oncogenic proliferation
proteins that promote tumorigenesis.

Here, we treated PANC-1 and MDA-MB-231 cancer cells for 48 hours with large empty
FA-DABA-SMA and investigated the effects of this nanopolymer on oncogenic proteins contributing to
cell proliferation such as p53, activated phospho-p53, c-Myc and STAT3. In Figure 5a,b, the PANC-1 cells
treated with the large empty nanopolymers exhibited a modest and insignificant decrease in expression
levels of phospho-p53 along with p53, STAT-3 and c-Myc, when compared with untreated cells.

Figure 5. Dual role of FA-DABA-SMA copolymer targeting folic acid receptors (FR) and intracellular
Inhibition of STAT3 and p53 and c-Myc in PANC-1 pancreatic cancer cells. (A) Immunocytochemistry
staining of p53, phospho-p53, c-Myc and STAT3 on the PANC-1 cell line before (untreated), treated
with large 350 kDa FA-DABA-SMA copolymer or pretreatment with the anti-FR antibody for two
hours followed with large 350 kDa FA-DABA-SMA nanopolymer. The white scale bar represents
100 μm taken at 400× magnification. Blue DAPI stain represents the nuclei, and red staining is a
primary antibody for the respective protein expression followed by AlexaFluor 594 secondary antibody.
(B) Quantification of expression levels by relative density corrected for average background staining of
the secondary antibody, mean ± S.E.M. of 3–4 different staining images. Results were compared by a
one-way ANOVA at 95% confidence using Fisher’s LSD test for a combination of two independent
experiments. (C) Comparison of the cell viability of PANC-1 cells’ pre-treatment with the anti-FR
antibody for two hours followed by large 350 kDa FA-DABA-SMA nanopolymer at 24, 48 and 72 hours
using the WST-1 assay. Results were compared by a one-way ANOVA at 95% confidence using Fisher’s
LSD test. The data presented are a combination of two independent experiments with triplicates (n = 6).
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However, consistent with our previous results, the MDA-MB-231 breast cancer cells demonstrated
increased responsiveness to treatment with the large empty nanopolymers. These results revealed that
all oncogenic proliferation protein levels decreased after treatment of the large (350 kDa) FA-DABA-SMA
with a significant decrease (p < 0.05) in p53, phospho-p53 and c-Myc expression levels (Figure 6a,b).
These results suggest that upon internalization, the FA-DABA-SMA can disrupt the intracellular
proliferation activities of critical oncogenic proliferation proteins in breast cancer cells.

Figure 6. Dual role of FA-DABA-SMA copolymer targeting folic acid receptors (FR) and intracellular
Inhibition of STAT3, p53 and c-Myc in MDA-MB-231 breast cancer cells. (A) Immunocytochemistry
staining of p53, phosphor-53, c-Myc and STAT3 on the MDA-MB-231 cell line before (untreated), treated
with large 350 kDa FA-DABA-SMA copolymer or pretreatment with an anti-FR antibody for two hours
followed by large 350 kDa FA-DABA-SMA nanopolymer. The white scale bar represents 100 μm taken
at 400×magnification. Blue DAPI stain represents the nuclei, and red staining is a primary antibody for
the respective protein expression followed by AlexaFluor 594 secondary antibody. (B) Quantification
of expression levels by relative density corrected for average background staining of the secondary
antibody, mean ± S.E.M. of three to four different staining images. Results were compared by a one-way
ANOVA at 95% confidence using Fisher’s LSD test for a combination of two independent experiments.
(C) Comparison of the cell viability of MDA-MB-231 cells’ pretreatment with an anti-FR antibody for
two hours followed by large 350 kDa FA-DABA-SMA nanopolymer at 24, 48 and 72 hours using the
WST-1 assay. Results were compared by a one-way ANOVA at 95% confidence using Fisher’s LSD test.
The data presented are a combination of two independent experiments with triplicates (n = 6).

2.6. Anti-Folic Acid Receptor Blocking Antibody Reversed the Inhibitory Effects of the FA-DABA-SMA,
Leading to an Increase in Expression Levels of p53 and STAT-3

To confirm that the resulting decrease in the expression levels of p53, phospho-p53 and c-Myc
was facilitated by the nanopolymer’s intracellular specific inhibitory actions FR, we treated PANC-1
and MDA-MB-231 cancer cells with anti-FR antibody and assessed the effects on cell viability and
expression levels of p53, phospho-p53, STAT-3 and c-Myc. As shown in Figure 5c, the PANC-1 cells
showed no significant decrease in cell viability with the large empty nanopolymers following anti-FR
antibody blocking.

In contrast, the MDA-MB-231 cells, as depicted in Figure 6c, maintained cell growth up to 48
hours, followed by a significant (p ≤ 0.0001) decrease in cell viability. This directly contrasts the results
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presented in Figure 2c, where significant decreases in cell viability following treatment with the large
nanopolymers began immediately at the 24 hour time point. This finding may be attributed to the
anti-FR blocking antibody being maintained in the presence of the large sized nanopolymer, resulting in
a decrease in cell viability. To confirm these findings, immunocytochemistry analyses were performed
following 48 hours of treatment with the FR antibody.

In Figures 5a and 6a (third row), the data revealed the increased expression of p53 in both PANC-1
and MDA-MB-231 cells, respectively, and STAT-3 expression in PANC-1 cells. This contrasts with the
pre-treatment data presented in Figure 5a (first and second row), where p53 and STAT-3 expressions
in PANC-1 cells were negligible. Similarly, in Figure 6a, the data showed low expression of p53 in
MDA-MB-231 cells, whereas with the anti-FR blocking antibody, high expression levels of p53 were
observed, as depicted in Figure 6a. Furthermore, the phospho-p53 expression was lower after anti-FR
antibody blockage, which contrasts with the high expression levels observed in the data presented in
Figures 5a and 6a for PANC-1 and MDA-MB-231 cells, respectively.

Collectively, these results indicate that the activity of the nanopolymer was due to specific
inhibitory intracellular interactions, rather than the result of extracellular actions when the FR was
inhibited. These findings support the concept of a new therapeutic action of the large FA-DABA-SMA
bound to FR in addition to its cargo loaded with hydrophobic chemotherapeutic drugs.

2.7. FA-DABA-SMA Activates Early and Late Apoptosis in PANC-1 and MDA-MB-231 Cells

To assess the resultant effects of the intracellular inhibition of proliferative oncoproteins, we
investigated apoptotic activity following treatment with 3 μM empty 350 kDa nanopolymers in PANC-1
and MDA-MB-231 cancer cells. As shown in Figure 7a, caspase 3/7 activity significantly increased
after 48 hours of treatment when compared to the untreated control. Following 48 hours of treatment
with nanopolymer, PANC-1 cells entered early apoptosis (13.9%) and late apoptosis/necrotic (5.9%)
stages when compared to the untreated cells (early apoptosis 6.5% and late apoptosis/necrotic 4.9%).,
as shown in Figure 7b. Furthermore, the number of viable cells in the untreated control was 88.3%,
while the number of viable cells in the treatment group was 77.7%.

Caspase 3/7 activity did not significantly increase after 48 hours of treatment with 3 μM
FA-DABA-SMA when compared to the untreated control in MDA-MB-231 breast cancer cells (Figure 8a).
However, upon further investigation, a significant portion of MDA-MB-231 breast cancer cells entered
early apoptosis (38.6%) and late apoptosis/necrotic (27.9%) stages when compared to the untreated
cells (early apoptosis 4.2% and late apoptosis/necrotic 0.3%), as shown in Figure 8b.

Furthermore, the number of viable cells in the untreated control was 92.9%, while the number
of viable cells in the treatment group was significantly reduced to 29.9%. These results indicate the
intracellular interactions of FA-DABA-SMA with cell proliferative proteins, and possibly other critical
molecules required to maintain cancer cell growth are irreversibly disrupted, leading to apoptosis.
The consequences of intracellular protein disruptions were far more pronounced in the MDA-MB-231
breast cancer cells when compared to the PANC-1 cells, suggesting that this novel mechanism of
action could represent a novel aspect of intrinsic therapeutic abilities that include cytotoxic activities of
internalized nanopolymers that may be cell specific. However, the therapeutic delivery capabilities of
the FA-DABA-SMA were relatively consistent between the PANC-1 and MDA-MB-231 cancer cell lines.
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Figure 7. Caspase 3/7 and Annexin-V apoptotic activity post-treatment with 350 kDa FA-DABA-SMA
on PANC-1 pancreatic cancer cells. (A) Immunocytochemistry staining for caspase on the PANC-1
cell line before after 24 and 48 hours of 3 μM FA-DABA-SMA (350 kDa) treatment. The white scale
bar represents 100 μm, and pictures were taken at 400× magnification. Blue DAPI stain represents
the nuclei, and green staining is caspase expression. (B) Flow cytometry of the Annexin-V apoptosis
assay of untreated PANC-1 cells or 48 hours after treatment with 3 μM FA-DABA-SMA (350 kDa). An
estimate of ~250,000 cells was collected and stained with Annexin V-FITC/propidium iodide to assess
the stage of apoptosis.

Figure 8. Caspase 3/7 and Annexin-V apoptotic activity post-treatment with 350 kDa FA-DABA-SMA
on MDA-MB-231 breast cancer cells. (A) Immunocytochemistry staining for caspase on the MDA
MB-231 cell line before and after 24 and 48 hours of FA-DABA-SMA (350 kDa) treatment. The white
scale bar represents 100 μm, and pictures were taken at 400×magnification. Green staining is caspase
expression. (B) Flow cytometry of Annexin-V apoptosis assay of untreated MDA-MB-231 cells or 48
hours after treatment with 3 μM FA-DABA-SMA (350 kDa). An estimate of ~250,000 cells was collected
and stained with Annexin V-FITC/propidium iodide to assess the stage of apoptosis.
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3. Discussion

Active targeting of overly expressed receptors and proteins on cancer cells is an important area of
cancer research to increase the effectiveness of treatment regimens while at the same time reducing
adverse side effects. This approach is equally valid of nanotechnology based drug carriers, which
exploit overexpressed receptors to target cancer cells specifically and deliver the therapeutic drugs.
Typically, these delivery nanoparticles are designed to be chemically inert and indirectly exert a
therapeutic effect by delivering anti-cancer drugs. Advancements in research on the design and unique
fabrication of nanopolymers with theranostic properties [21] focus on the physicochemical properties
of the polymers, but cannot target cancer specific biological behavior in and around tumors and
malignant cells [22]. Although there is robust research progress in the development of nanotechnology,
knowledge of their intracellular tracking and endocytic pathway remains limited [5]. Therefore, the
understanding of the intracellular mechanisms of nanopolymers is essential when developing the next
generation of nano-delivery systems that can be successfully translated in the clinic. As such, this study
was designed to further investigate the previously unknown intracellular mechanism of action of a pH
responsive FA functionalized amphiphilic alternating copolymer (FA-DABA-SMA) on prostate DU-145,
pancreatic PANC-1 and triple-negative breast MDA-MB-231 cancer cells [1]. FA-DABA-SMA has
previously been shown to be a successful drug delivery system by actively targeting and penetrating
tumor spheroids [4]. However, this study revealed a previously unknown therapeutic mechanism of
action of empty FA-DABA-SMA in disabling cancer cell proliferation and survival.

The chemical design of the FA-DABA-SMA nanopolymer was initially fabricated to be
pH-responsive, capable of self-assembly into ordered sheet like structures (large 350 kDa) or cylindrical
structures (20 kDa) in a size dependent manner. Although this nanopolymer was designed to be inert
when it was not loaded with chemotherapeutics, this study confirmed that the size and structure
of FA-DABA-SMA contributed to its unusual intracellular therapeutic activity when unloaded.
The influence of size and shape needs to be further investigated because the structure of the
nanopolymer may be critical in facilitating the binding activity to the FR in order to promote the
intrinsic therapeutic potential of FA-DABA-SMA.

Understanding the structure of FRα and its interactions with FA is important to consider
in providing a potential explanation for the inherent therapeutic activity of FA conjugated
nanopolymers. Under normal conditions, FA binds to FRα and is internalized through receptor
mediated endocytosis [23]. Following internalization, the acidic environment of the endosome results
in the release of folate from the receptor, followed by transportation to the cytoplasm by a proton
coupled folate transporter [24]. Concerning the molecular interaction between FA and FRα, FA docks
in a deep binding pocket of the receptor in a perpendicular orientation [24]. The critical finding by
Chen et al. was that the pterin group located FRα binding pocket is critical in anchoring the folate
to the receptor located in the binding pocket, while a glutamate group sticks out and can be readily
conjugated with drugs. Given the critical role of FA orientation when binding to FRα, it is not surprising
that the size and structure of FA conjugated nanopolymers is an important parameter to consider
in order to facilitate adequate binding and subsequent internalization. However, the mechanistic
features and properties for many nanopolymer delivery systems occurring after internalization remain
unknown. These mechanistic profiles of nanopolymers may rely on the specific target that influences
the pathophysiology of the tumour, including the accumulation, distribution, retention and efficacy
of nanopolymers [22]. It is essential that key characteristics of nanopolymers, including size, shape
and surface profiles be engineered to improve biodistribution and clearance of the nanopolymer
for specific cancers and their characteristic tumor biology. For the first time, our findings support
a next-generation multimodal potency of action of a nanopolymer, which depends on the cancer
cell types. The MDA-MB-231 breast cancer cells were found to be most sensitive to the secondary
multimodal effects, as depicted in Figure 9.
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Figure 9. Proposed novel intrinsic therapeutic mechanism of FA-DABA-SMA. (1) FA-DABA-SMA binds
to FRα. (2) Through receptor mediated endocytosis, the FRα-FA-SMA-DABA complex is internalized,
where it could have two possible intrinsic therapeutic effects. It either (3) remains in the cytoplasm and
disrupts the activity of key proliferation proteins such as STAT-3, p53 and c-Myc (and other proteins that
maintain cancer growth and proliferation) or (4) the complex is translocated to the nucleus given the role
of FRα as a transcription factor. Since FA-DABA-SMA is relatively large (350 kDa), the nanopolymer
could theoretically block the binding of additional transcription factors, thus disrupting transcriptional
processes of essential oncogenic proliferation proteins, resulting in the reduction of cell viability and
activating apoptotic activity. Alternatively, (5) intracellular disruptions of critical cell proliferation
proteins could lead to apoptotic events to be activated in the nucleus or, conversely, nuclear disruptions
could lead to disruptions in the activity of critical oncogenic proteins. Overall, Steps 3, 4 and 5 could
individually or collectively culminate and lead to the activation of apoptotic activity.

The proposed intracellular mechanism of FA-DABA-SMA bound to FR exhibited two possible
therapeutic effects (Figure 9). It either remained in the cytoplasm and disrupted the activity of
STAT-3, p53 and c-Myc and possibly other intracellular proteins, followed by translocating to the
nucleus and inhibiting the FRα transcription factor from binding to the cis-regulatory elements and
activating the transcription of developmental genes including HES1 and FGFR4. This nanopolymer
may affect multiple processes involved in tumorigenesis through varying, but similar mechanisms,
such as disrupting epithelial to mesenchymal transition (EMT) via HES1 inhibition [25]. HES1 is
positively correlated with the levels of stem cell markers, suggesting that it may play a critical role
in tumorigenesis through increasing the number of stem cell like cancer cells (CSCs) associated with
mesenchymal phenotypes [3]. The large sized FA-DABA-SMA (350 kDa) may also block the binding
of additional transcription factors in disrupting the transcriptional processes of essential oncogenic
proteins. These resulting cytotoxic effects of the large sized and sheet like structured nanopolymer
adds to the next-generation multimodality and therapeutic effects in reducing cancer cell viability and
inducing apoptotic cell death.

FA-DABA-SMA is a smart drug delivery system specifically targeting the commonly overly
expressed FR on cancer cells. In the present study, the characterization of the FR expression levels on
all three cancer cell lines was essential to understand the underlying therapeutic mechanism(s) of the
nanopolymer. As indicated in Figure 1a, MDA-MB-231 cells overly expressed FR when compared with
DU-145 and PANC-1 cancer cells. The indicated quantification of the relative fluorescent density of the
FR expression showed a consistent trend (Figure 1b). To further confirm the expression levels of FR
on the cell membrane, flow cytometry analyses were conducted on all three cell lines. Surprisingly,
these results were inconsistent with immunocytochemistry staining. The MDA-MB-231 cells are highly
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metabolically active and reflect an aggressive invasive ductal adenocarcinoma and, therefore, may
require more folate to sustain rapid cell growth [15]. A possible explanation for the discrepancy can be
attributed to the activity of FR in rapidly growing cells such as MDA-MB-231 [16]. Furthermore, the
decreased need for folate when it is present in the environment also affects the FR expression levels.
FR exists both on the cell surface and intracellularly dependent on cell specific growth needs, where 50
to 75% of FRα exists in endosomal compartments. However, the events leading to the trafficking of
these receptors to the cell membrane remain unknown, and alterations in location could be attributed
to growth specific needs or changes in the endocytic pathway events of GPI-anchored proteins [26].
The expression and binding activity of FR are regulated by the location of the receptor and the local
environment, including pH, folate concentration and rate of receptor saturation and cycling [27].
The varying expression levels seen in the MDA-MB-231 cells may be a resulting differential receptor
cycling, as the nanopolymer consistently targeted these cells. For the MDA-MB-231 breast cancer cells,
the decreased membrane expression levels of FR observed in the present data may be due to more
rapid cell growth and cell cycling when compared to the higher FR levels on DU-145 and PANC-1 cells.
However, this merits further investigation and a deeper understanding of the stimulatory effects of
folate and how this may influence the expression of the FR and in turn responsiveness to the action
of FA-DABA-SMA.

Overall, the novel findings of this report highlight the importance of size and structure in possibly
conferring intrinsic therapeutic abilities in FA-DABA-SMA that could potentially be extrapolated
to other drug delivery vehicles and merit further investigation. Although both the 350 kDa and
20 kDa FA-DABA-SMA copolymers appeared to unload their hydrophobic payloads, only the 350 kDa
nanopolymer can disrupt critical oncogenic proteins that are necessary for cancer growth. Furthermore,
the activation of early apoptotic events, as well as caspase 3/7 enzymes, suggests that the dual therapeutic
activity of the drug-loaded nanopolymers is irreversible and cytotoxic to rapidly proliferating cancer
cells. Additional oncogenic proteins and critical survival activities that are necessary for cancer growth
such as EMT and the selection of a CSC phenotype also merit further investigation.

4. Conclusions

This report presents next-generation multimodality and therapeutic effects of the size and
structure dependence of functionalized folic acid conjugated amphiphilic alternating copolymer
actively targeting cancer cells and disabling critical oncogenic proteins controlling cell division and
apoptosis. Furthermore, this smart nanopolymer can effectively deliver hydrophobic chemotherapeutics
to cancer cells preferentially to decrease the adverse side effects associated with cancer drug treatments.
The large size and sheet like structure of FA-DABA-SMA allowed the nanopolymer to possess a
previously unknown dual mechanism of disrupting the activity of intracellular oncogenic proteins
and inducing apoptosis. The data suggest that FA-DABA-SMA is a potent delivery system capable
of accurately targeting highly metabolic cancer cells and overcoming the barriers of conventional
chemotherapy approaches. The size and structure of FA-DABA-SMA require further understanding of
the full mechanistic potential of FA-DABA-SMA, specifically interacting with FR overly expressed in
different cancer types.

5. Materials and Methods

5.1. Cell Lines and Culture Procedures

DU-145 (ATCC® HTB-81™) is a human prostate cancer cell line derived from a metastatic brain
lesion from a 69-year older man with prostate cancer. PANC-1 (ATCC® CRL-1469™) is a human
pancreatic cancer cell line whose site of origin was the duct in a 56-year old male with pancreatic ductal
adenocarcinoma. PANC-1 has a genetic profile that has been characterized to express KRAS, TP53,
and CDKN2A [28]. MDA-MB-231 (ATCC® HTB-26™) is a human triple-negative breast cancer cell
line whose site of origin was a metastatic pleural effusion site of a 51-year-old woman with metastatic
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breast cancer. MDA-MB-231 is a highly aggressive invasive ductal adenocarcinoma and has a genetic
profile that expresses BRAF, CDKN2A, KRAS, NF2, TP53, and PDGFRA mutations [29].

All three cell lines were grown in standard culture conditions containing 1× DMEM conditioned
medium supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 5 μg/mL
plasmocin™ (InvivoGen, San Diego, CA, USA). All cells were incubated at 37 ◦C in a 5% CO2 incubator.
Cells were sub-cultured as needed (approximately every 4–5 days) using TrypLE Express (Gibco,
Rockville, MD, USA).

5.2. Reagents

Acetylsalicylic acid (>99% pure, Sigma-Aldrich, Steinheim, Germany) was dissolved in dimethyl
sulfoxide (DMSO) to prepare a 550 mM stock solution, which was stored in aliquots at −20◦C.
Tamoxifen citrate salt (≥99% pure, Sigma-Aldrich, Steinheim, Germany) was dissolved in methanol
(99.8% pure, Sigma-Aldrich, Steinheim, Germany) to prepare a 1 mM stock solution, which was
aliquoted, wrapped in aluminum foil (light-sensitive) and stored at 4◦C. 5-Fluorouracil (>99% pure,
Sigma-Aldrich, Steinheim, Germany) was dissolved in dimethyl sulfoxide (DMSO) to prepare a 28 mM
stock solution and was stored at 4 ◦C.

Water-insoluble tamoxifen and 5-fluorouracil (5-Fu) were used for nanoparticle loading purposes.
The powder forms of 5-Fu and tamoxifen were loaded in excess. Before the experiment, excess 5-Fu and
tamoxifen were allowed to sediment, and the final concentrations of treatment loaded nanopolymers
were 3 μM for both large FA-DABA-SMA (350,000 g/mol) and small FA-DABA-SMA (20,000 g/mol)
made in the standard culture medium.

5.3. FA-DABA-SMA Alternating Copolymer

We previously reported on a novel polymer composed of a hydrophobic group (styrene) alternating
with a hydrophilic group (maleic acid) along the polymeric chain (poly (styrene-alt-maleic anhydride)
(SMA)). The polymer can self-assemble into nanostructures at physiological pH with a hydrophobic
inner core that facilitates encapsulation of hydrophobic drugs [30,31]. The synthesis of this nanopolymer
and characterization of this nanopolymer were reported by us [1,2,4]. For this study, two variations
of this polymer were used to test the effects of size. The large polymer had a molecular weight of
350,000 g/mol (350 kDa) and a single chain hydrodynamic radius (Rh) of 6 nm and self-assembled
into sheets (Rh of the self-assembled SMA structure of 850 nm in water). The small polymer had a
molecular weight of 20,000 g/mol (20 kDa) with a single chain hydrodynamic radius (Rh) of 3 nm and
self-assembled into cylinders (Rh of the self-assembled SMA structure of 120 nm in water).

5.4. WST-1 Assay

The water-soluble tetrazolium salt-1 (WST-1) assay is a direct measure of metabolically active
cells, based on the reduction of a tetrazolium compound to its soluble formazan (orange) derivative
by metabolically active cells [32]. The absorbance of the reaction at 420 nm directly correlates to the
number of living cells in culture.

Cells were plated at a density of 10,000 cells/well in 96 well plates, incubated and allowed to
adhere overnight. Adhered cells were treated with their respective concentrations of either curcumin
loaded or empty FA-DABA-SMA or were left as the untreated controls. At the 24, 48 and 72 hour
time-points following treatment (Days 1, 2 and 3, respectively), media was removed, and 100 μL of
10% WST-1 reagent (Roche Diagnostics, Laval-des-Rapides, QC, Canada) diluted in cell culture media
were added to each well. The 96 well plate was then incubated at 37 ◦C for 2 hours before taking an
absorbance reading using the SpectraMax250 machine and SoftMax software. Cell viability measured
as a percentage of untreated control was illustrated as a bar graph using GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA).
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The following formula was used to determine cell viability as a percentage of control (Day 0) after
24, 48 and 72 hours of drug treatment (Days 1, 2 and 3, respectively):

[(absorbance in given drug concentration on day 1, 2 or 3) − (media absorbance)] × 100
(untreated absorbance on day 0) − (media absorbance)

5.5. Immunocytochemistry

DU-145, PANC-1 and MDA-MB-231 cancer cells were plated at a density of 100,000 cells/mL on
glass coverslips in 24 well plates. Cells were treated for 48 hours with empty FA-SMA-DABA or were
blocked with FR antibody. At the end of the time point, cells were washed and fixed with 4% PFA for
30 minutes followed by blocking for 1 hour in 10% FBS + 0.1% Triton X-100 + 1× PBS (note: 0.1% Triton
x-100 was omitted from blocking buffer for membrane only stains to prevent intracellular non-specific
binding). Following blocking, cells were washed with 1× PBS 3× for 10 minutes, followed by the
addition of the primary antibody, which was diluted to 1:250 using a 1% FBS + 1×PBS + 0.1% Triton
X-100 (note: 0.1% Triton X-100 was omitted from antibody buffer for membrane only stains to prevent
intracellular non-specific binding) overnight at 4 ◦C. Primary antibodies used for these studies were FR
(sc-515521), STAT-3 (sc-8019), p53 (Bethyl Laboratories Inc., Montgomery, TX 77356 USA, A300-249A-T),
phospho-p53 (R&D Systems, Minneapolis, MN 55413, USA) and c-Myc (sc-40). Cells were washed
5× for 10 minutes with 1× PBS and incubated for 1 hour with AlexaFluor 594 secondary antibodies.
Cells were then washed 5× for 10 minutes with 1× PBS (note: one wash included 0.1% Triton X-100 to
permeabilize cells for DAPI). DAPI containing mounting media (VECTH1200, MJS BioLynx Inc., P.O.
Box 1150, 300 Laurier Blvd., Brockville, ON K6V 5W1, Canada) was added to slides, and coverslips
were inverted on to the mounting media droplet and sealed.

5.6. Relative Fluorescence Density Quantification

Relative fluorescence density was quantified using images captured at 400× to ensure a wide field
of view was obtained. Two representative images were taken at 400×. Background mean, mean and
pixel measurements were obtained from Corel Photo-Paint X8. Red (AlexaFluor 594, Abcam Inc., c/o
913860, PO Box 4090 Stn A, Toronto, ON M5W 0E9, Canada) or green (AlexaFluor 488, Abcam Inc., c/o
913860, PO Box 4090 Stn A, Toronto, ON M5W 0E9, Canada) color channel images were quantified.
The background means represent an unstained section of the image, and the mean represents the total
fluorescence of the image. These measurements were then used to quantify the relative fluorescence
density using the equation below:

density = (bkgd mean−mean) × pixels

The relative fluorescence density was then corrected for unspecific staining by subtracting the
relative fluorescence density of the secondary antibody control images. These corrected values are
represented in Figures 1 and 5–8.

5.7. Immunofluorescence Live Cell Tracking

Cells were plated at a density of 150,000 cell/well on glass coverslips in 24 well plates. Cells were
treated for 12, 24 and 48 hours with 300 μL of curcumin loaded FA-DABA-SMA. Curcumin represents
a hydrophobic drug model in addition to acting as a fluorescent probe. At the end of each time point,
glass coverslips were removed from the 24 well plates. Live cells were treated with the Hoechst 33342
nuclear counterstain to visualize nuclei and curcumin loaded FA-DABA-SMA at the respective time
points. DAPI containing mounting media (ab104139, Abcam Inc., c/o 913860, PO Box 4090 Stn A,
Toronto, ON M5W 0E9, Canada) diluted with 1× PBS + 0.1% Triton X-100 was added to slides, and
coverslips were inverted on to the mounting media droplet. Pictures were taken at the respective time
points using the green (AlexaFluor 488) color channel.
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5.8. Caspase Assay

Cells were plated at a density of 100,000 cells/well on glass coverslips in 24 well plates. Cells
were treated for 24 and 48 hours with 300 μL of empty FA-DABA-SMA. At the end of each time point,
caspase staining (CellEvent™ Caspase 3/7 Green Detection Reagent, Thermo Fisher Scientific, 168
Third Avenue, Waltham, MA 02451, United States) was diluted to the manufacturer’s recommended
concentration of 5 μM in 5% FBS + 1× PBS from the stock solution of 2 mM. Stained cells were incubated
for 30 minutes, then washed 2× in 1× PBS. The cells were then fixed with 4% paraformaldehyde
solution diluted in 1× PBS for another 30 minutes. DAPI containing mounting media (Abcam ab104139)
diluted with 1× PBS + 0.1% Triton X-100 was added to slides, and coverslips were inverted on to the
mounting media droplet. Images were taken at the respective time points using the green (AlexaFluor
488) color channel.

5.9. Flow Cytometry

DU-145, PANC-1 and MDA-MB-231 cells were harvested and counted for a final concentration
of 1.0 × 106 cells/mL. All subsequent steps were done on ice. Cells were washed 2× in 2% FBS + 1×
PBS before primary antibody addition. The cells were treated with 100 μL of FR (sc-515521, Santa
Cruz Biotechnology, Inc., 10410 Finnell Street, Dallas, Texas 75220, U.S.A.) primary monoclonal mouse
antibody at a final concentration of 10 μg/mL and incubated for 60 minutes. Secondary control cells
were treated with 100 μL of 2% FBS + 1× PBS and incubated for 60 minutes. The cells were then washed
2× with 2% FBS + 1× PBS followed by incubation for 60 minutes with 100 μL of secondary anti-mouse
antibody AlexaFluor 488 at a final concentration of 10 μg/mL. The cells were then washed 2× with 2%
FBS + 1× PBS and fixed in 1 mL of 4% paraformaldehyde solution before flow cytometry analysis.

5.10. Annexin V Assay

PANC-1 and MDA-MB-231 were plated at a density of 1 × 106 cells/mL in a T25 tissue culture
flask. Cells were treated with empty FA-DABA-SMA for 48 hours or left untreated. The cells were then
trypsinized, and ~250,000 cells/mL were analyzed for apoptotic, necrotic and viable cell populations
using the Annexin V-FITC Apoptosis Kit (K101-25, BioVision, Inc., 155 S Milpitas Blvd. Milpitas,
CA 95035, USA) following the manufacturer’s manual. Briefly, the collected cells were resuspended
in 500 μL of 1× binding buffer followed by 5 μL of each Annexin V-FITC and propidium iodide.
The cells were incubated for 5 minutes at room temperature in the dark, followed by quantification by
a flow cytometer.

5.11. Folic Receptor Blocking

PANC-1 and MDA-MB-231 cancer cells were plated at a density of 100,000 cells/mL on glass
coverslips in 24 well plates for immunocytochemistry experiments or at a density of 10,000 cells/well
for WST-1 experiments. For both experiments, cells were treated for 2 hours with the FR (sc-515521)
antibody, followed by treatment with large empty nanopolymer. WST-1 experiments were performed
according to the procedure outlined in Section 5.4, and immunocytochemistry experiments were
performed after 48 hours of treatment following the procedure outlined in Section 5.5.

5.12. Statistical Analysis

Data are presented as the means ± the standard error of the mean (SEM) from two repeats of
each experiment, each performed in triplicate. All statistical analyses were performed with GraphPad
Prism software. All results were compared with one-way analysis of variance (ANOVA) and Fisher’s
LSD test, with the following asterisks denoting statistical significance: * p ≤ 0.05, ** p ≤ 0.001 and ***
p ≤ 0.0001.
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Abstract: Polydopamine has acquired great relevance in the field of nanomedicine due to its
physicochemical properties. Previously, it has been reported that nanoparticles synthetized from
this polymer are able to decrease the viability of breast and colon tumor cells. In addition, it is well
known that the size of therapeutic particles plays an essential role in their effect. As a consequence,
the influence of this parameter on the cytotoxicity of polydopamine nanoparticles was studied in this
work. For this purpose, polydopamine nanoparticles with three different diameters (115, 200 and
420 nm) were synthetized and characterized. Their effect on the viability of distinct sorts of human
carcinomas (breast, colon, liver and lung) and stromal cells was investigated, as well as the possible
mechanisms that could be responsible for such cytotoxicity. Moreover, polydopamine nanoparticles
were also loaded with doxorubicin and the therapeutic action of the resulting nanosystem was
analyzed. As a result, it was demonstrated that a smaller nanoparticle size is related to a more
enhanced antiproliferative activity, which may be a consequence of polydopamine’s affinity for iron
ions. Smaller nanoparticles would be able to adsorb more lysosomal Fe3+ and, when they are loaded
with doxorubicin, a synergistic effect can be achieved.

Keywords: polydopamine nanoparticles; size; cytotoxicity; iron affinity; doxorubicin

1. Introduction

Nanomedicine has acquired an essential role in recent decades due to the urgent need for
developing novel therapeutic strategies for cancer treatment. This multidisciplinary field, by taking
advantage of nanotechnology, aims to overcome the pharmaceutical limitations of conventional
chemotherapeutics. Thus, the improvement of their stability, aqueous solubility and dose limiting
toxicity, as well as avoiding the apparition of multidrug resistances (MDR), are some of the objectives
that are highly relevant for the scientific community today [1,2]. Moreover, with the employment of
nanoparticles (NPs) for cancer treatment, increasing tumor retention of therapeutic molecules while
reducing their non-specific distribution in normal tissues is being attempted [2].

In this manner, a considerable number of nanomaterials have been developed recently [3–5].
Among them, polydopamine (PD), a synthetic melanin, which is a black biopolymer produced by
autoxidation of dopamine, has achieved great importance [6]. Thanks to their physical and chemical
properties [5], their feasible surface functionalization, and their good degradation in vivo [7,8], PD NPs
stand out for the development of new diagnosis and antiproliferative nanosystems [5,9–14].

Thus, there are only a few existing works that report nanoparticle systems devoid of drugs with
an antineoplastic behavior in the literature [15,16]. However, in previous studies, it was demonstrated
that PD NPs can also constitute themselves an antitumour strategy [17,18]. Thereby, unlike the majority
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of developed therapeutic nanocarriers, their use could help to reduce the administration of drugs.
In one of these previous works, it was found that PD by itself had an antiproliferative capacity after
developing a novel protocol to evaluate its cytotoxicity [18]. Furthermore, it was reported that such
antiproliferative capacity could be related to a ferroptosis mechanism, since PD cytotoxicity was
reduced in the presence of an iron chelator (deferoxamine, DFO) or a potent antioxidant compound
involved in cellular ROS-protection (glutathione, GSH) [18–20]. As with other melanins [17,21],
PD presents a great binding affinity for free metallic ions, especially for Cu2+ and Fe3+ [17,22,23].
These free ions, which are more abundant in cancer cells, are stored in lysosomes and, since PD NPs
end up in these organelles when they are internalized [18], their metal affinity could be related to their
cytotoxicity [24–28]. Precisely because of this fact, in another previous study, the antiproliferative
ability of iron-loaded PD NPs was investigated, and it was observed that such systems had a strong
cytotoxicity for breast carcinoma cells [17].

On the other hand, it is well accepted for the design of therapeutic nanosystems that
size may determine their endocytosis rate and, therefore, their antiproliferative activity [29–31].
Cancer endothelium is known to present leaky fenestrations between vasculature cells, and these gaps
have sizes ranging from 100 to 780 nm, depending on the tumor type. As a consequence, it is generally
considered that the smaller the size of the administered NPs, the higher their rate of endocytosis and
their accumulation in tumor sites [30–32].

For all these reasons, the size-dependent cytotoxicity effect of PD NPs was studied in the present
work. PD NPs with three different sizes (115, 200 and 420 nm) were synthetized and characterized.
Their antiproliferative activity was analyzed and compared in four distinct types of human carcinomas
(breast, colon, liver and lung carcinomas) and in healthy stromal cells. Moreover, it was again
proven that such antiproliferative effects may be related to their metal-loading ability. To do that,
their cytotoxicity was studied in co-treatment experiments of PD with either DFO (iron chelator) and
GSH (antioxidant compound), conducted with all of the previous mentioned cell lines [32–34]. Finally,
doxorubicin (DOX), a conventional chemotherapy drug [35,36], was adsorbed on PD NPs in a very
low concentration (10.6 ng DOX/mg PD NP) with the goal of enhancing their antitumor impact while
reducing the necessary DOX therapeutic doses. The antitumor effect of the resulting nanosystem over
the viability of breast carcinoma cells was also studied.

2. Results

2.1. Synthesis and Characterization of 115, 200 and 420 nm PD NPs

PD NPs of different sizes were synthetized through dopamine oxidative polymerization in a
basic aqueous medium [17,18,37]. It contained fixed volumes of ethanol and water and different
concentrations of ammonium hydroxide, on which the size of PD NPs depends (Figure 1a).
To characterize them, transmission electron microscopy (TEM) images of all PD NPs were taken
and size-range histograms were obtained (Figure 1b–d). As shown, their average sizes were 75 nm,
170 nm and 340 nm. Thus, the higher the ammonium hydroxide concentration employed, the smaller
the synthetized PD NPs. In trizma base solution (50 mM, pH 10), such NPs remained stable with
average hydrodynamic diameters of 115 ± 50 nm (PdI = 0.047), 199 ± 50 nm (PdI = 0.085) and
417 ± 50 nm (PdI = 0.012). Such values were analyzed by dynamic light scattering (DLS) and were
higher than the ones obtained by TEM because of a possible PD NPs hydration.
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Figure 1. (a) Schematic representation of PD NPs synthesis by dopamine oxidative polymerization in a
basic aqueous medium. (b–d) TEM images, size-range histograms and DLS number distributions of
dispersions of PD NPs with three different diameters (pH = 7.0).

2.2. Cytotoxicity Effect of PD NPs Depends on Their Size

Since it was demonstrated that size of NPs plays an important role in their endocytosis rate
and therapeutic effect [29–31], and that PD NPs are able to reduce the viability of cancer cells
themselves [17,18], it was analyzed how the variation of PD NPs’ diameter could affect to their
cytotoxicity in different types of tumors. In this manner, BT474, HTC116, HEPG2 and H460 human
cell lines were selected to carry out MTT assays with previously synthetized 115 and 200 nm PD
NPs (Figure 2a–d and Figure S1a–d) [38]. Furthermore, such assays were also performed with a
stromal human cell line, the HS5 one, in order to elucidate whether there were significant variations in
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the viability reduction of treated cancer and healthy cells (Figure 2e and Figure S1e). Four different
concentrations of PD NPs were employed (from 0.0074 mg/mL to 0.042 mg/mL), and MTT assays
were performed following a protocol which was previously developed in order to avoid the strong
contribution of PD NPs absorbance to formazan salts absorbance values [18].

Figure 2. Obtained results in the MTT assays performed with the BT474 (a), HTC116 (b), HEPG2 (c),
H460 (d) and HS5 (e) cell lines. Cells were treated with four different concentrations (0.0074, 0.015,
0.029 and 0.042 mg/mL) of PD NPs with a diameter of 115 nm (empty bars) and 200 nm (bars with the
horizontal line pattern). The results shown are the mean ± SD of three replicates for each treatment.
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As shown in Figure 2a and Figure S1a, when breast cancer cells (B7474 cell line) were treated with
more elevated PD NPs concentrations, a more noticeable reduction in their viability was achieved.
Thus, the best cytotoxic effect was obtained 72 h after treatment of the mentioned cells with 0.042 mg/mL
of 100 nm PD NPs, which reduced their survival rate to 59%. The same concentration of 200 nm PD
NPs decreased BT474 viability to 65% after 72 h.

In the case of the treatment of colon and liver carcinoma cells (HTC116 and HEPG2 cell lines)
(Figure 2b,c and Figure S1b,c), it was analogously found that the best cytotoxic effect was accomplished
when 0.042 mg/mL of 100 nm PD NPs were employed. With these experimental conditions, HTC116
survival rate was reduced to 63% after 72 h and HEPG2 viability, to 60%.

Likewise, a similar trend in the results obtained after the treatment of lung carcinoma cells
(H460 cell line) can be observed in Figure 2d and Figure S1d. Nevertheless, the cytotoxicity of PD NPs
was less remarkable than for the three previously mentioned tumor cell lines (BT474, HTC116 and
HEPG2). Thereby, 72 h after the treatment with 0.042 mg/mL of 100 nm PD NPs, H460 survival rate
decreased to 74%.

Positively, in the same manner, stromal cells’ viability was not reduced as much as the carcinoma
cell lines’ viabilities when they were treated with PD NPs, neither those PD NPs with a size of 100 nm
nor those with a size of 200 nm (Figure 2e and Figure S1e). Treatment with the highest concentration
(0.042 mg/mL) of such NPs reduced, after 72 h, the viability of HS5 cells to 75–76%, but this value was
higher than 80% 72 h after the treatment with the lowest concentrations of 100 and 200 nm PD NPs.

Therefore, in brief, it was found that the cytotoxicity of PD NPs was more noticeable, at all
administered concentrations, for the HTC116, HEPG2 and, especially, for the BT474 cell line. The lowest
concentration (0.0074 mg/mL) was barely toxic during the studied time for all treated cell lines.
However, the two highest concentrations (0.029 and 0.042 mg/mL) achieved a notable decrease in
cancer cell viability 72 h after a treatment of 35–40%, except for H460 viability, which was not so
remarkably reduced. Furthermore, PD NPs did not decrease the viability of stromal cells in the same
manner as the viability of cancer cells. In fact, the two lowest concentrations employed (0.0074 and
0.015 mg/mL) of PD NPs showed pretty specific results. Treatment with them almost had no affect on
HS5 cellular viability, possibly because tumor cells present high intracellular iron levels [25,26]. Finally,
it was generally observed that the smaller the diameter of the PD NPs, the more pronounced their
cytotoxic effect. In comparison with the antiproliferative effect of the 200 nm PD NPs, those with a
115 nm diameter achieved a decrease in the viability of BT474 with a 3–8% improvement in efficacy,
depending on the administered concentration. These differences in viability reduction, in the case of
the HTC166, HEPG2, H460 and HS5 cells, were close to 2–9%, 3–12%, 2–5% and 1–11%, respectively,
and could be explained by a larger endocytosis rate.

Next, since it was corroborated that size affected the therapeutic effect of PD NPs, MTT assays
were again performed with synthetized 420 nm PD NPs [18]. For such assays, the BT474 cell line
was chosen because the best previous MTT results were obtained with these breast carcinoma cells.
As a result, and as shown in Figure 3, after the first 24 h of treatment, none of the concentrations
employed were cytotoxic. The three lowest concentrations had virtually no effect on BT474 survival
rate, and the highest one (0.042 mg/mL) only achieved a reduction in their viability to 92%. After 48 h
of treatment, the cytotoxicity of the 420 nm PD NPs, in all concentrations, was neither pretty noticeable
but, when 72 h had elapsed, it was more remarkable for the three highest chosen concentrations. In this
manner, 0.015 mg/mL of PD NPs reduced breast cancer cells’ survival to 84%, which was then decreased
to 79% and 75% when 0.029 mg/mL and 0.042 mg/mL of PD NPs were employed for the treatment of
BT474 cells. In any case, as expected, the cytotoxicity of 420 nm PD NPs was lower than that caused by
the 115 and 200 nm PD NPs, with there being a difference of as high as 20–25% in cellular viability
when the two most elevated NPs concentrations (0.029 and 0.042 mg/mL) were employed.
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Figure 3. The results of the MTT assay carried out with PD NPs with a size of 420 nm (vertical
lines—pattern bars) with BT474 cells. The same four concentrations (0.0074, 0.015, 0.029 and 0.042 mg/mL)
of PD NPs as before were employed. The results shown are the mean ± SD of three replicates for
each treatment.

Finally, in order to visually corroborate the cellular viability results obtained in the MTT assays,
a live/dead assay with confocal laser scanning microscopy (CLSM) was performed. For this purpose,
BT474 cells were again chosen and treated for 72 h with 0.042 mg/mL of 115 nm PD NPs, which were the
NPs and the concentration that had previously reduced the survival of the breast carcinoma cell line the
furthest. 24, 48 and 72 h after treatment, these cells were stained with calcein AM and propidium iodide
(PI), and the resulting images are shown below in Figure 4 [39–41]. As can be observed, the survival
rate of BT474 cells was reduced to 74% after the first 24 h of treatment and, after 48 and 72 h, 57%
and 48% of the breast cancer cells remained alive, with these survival rates being similar to those
that had been obtained when MTT assays were carried out previously (Figure 2a and Figure S1a).
Thus, images of the live/dead assay corroborate the MTT results, wherein 115 nm PD nanoparticle
cytotoxicity was more remarkable after 48 h of treatment.

Figure 4. CMLS images taken 24, 48 and 72 h after the treatment of BT474 cells with 115 nm PD NPs
(0.042 mg/mL). Calcein AM (in green, excited at 495 nm, indicator of cellular viability) and PI (in red,
excited at 493 nm, indicator of cellular death) were selected to be performed in an alive/dead assay.
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2.3. PD NPs Cytotoxicity in Tumor Cells Could be Related to Their Iron Affinity

PD NPs’ ability to adsorb Fe3+ has been demonstrated in previous studies, as well as the fact
that when these NPs are endocyted [17,42], they end up in cellular lysosomes. Such organelles
are specifically responsible for the regulation of the concentration of free metallic cations and, as a
consequence, when cells are treated with PD NPs, ROS production levels may be increased due to a
possible imbalance in Fenton chemistry [18,24] (Figure 5).

 

Figure 5. Schematic representation of the mechanism that could explain how PD NPs could be
responsible for a reduction in cancer cells’ viability after their cellular internalization in lysosomes.

For this reason, ferroptosis could be the process of cell death responsible for the cytotoxicity of PD
NPs [32,34]. To demonstrate this fact, more MTT assays were performed with the same cell lines (BT474,
HTC116, HEPG2, H460 and HS5) [17], treating cells with 115 and 200 nm PD NPs (0.029 mg/mL),
but also with non-toxic concentrations of DFO (0.7 μM) and GSH (50 μM), an iron chelator and an
antioxidant compound, respectively [19,20] (Figure 6a).

The results obtained with the BT474 and the HS5 cell lines when 115 nm PD NPs were employed
are shown below (Figure 6b,c). It can be observed that, in both cell lines, the co-treatment with DFO
and with GSH was able to decrease the antiproliferative effect of PD NPs at all measured times in all
cell lines, with this fact becoming more noticeable after 24 h of treatment. For this reason, when BT474
cells were co-treated with DFO or GSH and with PD NPs, these last ones were around 12–18% less
successful, depending on the time at which they were measured. In the case of the HS5 cell line,
the cytotoxicity of PD NPs was reduced by 5–11%. This reduction could be lower because PD NPs were
not as toxic for this cell line as for BT474 cells; however, despite this, with the administration of DFO
and GSH, the toxicity of PD NPs was almost totally reduced for HS5 cells. Ultimately, with the other
tumor cell lines (Figure S2) and with a co-treatment of DFO (0.7 μM) or GSH (50 μM) with 200 nm
PD NPs (0.028 mg/mL), similar results as the ones obtained after the co-treatment of BT474 cells were
also observed.
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Figure 6. (a) Scheme that represents how DFO and GSH could be able to reduce the cellular death
caused by the treatment with PD NPs. (b,c) Results of the MTT assays carried out with BT474 and HS5
cells after a co-treatment of 115 nm PD NPs (0.029 mg/mL, gray) with DFO (0.7 μM, blue) and GSH
(50 μM, pink). The results shown are again the mean ± SD of three replicates of each treatment.

2.4. DOX-Adsorbed PD NPs (DOX@PD NPs) Presented a Notable Antiproliferation Activity

DOX is one of the most widely employed antineoplastic agents for the treatment of different
types of cancers today, but its administration is currently limited due to the severe adverse effects
that it has for patients. In this manner, many strategies are being developed to encapsulate this
drug in order to improve its side toxicity [43,44]. Among these, PD-modified DOX-nanocarriers can
already be found in the literature [45,46]. This issue, together with the fact that DOX is related to the
formation of iron-related free radicals in cells [35,36], propitiated its selection for loading on the PD
NPs synthetized here. For this purpose, 115 nm PD NPs were chosen because, as has been shown
(Figure 2 and Figure S1), they present a more remarkable antiproliferative activity. In this manner,
these NPs were mixed with a diluted DOX solution (10 nM), and the concentration of DOX adsorbed
on PD NPs was determined by difference, by measuring the absorbance (λ = 494 nm) of the filtered
supernatant once the DOX@PD NPs were isolated. As a result, it was found that the PD NPs were able
to be loaded with 10.6 ng DOX/mg PD NPs.

Based on this data, three distinct concentrations of DOX@PD NPs (0.029, 0.035 and 0.045 mg/mL)
were tested in BT474 cells, which were again chosen because the best MTT assay results had been
achieved with this breast carcinoma cell line. Likewise, treatment with equivalent DOX concentrations
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(0.5, 0.7 and 0.8 nM), which were pretty low in comparison to those employed in other works [11,44],
was performed.

The results of these experiments indicated that, as shown in Figure 7, after only 24 h of
treatment, DOX@PD NPs presented noticeable cytotoxicity, especially at the two highest concentrations
(0.035 mg/mL + 0.7 nM and 0.042 mg/mL + 0.8 nM). While PD NPs achieved reductions in BT474
survival rate to 76%, 74% and 68%, the same concentrations of DOX@PD NPs achieved reductions
of 73%, 62% and 50%, respectively. Moreover, the increase in the cytotoxicity of the two highest
concentrations was more potent after 48 and 72 h of treatment. On the one hand, after 48 h had elapsed,
0.035 and 0.042 mg/mL of DOX@PD NPs decreased breast carcinoma cell viability to around 52% and
44%, while viability was approximately 72% and 64% when the same concentrations of non-loaded PD
NPs were employed. On the other hand, after 72 h of treatment with the mentioned concentrations
of DOX@PD NPs, BT474 viability was around 42% and 37%, while the corresponding values for
similar treatment with PD NPs were 65% and 58%. In this way, at all measured times, cellular viability
reduction caused by DOX@PD NPs was more remarkable than that caused by the non-loaded PD NPs,
chiefly when cells were treated with 0.035 and 0.042 mg/mL of NPs. Furthermore, DOX@PD NPs were
even more effective than the equivalent treatment with DOX concentrations, especially during the
first 24 h. After this time, the highest concentration of free DOX only achieved a reduction in BT474
survival to 91%, and the other two presented almost no cytotoxicity. Then, 48 and 72 h after treatment,
the reduction in cellular viability caused by free DOX was more noticeable but, in any case, it did not
exceed that resulting from equivalent treatment with DOX@PD NPs. Such results could be explained
by a likely more remarkable ferroptosis-dependent ROS production that could take place together with
DOX-dependent DNA damage [35,36]. In this manner, the use of DOX@PD NPs could enhance the
therapeutic activity of both PD and DOX, resulting in lower DOX doses being required for potential
treatment, partially avoiding the severe adverse effects that this drug has for patients, as mentioned
above [43,44].

Figure 7. Results of the MTT assay carried out with the BT474 cell line, previously treated with free DOX
(0.5 (green), 0.7 (purple) and 0.8 (orange) nM), 115 nm PD NPs (0.029, 0.035 and 0.042 mg/mL (grayscale))
and DOX@PD NPs (grayscale with colored patterns) in equivalent concentrations. The results shown are
the mean ± SD of three replicates for each treatment.
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3. Discussion

Since nanomedicine’s occupation of a fundamental role in the development of novel therapeutic
systems, the scientific community has been aware of the importance possessed by size in determining
their effect [29–31,47]. For this reason, in the present work, the influence of size on the cytotoxicity
of PD NPs, previously reported for breast and colon carcinoma cells [17,18], was studied in different
tumor and stromal cell lines.

Thus, PD NPs with three different diameters (115, 200 and 420 nm) were synthetized. Once they
had been characterized by TEM and DLS, the cytotoxicity of four different concentrations of the two
smallest types of PD NPs (115 and 200 nm) was studied in different types (breast, colon, liver and lung)
of human carcinomas and in stromal cells. Furthermore, the largest PD NPs’ (420 nm) effect on cellular
viability was also tested with the breast carcinoma cell line, BT474. The results obtained showed that,
in all cases, the smaller the size of the NPs, the more noticeable their antiproliferative activity, with this
being even more noticeable in BT474 cells. In addition, with such experiments, it could be noticed that
the lowest tested concentrations of PD NPs had a tumor-selective effect. In this manner, employing
low doses of these NPs could be a possible strategy for achieving greater treatment specificity and
overcoming the any undesirable side effects. So far, most developed therapeutic nanosystems are
vehicles for the delivery of cytotoxic drugs and, in this way, the employment of PD NPs could represent
an awesome strategy for reducing the administration of chemotherapeutics [15]. Likewise, the size of
PD NPs could be selected according to the antiproliferative effect that would be desired.

On the other hand, it was demonstrated that the adsorption of iron could be responsible for
the cytotoxic effect of such PD NPs. Their affinity for different metallic cations has been described
in numerous studies, and the ability of PD NPs to load lysosomal Fe3+ cations once they have been
endocyted could explain the death of cells treated with them by means of Fenton chemistry [17,18,24,34].
To corroborate that this ferroptosis process could take place in the present study, more viability assays
were carried out, treating cells of the different carcinomas simultaneously with PD NPs and with two
iron chelators, DFO and GSH. In this manner, it was demonstrated that this co-treatment affected the
cytotoxicity of PD NPs, decreasing it at all measured times and in all types of treated cells.

Finally, 115 nm PD NPs were loaded with DOX. This drug was chosen because it is one of
the most commonly used chemotherapeutic drugs, and because it has also been associated with
ferroptosis processes in recent toxicity-related studies [35,36]. The cytotoxicity of the resulting NPs
(DOX@PD NPs’) was analyzed with BT474 cells and compared with the viability values obtained with
equivalent concentrations of free-DOX and non-loaded PD NPs. On the basis of this comparison,
it could be seen that the antiproliferative effect of DOX@PD NPs was considerably greater. Actually,
these NPs were even more effective than free DOX, possibly because of the occurrence of a synergist
effect. Additionally, the DOX doses employed were much lower than those used so far in literature,
and this fact could be important in avoiding the side effects, too [12,20].

4. Materials and Methods

4.1. Chemicals

Dopamine Hydrochoride, Ammonium Hydroxide (NH4OH), Phosphate Buffered Saline (PBS,
0.01 M, pH 7.4), Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS,
USA origin), Thiazolyl Blue Tetrazolium Bromide (MTT reagent), L-glutathione Reduced (GSH)
and Deferoxamine Mesilate CRS (DFO) were all supplied by Sigma-Aldrich (Darmstadt, Germany).
Ethanol absolute was purchased from VWR International Eurolab S.L. (Llinars del Vallés, Barcelona,
Spain). Penicillin-Streptomycin (5000 U/mL), Calcein AM, Propidium Iodide (PI) ReadyProbesTM

reagent and Doxorubicin Hydrochloride Solid (DOX) were obtained from Thermo Fisher Scientific
(Eugene, OR, USA).
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4.2. Synthesis and Characterization of PD NPs of Different Sizes

PD NPs with average diameters of 115, 200 and 420 nm were synthetized by mixing distinct
volumes of NH4OH aqueous solution (3.9, 2 and 1.1 mL, respectively, 28–30%) with ethanol (40 mL)
and deionized water (90 mL). In all cases, the obtained mixture was left under magnetic stirring at
room temperature for 30 min, and a dopamine hydrochloride aqueous solution (10 mL, 50 mg/mL)
was later added. The reaction was allowed to react for 24 h. PD NPs were isolated and purified by
several centrifugation-redispersion cycles in deionized water (35 mL). Finally, NPs were re-suspended
in PBS at final concentrations of 2, 3.2 and 1 mg/mL, respectively [17,18,35].

To characterize them, TEM images (Tecnai Spirit Twin, Fei Company, Hillsboro, OR, USA) were
taken, employing a voltage acceleration of 120 kV. The synthetized PD NPs were dispersed in deionized
water (pH = 6.0) in a concentration of less than 0.01% (WT), and a drop of this dispersion was deposited
on a copper grid with a collodium membrane and dried for 24 h. Images were recorded after this time,
and histograms exhibiting the size ranges were obtained. To this end, the size of a minimum of 300 PD
NPs in different images was determined (using ImageJ software, NIH, Bethesda, MD, USA) in order to
build each histogram. Moreover, the hydrodynamic diameter of the PD NPs was analyzed using DLS
(on the basis of their intensity–average size distribution) (Zetasizer Nano ZS90, Malvern Instruments
Inc., Royston, Hertfordshire, UK) when they were re-suspended in a trizma base solution (pH = 10.0)
in a concentration that was also less than 0.01% (WT).

4.3. Cell Culture

BT474, HTC116, HEPG2, H460 and HS5 cell lines were cultured with medium supplemented
with FBS (10%) and antibiotics (penicillin-streptomycin) (1%) as instructed (ATCC, Wesel, Germany).
All cells were cultured at 37 ◦C in a humidified atmosphere in the presence of CO2 (5%).

4.4. Size-Dependent Cytotoxicity Effect of PD NPs

The antitumor activity of 115 and 200 nm PD NPs was firstly studied based on MTT assays [37].
BT474, HTC116, HEPG2, H460 and HS5 cells were seeded in 24-well plates and cultured with
supplemented medium overnight. The next day, the culture medium was replaced by supplemented
medium containing PBS (control) and four different concentrations (from 0.0074 mg/mL to 0.042 mg/mL)
of 115 and 200 PD NPs. In addition, BT474 cells were also treated with the same concentrations of
420 nm PD NPs. In all cases, cellular survival was analyzed for 4 days (EZ Reader 2000, Biochrom,
Cambridge, UK), every 24 h, following the protocol described by Nieto et al. [18]. The results shown
are the mean ± SD of three replicates for each different treatment.

Secondly, the reduction of viability caused by 115 nm PD NPs was corroborated in BT474 cells
by CLSM (Leica TCS SP5, Leica Microsystems, L’Hospitalet de Llobregat, Spain) with an alive/dead
cellular assay [36]. The cells were seeded in crystal-bottom plates (8000 cells/mL) and cultured with
supplemented medium overnight. Over the following days, the culture medium was replaced by
supplemented medium containing PBS (control) and 115 nm PD NPs (0.042 mg/mL). After 24, 48 and
72 h, calcein AM (1.25 mM) and PI (1 drop/1 mL culture media) were added and, after 30 min, CLSM
images were taken [37,38].

4.5. PD Iron-Affinity could Explain the Cytotoxicity of PD NPs in Tumor Cells

To demonstrate that the iron affinity of PD could be implicated in the cytotoxicity of cells treated
with PD NPs, HTC116, HEPG2, H460, BT474 and HS5 cells were seeded in 24-well plates and cultured
with supplemented medium overnight. After 24 h, the culture medium was replaced by supplemented
medium containing PBS (control), DFO (0.7 μM), GSH (50 μM), 115 and 200 nm PD NPs (0.029 mg/mL)
and PD NPs plus DFO and GSH at the same concentrations. Again, cell viability was analyzed every
24 h for 4 days, following the same protocol as before [18]. The results shown are also the mean ± SD
of three replicates for each different treatment.

305



Cancers 2019, 11, 1679

4.6. DOX Adsorption onto PD NPs

With the aim of adsorbing DOX onto PD NPs, an aqueous solution (1% DMSO) of the drug was
prepared at a final concentration of 10 nM. PD NPs (0.75 mL, 0.035 mg/mL) with a diameter of 115
nm were mixed with DOX solution, and the mixture was kept under stirring overnight [17]. Next,
DOX@PD NPs were isolated through centrifugation and re-suspended in PBS at a final concentration
of 2 mg/mL. The resulting supernatant was preserved, and its DOX concentration was determined in
order to quantify PD NPs DOX adsorption. To this end, the supernatant was filtered several times
with 0.1 μM syringe filters (GE Healthcare Life Sciences, Buckinghamshire, UK) and its absorbance
was measured at 494 nm (UV-1800 Spectrophotometer, Shimadzu Corporation, Soraku-gun, Kyoto,
Japan). Finally, taking into account the absorbance value of the initial DOX solution at such wavelength,
the DOX adsorption onto PD NPs was quantified.

4.7. Antiproliferative Activity of DOX@PD NPs

To study the reduction in tumor cells’ viability caused by DOX@PD NPs, the BT474 cell line
was chosen to carry out further MTT assays. Following the steps described above, the cells were
again seeded in 24-well plates and, 24 h later, they were treated with medium supplemented with
PBS (control), different concentrations of 115 nm DOX@PD NPs (0.029, 0.035 and 0.042 mg/mL) and
equivalent adsorbed DOX concentrations (0.5, 0.7 and 0.8 nM). Cellular viability was measured every
day for 72 h, always following the same protocol as before [18]. The results shown are again the mean
± SD of three replicates for each different treatment.

4.8. Statistical Analysis

Data related to the size of the PD NPs is the mean± SD of three different measurements. Otherwise,
results of the different MTT assays are represented as the mean ± SD of three replicates for each
treatment of three different experiments, and the results were considered statistically significant where
p < 0.05.

5. Conclusions

In this work, it has been demonstrated that size plays an important role in the cytotoxic effect
of PD NPs. This was demonstrated on the basis of viability assays carried out with different human
carcinoma cell lines and with stroma cells, in which the therapeutic action of two or three PD NPs
of different sizes was analyzed (115, 200 and 420 nm). In all cell lines, and with all of the tested
PD NP concentrations, it was shown that the smaller the diameter of the NPs, the more enhanced
their antiproliferative activity. Therefore, the size of PD NPs could be tailored depending on the
desired application.

With respect to the cytotoxic effect of PD NPs, it was observed that this may be related to a process
of ferroptosis. PD NPs are able to load Fe3+ in lysosomes, and this fact could originate an abnormal
cellular ROS production. However, when either an iron chelator (DFO) or a potent antioxidant (GSH)
were employed, their antiproliferative ability was notably decreased. For this reason, when PD NPs
were loaded with DOX, their antiproliferative effect was enhanced. Apart from triggering DNA
damage, DOX cytotoxicity is also a consequence of a process of ferroptosis which, in addition to the
one potentially produced by PD NPs, may result in the achievement of a synergist effect.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/11/1679/s1.
Figure S1: Data corresponding to MTT results shown in Figure 2 with the BT474 (a), HTC116 (b), HEPG2 (c), H460
(d) and HS5 (e) cell lines. Shown results are the average cellular viability percentage ± SD of three replicas for
each treatment; Figure S2: Results of the MTT assays carried out with HTC116 (a), HEPG2 (b) and H460 (c) cells
after a co-treatment of 115 nm PD NPs (0.029 mg/mL, blue) with DFO (0.7 μM, green) and GSH (50 μM, pink).
Shown results are again the mean ± SD of three replicas for each treatment.
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Abstract: Microfluidic technology (MF) has improved the formulation of nanoparticles (NPs) by
achieving uniform particle size distribution, controllable particle size, and consistency. Moreover,
because liquid mixing can be precisely controlled in the pores of the microfluidic chip, maintaining
high mixing efficiency, MF exerts higher of NP encapsulation efficiency (EE) than conventional
methods. MF-NPs-cabazitaxel (CTX) particles (MF-NPs-CTX) were first prepared by encapsulating
CTX according to MF. Folate (FA)- Polyethylene glycol (PEG)-NPs-CTX particles (FA-PEG-NPs-CTX)
were formulated by connecting FA to MF-NPs-CTX to endow NPs with targeted delivery capability.
Accordingly, the mean particle size of FA-PEG-NPs-CTX increased by approximately 25 nm,
as compared with MF-NPs-CTX. Upon morphological observation of FA-PEG-NPs-CTX and
MF-NPs-CTX by transmission electron microscopy (TEM), all NPs were spherical and particle size
distribution was uniform. Moreover, the increased delivery efficiency of CTX in vitro and its strong
tumor inhibition in vivo indicated that FA-PEG-NPs-CTX had a powerful tumor-suppressive effect
both in vitro and in vivo. In vivo imaging and pharmacokinetic data confirmed that FA-PEG-NPs-CTX
had good drug delivery efficiency. Taken together, FA-PEG-NPs-CTX particles prepared using MF
showed high efficient and targeted drug delivery and may have a considerable driving effect on the
clinical application of targeting albumin NPs.

Keywords: folate receptor; albumin nanoparticle; microfluidic; cabazitaxel

1. Introduction

After the Food and Drug Administration (FDA) approved Abraxane (Abraxis BioScience,
Los Angeles, CA, USA) in 2010, albumin NPs have increasingly been attracting researchers’ attention [1].
Nano-formulation delivery systems have been widely used because of their unique biocompatibility
and stability [2]. Moreover, sufficient drug binding sites are contained in human serum albumin (HSA)
molecules, endowing albumin NPs with a high drug-loading capacity [3–5].

Albumin NPs have been exploited to deliver various drugs, such as antineoplastic agents,
gene drugs, peptide drugs, and hormone drugs [6,7]. NPs have been prepared by emulsification,
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desolvation, or nab-technology, but disadvantages included toxic reagent residues, complicated
preparation processes, and poor repeatability between batches. Recently, excellent progress has been
made in preparing NPs based on MF technology [8,9]. MF enables precise manipulation of liquid
flow in the micron size range, allowing the organic and aqueous phases to be rapidly mixed to
produce NPs with uniform particle size distribution, high drug encapsulation efficiency (EE), and
small batch-to-batch variation.

Normally, conventional albumin NPs can only passively deliver drugs to tumor sites through
the enhanced permeability and retention (EPR) effect, which severely limits their delivery efficiency.
Because many malignant tumor cells express highly specific receptors such as human epidermal growth
factor receptor 2 (HER2) [10], transferrin receptor (TfR) [8], and FA receptor (FR) [11], albumin NPs can
be chemically modified with the corresponding ligands to provide targeted tumor delivery(Figure 1).
FR is highly expressed on the surface of various tumor cells. Additionally, its ligand FA is not
immunogenic and has high structural stability and a strong affinity with FR. NPs linked with FA can
specifically bind to FR and enter the cytoplasm by endocytosis.

Figure 1. Preparation and function of FA-PEG-NPs-CTX. The aqueous phase was injected through the
microfluidic chips at inlet 1 and inlet 3, and the organic phase was injected from inlet 2. MF-NPs-CTX
were formed by high shear force mixing in the chip. Folate- Polyethylene glycol -NHS (FA-PEG-NHS)
was allowed to react with -NH2 of MF-NPs-CTX to form FA-PEG-NPs-CTX. FA-PEG-NPs-CTX were
then taken up by tumor cells through FR-mediated endocytosis.

2. Results

2.1. Characterization

The in vitro characterization of MF-NPs-CTX, FA-PEG-NPs-CTX, and traditionally-prepared
NPs (Tr-FA-PEG-NPs-CTX) is shown in Table 1: after FA-PEG attachment, the average of the NP
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particle size increased by about 25 nm. Because of FA-PEG’s negative charge, FA-PEG-NPs-CTX’s
ζ-potential increased from −20.3 ± 0.5 mV to −27.8 ± 0.6 mV. During the FA-PEG-NHS - MF-NPs-CTX
reaction, some CTX leaked, and the EE and drug-loading capacity (EC) of FA-PEG-NPs-CTX were
both decreased. While polymer dispersity index (PDI) showed no obvious change, FA-PEG-NPs-CTX
particles were still uniformly distributed.

Table 1. Characterization of FA-PEG-NPs-CTX vitro properties (n = 3).

Sample Name
Size
(nm)

ζ-potential
(mV)

PDI EE (%) EC (%)

MF-NPs-CTX 139.8 ± 2.6 −20.3 ± 0.5 0.093 ± 0.061 84.5 ± 1.8 15.7 ± 0.4
FA-PEG-NPs-CTX 162.4 ± 3.1 −27.8 ± 0.6 0.102 ± 0.032 81.3 ± 1.6 15.3 ± 0.3

Tr-FA-PEG-NPs-CTX 168.8 ± 8.3 −28.6 ± 0.9 0.248 ± 0.31 49.8 ± 0.6 5.2 ± 0.8

The morphology of FA-PEG-NPs-CTX (Figure 2A) was observed by transmission electron
microscopy (TEM); particles were spherical and uniformly distributed. FA-PEG-NPs-CTX and
FA-PEG-NHS had a unique absorption peak at 366 nm (Figure 2B). The FA content of FA-PEG-NPs-CTX
was measured after trypsin treatment and found to be 9.28 μg/mg, while the connection efficiency of
FA-PEG-NHS was 22.8%. The stability of MF-NPs-CTX and FA-PEG-NPs-CTX in a simulated plasma
environment (37 ◦C, 10% of fetal bovine serum, FBS) is shown in Figure 2C. The particle size of the two
NPs increased by about 20 nm within 8 h, and then stabilized. Within 48 h, the average particle size
was increased by about 30 nm. These results indicate that MF-NPs-CTX and FA-PEG-NPs-CTX had
good stability in serum.

To analyze the cumulative drug release, the preparations were incubated with PBS containing
0.1% Tween-80. Released CTX was measured by HPLC at fixed time points. The in vitro release results
of Tween-CTX (CTX was formulated in Tween 80 and ethanol mixed solution according to JEVTANA®,
13% ethanol: Tween 80 = 4:1), MF-NPs-CTX, and FA-PEG-NPs-CTX are shown in Figure 2D. CTX
was slowly released from MF-NPs-CTX and FA-PEG-NPs-CTX but not from Tween-CTX. Through
the release profiles of CTX in MF-NPs-CTX and FA-PEG-NPs-CTX, FA-PEG linkage did not affect the
release of FA-PEG-NPs-CTX. Both MF-NPs-CTX and FA-PEG-NPs-CTX had slow drug release behavior.
After reaching the tumor site, CTX was gradually released from NPs and killed the tumor cells.

2.2. Cell Viability Assay

The cytotoxicity of FA-PEG-NPs-CTX was evaluated in both HeLa and A549 cells (Figure 3). Free
CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX killed cells in both dose- and time-dependent manners.
Moreover, the vectors without CTX (MF-NPs and FA-PEG-NPs) were almost non-toxic to HeLa and A549
cells (Figure S1), thus, we inferred that FR could mediate its uptake by HeLa cells, FA-PEG-NPs-CTX
was more cytotoxic to these cells than MF-NPs-CTX. Because of the targeted delivery of CTX by
FA-PEG-NPs-CTX and higher EE, FA-PEG-NPs-CTX was more toxic for both cell types than Free CTX.
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Figure 2. In vitro properties of MF-NPs-CTX and FA-PEG-NPs-CTX. (A) FA-PEG-NPs-CTX were
observed by TEM. (B) The absorption curve of FA-PEG-NHS, FA-PEG-NPs-CTX, and MF-NPs-CTX
determined by Ultraviolet–visible spectroscopy (UV-vis). (C) Stability of MF-NPs-CTX and
FA-PEG-NPs-CTX in vitro. MF-NPs-CTX and FA-PEG-NPs-CTX were dissolved in 10% fetal bovine
serum (FBS) (n= 3) and placed in a constant temperature shaker at 37 ◦C, 150 rpm; the particle sizes were
measured by Zetasizer Nano particle size analyzer. (D) In vitro release of Tween-CTX, MF-NPs-CTX,
and FA-PEG-NPs-CTX (n = 3). Release solution is 0.1% v/v Tween 80/PBS (pH 7.4).

Figure 3. Evaluation FA-PEG-NPs-CTX cytotoxicity by HeLa and A549 cells (n = 5). (* p < 0.05,
** p < 0.01, Student’s t-test, FA-PEG-NPs-CTX versus MF-NPs-CTX. ## p < 0.01, ### p < 0.001, Student’s
t-test, FA-PEG-NPs-CTX versus Free CTX).
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2.3. Cellular Uptake Assay

Flow cytometry was used to analyze the cellular uptake of FA-PEG-NPs-CTX labeled by fluorescein
isothiocyanate (FITC) (FA-PEG-FITC-NPs-CTX) (Figure 4). The uptake of FA-PEG-FITC-NPs-CTX
by HeLa (Figure S2A) and A549 (Figure S2B) cells increased over 1–4 h, and the uptake of
FA-PEG-FITC-NPs-CTX by HeLa was 2.73 times that of MF-FITC-NPs-CTX within 4 h (Figure 4A,B).
After FA was blocked, the uptake of FA-PEG-FITC-NPs-CTX by HeLa cells was not significantly different
from that of MF-FITC-NPs-CTX. To some extent, the uptake of FA-PEG-NPs-CTX by HeLa cells was
enhanced by FR mediation. For A549 cells with low FR expression, the uptake of FA-PEG-FITC-NPs-CTX
and MF-FITC-NPs-CTX only increased over time. At the same time point, no significant difference was
observed in the uptake of A549 cells.

Figure 4. Detection of FA-PEG-FITC-NPs-CTX cellular uptake in vitro. Flow cytometry was used to
quantitatively detect the uptake of FITC-labeled FA-PEG-NPs-CTX by HeLa (A) and A549 (B) (n = 3)
cells, (* p < 0.05, *** p < 0.001, Student’s t-test, FA-PEG-FITC-NPs-CTX versus MF-FITC-NPs-CTX).
(C) LCSM was used to qualitatively observe the effect of FA block on the uptake of the CTX-loaded
formulation by HeLa cells (×400); the rightmost side was an enlarged view of the area indicated by the
arrow. The nucleus was dyed by 4’,6-diamidino-2-phenylindole (DAPI) (blue). FA-PEG-FITC-NPs-CTX
and MF-FITC-NPs-CTX were labelled green.

Laser scanning confocal microscope (LCSM) was used to qualitatively observe the effect of
FA block on the uptake of NPs by HeLa cells (Figure 4C). The fluorescence intensity of cells
treated with FA-PEG-FITC-NPs-CTX after 4 h was significantly stronger than that those treated
with MF-FITC-NPs-CTX, and no significant differences in fluorescence intensity were observed
between the FA-PEG-FITC-NPs-CTX treatment group and the MF-FITC-NPs-CTX treatment group
after FA block. The uptake of FA-PEG-FITC-NPs-CTX by HeLa cells was enhanced by FR mediation.

2.4. Biosafety Evaluation

The biosafety of FA-PEG-NPs-CTX was evaluated by hemolytic assay. The erythrocyte hemolysis
rate results are shown in Table 2. Because of the strong hemolytic activity of the cosolvent Tween
80 in Tween-CTX, when the CTX concentration was 5.0 μg/mL in the Tween-CTX treatment group,
59.37 ± 0.88% hemolytic cells were counted, and the amount of hemolysis increased as the CTX
concentration also increased. For MF-NPs-CTX and FA-PEG-NPs-CTX treatment groups, cell hemolysis
rates were all less than 5.0%, in the range of 5.0–200.0 μg/mL. MF-NPs-CTX and FA-PEG-NPs-CTX
showed good biosafety results and could be safely administered intravenously.
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Table 2. Cell hemolysis rate results (n = 3).

Sample Name
5.0

μg/mL
10.0

μg/mL
25.0

μg/mL
50.0

μg/mL
100.0
μg/mL

200.0
μg/mL

MF-NPs-CTX 0.33 ± 0.07 0.46 ± 0.12 0.68 ± 0.12 2.15 ± 0.17 3.67 ± 0.28 4.37 ± 0.36
FA-PEG-NPs-CTX 0.36 ± 0.09 0.65 ± 0.13 0.73 ± 0.14 2.54 ± 0.16 3.35 ± 0.23 4.14 ± 0.45

Tween-CTX 59.37 ± 0.88 70.17 ± 0.67 78.23 ± 1.37 83.47 ± 1.42 89.95 ± 1.46 94.9 ± 1.27

2.5. In Vivo Distribution Experiment

The results of 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) content for
MF-NPs-CTX-DiR, PEG-NPs-CTX-DiR, and FA-PEG-NPs-CTX-DiR after tail vein injection are
shown in Figure 5. The fluorescence intensity of MF-NPs-CTX-DiR, PEG-NPs-CTX-DiR, and
FA-PEG-NPs-CTX-DiR increased over time at the tumor site (Figure 5A), indicating that both
particle types gradually accumulated near the tumor tissue because of the EPR effect. Moreover,
FA-PEG-NPs-CTX-DiR had stronger fluorescence intensity in tumor tissues than MF-NPs-CTX-DiR
and PEG-NPs-CTX-DiR. The distribution of fluorescence intensity in organ tissues and tumor
tissues after euthanasia are shown in Figure 5B. The fluorescence intensity of tumor tissues in
the FA-PEG-NPs-CTX-DiR treatment group was much stronger than that in the MF-NPs-CTX-DiR or
PEG-NPs-CTX-DiR treatment group (Figure 5C). Furthermore, FA-PEG-NPs-CTX could be directly
localized to the tumor site after targeted chemical modification.

Figure 5. Biodistribution of MF-NPs-CTX-DiR, PEG-NPs-CTX-DiR, and FA-PEG-NPs-CTX-DiR.
(A) In vivo distribution of HeLa tumor-bearing nude mice at 2, 4, 6, and 8 h after injection via the tail vein
with three nanoparticle types with the same DiR content (n = 3). (B) Distribution of MF-NPs-CTX-DiR,
PEG-NPs-CTX-DiR, and FA-PEG-NPs-CTX-DiR in organs and tumors of tumor-bearing nude mice
after 8 h. (C) Ex vivo radiant fluorescence efficiency at organs and tumor tissues (* p < 0.05, ** p < 0.01,
*** p < 0.001, Student’s t-test, FA-PEG-NPs-CTX-DiR versus MF-NPs-CTX-DiR, ## p < 0.01, ### p < 0.001,
Student’s t-test, FA-PEG-NPs-CTX-DiR versus PEG-NPs-CTX-DiR).

2.6. In Vivo Therapeutic Efficacy of FA-PEG-NPs-CTX

Once the average tumor volume of HeLa tumor-bearing mice reached 180 mm3, the drug was
injected via the tail vein. Tween-CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX significantly inhibited
tumor growth (*** p < 0.001) compared with the saline group (Figure 6). The inhibition rate of
FA-PEG-NPs-CTX on tumor growth was 74.1%, which was significantly higher than that of MF-NPs-CTX
(44.2%) and Tween-CTX (59.3%) (Figure 6A). Moreover, tumor weight in the FA-PEG-NPs-CTX
treatment group was significantly lower than that of the MF-NPs-CTX treatment group (Figure 6C).
Additionally, the average tumor volume in the FA-PEG-NPs-CTX treatment group was the smallest
of all groups (Figure 6D). During the administration period, the bodyweight of the nude mice in the
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FA-PEG-NPs-CTX treatment group did not change significantly, but the weight of the Tween-CTX
treatment group decreased significantly (Figure 6B). Therefore, Tween-CTX was highly toxic to
tumor-bearing nude mice. In general, FA-PEG-NPs-CTX had higher biosafety and also achieved better
tumor inhibition. Thus, FA-PEG-NPs-CTX may be used successfully to treat tumors.

Figure 6. In vivo antitumor effect of MF-NPs-CTX, FA-PEG-NPs-CTX, and Tween-CTX. (A) Tumor
volume change after 4 days of injection in different administration groups (*** p < 0.001, Student’s
t-test, Tween-CTX, MF-NPs-CTX and FA-PEG-NPs-CTX versus Normal saline. ## p < 0.01, Student’s
t-test, FA-PEG-NPs-CTX versus MF-NPs-CTX and Tween-CTX). (B) Bodyweight curves of different
treatment groups (n = 5) (* p < 0.05, Student’s t-test, FA-PEG-NPs-CTX versus Tween-CTX). (C) Tumor
weight of different groups after treatment (*** p < 0.001, Student’s t-test, Tween-CTX, MF-NPs-CTX
and FA-PEG-NPs-CTX versus Normal saline. * p < 0.05, Student’s t-test, FA-PEG-NPs-CTX versus
Tween-CTX. ## p < 0.01, Student’s t-test, FA-PEG-NPs-CTX versus Tween-CTX). (D) Tumor from
different groups.

2.7. Pathological Analysis

After multiple administrations, the internal organs of the tumor-bearing nude mice in the
Tween-CTX group were shown to be severely damaged (Figure 7): the myocardial fibers were loosely
arranged, individual nuclei appeared concentrated, and large areas of hepatocyte necrosis were
observed. Additionally, renal tubular epithelial cells showed a high number of eosinophils, and
glomerular capillary dilatation was evident. In contrast, only partial lesions appeared in the kidneys of
animals from the MF-NPs-CTX and FA-PEG-NPs-CTX treatment groups. Lesions were related to the
strong renal toxicity of CTX itself. Thus, FA-PEG-NPs-CTX were shown to have good biosafety.

2.8. Plasma Pharmacokinetic Analysis

Pharmacokinetic parameters were calculated using the Winnonlin 5.3 software in a non-modal
model. After intravenous injection, Tween-CTX was rapidly cleared in plasma (Table 3). Distribution
(V) and clearance (CL) volumes were 4.46 times (*** p < 0.001) and 4.27 times (*** p < 0.001) greater
than those of FA-PEG-NPs-CTX, respectively. At the same time, the area under the curve (AUC) of
FA-PEG-NPs-CTX was 4.46 times greater than that of Tween-CTX (*** p< 0.001). Thus, FA-PEG-NPs-CTX
significantly increased the blood concentration of CTX after administration. From the curve of CTX
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blood concentration over time (Figure 8), FA-PEG-NPs-CTX exhibited the best pharmacokinetic
properties after administration of the three-drug preparations via the tail vein.

Figure 7. Pathological section analysis of heart, liver, spleen, lung, and kidney by H & E staining
after MF-NPs-CTX, FA-PEG-NPs-CTX and Tween-CTX treatment. The arrows indicated the site of the
damaged organ.

Table 3. Pharmacokinetic parameters of CTX after intravenous injection of different drugs (n = 5).

Parameters Tween-CTX MF-NPs-CTX FA-PEG-NPs-CTX

Cmax (ng/mL) 3426.00 ± 476.52 4573.33 ± 537.41 6618.38 ± 783.66
AUC (ng/mL/h) 1419.07 ± 120.61 4688.60 ± 489.83 ### 6329.06 ± 776.64 ***

V (mL) 1990.87 ± 179.36 635.39 ± 137.45 ### 446.03 ± 80.51 ***
CL (mL/h) 832.72 ± 131.41 254.13 ± 35.83 ### 194.96 ± 38.47 ***

(*** p < 0.001, Student’s t-test, FA-PEG-NPs-CTX versus Tween-CTX. ### p < 0.001, Student’s t-test, MF-NPs-CTX
versus Tween-CTX).

Figure 8. Pharmacokinetic curves of blood concentration of CTX for different drug administration
groups (n = 5), *** p < 0.001, Student’s t-test, FA-PEG-NPs-CTX versus MF-NPs-CTX. # p < 0.05,
## p < 0.01, ### p < 0.001, Student’s t-test, FA-PEG-NPs-CTX versus Tween-CTX).
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2.9. Pharmacokinetic Analysis of Drug Distribution in Various Tissues and Organs

After Tween-CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX were injected into HeLa tumor-bearing
nude mice via the tail vein, CTX distribution was determined in various organs and tumors (Figure 9).
After intravenous injection, Tween-CTX was mainly found in the liver, lung, and kidney, while
MF-NPs-CTX and FA-PEG-NPs-CTX accumulated in relatively smaller amounts in the liver and lung.
In the tumor tissue, as shown in Figure S3, the CTX content of FA-PEG-NPs-CTX in the tumor site
gradually increased within 0.5–6 h and reached a higher concentration at 8 h. The tumor site AUC of
FA-PEG-NPs-CTX was 3.43 times greater than that of Tween-CTX and 1.75 times greater than that of
MF-NPs-CTX. FA-PEG-NPs-CTX exhibited significant tumor-targeted aggregation ability.

Figure 9. Pharmacokinetic analysis of tissue distribution of CTX at 0.5, 2, 4, 6, 8 h after Tween-CTX (A),
MF-NPs-CTX (B), and FA-PEG-NPs-CTX (C) were injected into HeLa tumor-bearing nude mice via the
tail vein (n = 3).

3. Discussion

Chemotherapy is one of the major strategies used to clinically manage malignant tumors [12–14].
As a second-generation taxane, CTX can prevent cell proliferation by binding to tubulin, and because of
its low affinity with P-glycoprotein, it can overcome malignant tumor resistance [15,16]. Although CTX
has good application prospects for treating malignant tumors, its inability to selectively kill cells leads to
severe side effects in patients. Low solubility and side effects of cosolvents also limit the application of
CTX. Albumin NPs have certain tumor-targeting properties that can improve in vivo drug distribution
and reduce drug toxicity. Although NPs have good biosafety and biocompatibility levels [17–19], those
prepared by conventional methods present disadvantages such as large batch-to-batch variation, wide
particle size distribution, and lack of tumor targeting, which limit their clinical application [20,21].
To solve these problems, we applied microfluidic technology (MF) to encapsulate CTX into NPs [22].
Then, we attached FA-PEG to the NPs as a targeting ligand. FA-PEG had a characteristic absorption
at 366 nm, while MF-NPs-CTX did not absorb at this wavelength. Results of the UV-vis absorption
comparison and folate content analysis of FA-PEG-NPs-CTX (FA content was 9.28 μg/mg) both
indicated that FA-PEG was attached to MF-NPs-CTX. Moreover, because of increased mixing efficiency
and shearing force of the organic phase and the aqueous phase in the microfluidic chip, the EE of
the prepared nanoparticles was 80% higher than that of the control, and the drug loading was 15%
higher. Therefore, the same amount of nanoparticles was swallowed by the cells, and the dose of
drugs that enter the cells will be higher, indicating the potential to increase the efficiency of drug entry
into cells. The particle size distribution of the NPs was uniform and the PDI < 0.1. Currently, the
yield of nanoparticles produced by our MF chip in one batch was around 40%, which is lower than
the traditional emulsion method. However, according to our previous studies, MF can significantly
improve the uniformity of the nanoparticles. The improved size distribution may further increase
drug efficiency. Moreover, to increase the yield by MF, the multi-channel microfluidic chip is being
investigated in our lab.

Results of in vitro stability experiments showed that the particle size of MF-NPs-CTX and
FA-PEG-NPs-CTX increased by about 30 nm in plasma within 16 h, mainly because of adsorption in
plasma of proteins such as opsonin and low-density lipoprotein [23]. However, after 16 h, the particle
size tended to stabilize: first, because albumin is part of plasma and is stable in plasma; second, after the
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drug adsorbed on the nanoparticle’s surface was released, the nanoparticles became more stable [24].
This result could be confirmed by conducting stability experiments. Therefore, we speculate that the
NPs were still stable after injection into the bloodstream and could be safely administered through the
tail vein.

Results of erythrocyte hemolysis tests showed that when CTX concentration was 5–200 μg/mL,
the erythrocyte hemolysis rate of MF-NPs-CTX and FA-PEG-NPs-CTX treatments was still less than
5%, which is in line with the standards. Encapsulation of CTX in the nanoparticles removes the
strong hemolysis properties of Tween 80 and improves drug safety[25]. This result confirmed that
MF-NPs-CTX and FA-PEG-NPs-CTX had good biosafety levels. The results of in vitro cytotoxicity
experiments showed that FA-PEG-NPs-CTX was significantly more cytotoxic to HeLa cells than
MF-NPs-CTX at the same CTX concentration. Moreover, cellular uptake experiments by flow cytometry
and LCSM showed that the cellular uptake of FA-PEG-NPs-CTX by HeLa and A549 cells were
time-dependent. FA blocking profiles indicated that the uptake of FA-PEG-NPs-CTX by HeLa cells was
significantly reduced by FA blockage, with no significant difference with the uptake of MF-NPs-CTX.
FA blocking had no significant effect on the uptake of A549 cells with low FR expression. Cellular
uptake experiments showed that cell-mediated uptake of FA-PEG-NPs-CTX could be enhanced by
FR. Combined with cytotoxicity experiments, we concluded that FR mediates endocytosis of more
nanoparticles to enhance drug toxicity to cells, possibly leading to more effective treatment in vivo.

Evaluation of the antitumor profile showed that FA-PEG-NPs-CTX have strong tumor-suppressive
effects on HeLa-tumor mice with high FR expression. FA-PEG-NPs-CTX’s inhibition rate on tumor
growth was 74.1%, which was significantly higher than that of both MF-NPs-CTX (44.2%) and
Tween-CTX (59.3%) groups. This was consistent with HeLa cells’ enhanced cellular uptake results.
After completing the entire administration course, the weight of mice in the FA-PEG-NPs-CTX and
MF-NPs-CTX groups showed little change, while in the Tween-CTX group, the body weight decreased
significantly after treatment, showing strong biotoxicity. This was also reflected in the histopathological
analysis. FA-PEG-NPs-CTX and MF-NPs-CTX showed targeting effects. Additionally, their aggregation
amount in normal tissues and organs was less than that of Tween-CTX, thus, toxicity to normal cells
was low. Pharmacokinetic experiments further explored in vivo distribution. Tumor inhibition results
showed that nanoparticles were more suitable for treating tumors than Tween-CTX. Additionally,
FA-PEG-NPs-CTX had better therapeutic effects than MF-NPs-CTX.

After intravenous injection, the distribution of CTX in vivo was qualitatively and quantitatively
examined by imaging and pharmacokinetic experiments, respectively. For in vivo imaging, because
the situation of nanoparticles in the body is more complicated, in order to clarify the targeting effect of
FA-NPs-CTX-DiR via FR in vivo, the PEG-NPs-CTX-DiR group was added. In vivo imaging showed
that MF-NPs-CTX-DiR, PEG-NPs-CTX-DiR, and FA-PEG-NPs-CTX-DiR gradually accumulated at
the tumor site after tail vein injection, but FA-PEG-NPs-CTX-DiR showed better accumulation than
MF-NPs-CTX-DiR and PEG-NPs-CTX-DiR; thus, we believe this was likely due to the active targeting
of FA to the FA-receptor [26]. After 4 h, mice were euthanized to collect the heart, liver, spleen,
lung, kidney, and tumors. The fluorescence of FA-PEG-NPs-CTX-DiR at the tumor site was stronger
than that of NPs-CTX-DiR, which also indicated that the active targeting of FA to the FA-receptor.
Fluorescence also occurred in normal organs because of inevitable reticuloendothelial system (RES)
action and renal excretion. Pharmacokinetic experiments were used to quantitatively investigate the
distribution of different formulations of CTX in plasma and tissues to explore the reasons why the two
nano-formulations were more effective than Tween-CTX. From the CTX plasma pharmacokinetic profile,
we could see that its concentration in the FA-PEG-NPs-CTX and MF-NPs-CTX groups decreased less
than that of Tween-CTX. The nano-formulations exhibited a slow release of CTX as well as a protective
effect on the encapsulated drug. Combined with the distribution of CTX in tissues, we hypothesized
two possible reasons for this difference. First, Tween-CTX was rapidly cleared by RES after intravenous
injection. In contrast, albumin nano-formulations could only be partially removed by RES because
of good biocompatibility and low immunogenicity. Second, during drug absorption, the apparent
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distribution volume of Tween-CTX was large and was absorbed by whole-body organ tissues; thus, the
CTX concentration decreased rapidly at the same time. When CTX was loaded into NPs, the apparent
distribution volume was small and the tissue clearance rate was reduced. As such, more NPs were
accumulated into the tumor site by the EPR effect. Compared with MF-NPs-CTX, FA-PEG-NPs-CTX
had FR targeting, and the modification of PEG prolonged its blood circulation time. This further
increased the aggregation of CTX at the tumor site, and thus allowed FA-PEG-NPs-CTX to achieve a
better tumor-suppressive effect. We also evaluated the PEGylation effect on the cellular uptake of this
ligand-target nanoparticle in vitro. Interestingly, no statistical differences were observed by MTT in
either Hela cells (48.7 ± 5.3% versus 46.8 ± 8.3%, MF-NPs-CTX versus MF-PEG-NPs-CTX, 48 h) or
A549 cells (44.6 ± 4.6% versus 46.1 ± 7.0%, MF-NPs-CTX versus MF-PEG-NPs-CTX, 48 h) treated with
MF-NPs-CTX or MF-PEG-NPs-CTX. The MF-PEG-NPs-CTX was prepared according to the method
described in the FA-PEG-NPs-CTX part, with the FA-PEG-NHS replaced with PEG-NHS. This was
consistent with our previous finding that FA can significantly improve the targeting effect of the
nanoparticles [27]. It is generally believed that PEGylation can significantly increase the nanoparticle
systemic circulation time by avoiding rapid clearance by reticuloendothelial system. However, recent
studies also indicated that PEGylation may have no direct effect or even inhibit the cellular uptake
of ligand-target nanoparticles [28]. Further investigation may shed light on the precise molecular
mechanisms involved in the PEGylation effect on cellular uptake of ligand-target nanoparticles.

4. Materials and Methods

4.1. Materials and Animals

FA-PEG-NHS and MeO-PEG-NHS were purchased from Shanghai Ziqi Biotechnology Co. Ltd
(Shanghai, China). CTX was purchased from Jiangsu Taxus Biotechnology Co. Ltd (Jiangsu, China).
Carbamazepine was provided by Yuanye Biotechnology Shanghai Co. Ltd (Shanghai, China). Human
serum albumin (HSA) was obtained from Octapharma (Vienna, Austria). The microfluidic chip
was designed independently and customized at the Dalian Institute of Chemical Physics, Chinese
Academy of Sciences (Dalian, China). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS), and penicillin-streptomycin were obtained from Gibco (Gaisburg, MD, USA). Fluorescein
isothiocyanate (FITC), 4’,6-diamidino-2-phenylindole (DAPI) and acetonitrile were purchased from
Sigma. 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR iodide) was purchased
from Thermo Fisher Scientific (Eugene, OR, USA). Tween-CTX was formulated in Tween 80 and ethanol
mixed solution according to JEVTANA® (Eugene, OR, USA). The rest of the chemical reagents were of
analytical or chromatographic purity.

Cervical cancer (HeLa) and lung cancer (A549) cells were obtained from ATCC and cultured in
DMEM medium containing 10% FBS, 100 μg/mL streptomycin, and 100 mg IU/mL penicillin. The cells
were cultured at 37 ◦C in a humidified incubator in 5% CO2.

Six to eight weeks old female BALB/c nude mice were purchased from Beijing Vital River
Laboratory Animal Technology Co, Ltd. (Beijing, China). Female SD rats (200 g) were purchased from
Liaoning Changsheng Biotechnology Co. Ltd. (Benxi, China). All animal procedures were performed
in accordance with the Guidelines on Humane Treatment of Laboratory Animals and procedures for
the care and use of laboratory animals. All animal experiments were approved by the Institutional
Animal Ethics Committee (Jilin University) (number 201810023).

4.2. Preparation of FA-PEG-NPs-CTX

According to previous research, the inverted W-type microfluidic chip was designed
independently[9] , MF-NPs-CTX were prepared by the microfluidic chip. Specifically, a 20.0 mg/mL
CTX ethanol solution and a 12.5% sodium chloride solution were prepared and incubated in a 40 ◦C
water bath with HSA (200 mg/mL). Deionized water was placed in a 60 ◦C water bath and heated to a
constant temperature.
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1.0 mL and 10.0 mL syringes were each attached to a microinjection pump: the 1.0 mL syringe
was connected to inlet 2 of the microfluidic chip and the 10.0 mL syringes was connected to inlets 1
and 3. The entire microfluidics chip line was cleaned with deionized water before preparing the NPs.
Then, 20.0 mg/mL CTX solution, 12.5% NaCl solution, and HSA were mixed at a volume ratio of 2:1:1
and placed in the 1.0 mL syringe, at a flow rate of 40.0 μL/min. Moreover, deionized water was placed
in the 10.0 mL syringe at 60 ◦C with a flow rate of 600.0 μL/min. After mixing in the channel of the
inverted W-type passive microfluidics chip, MF-NPs-CTX were obtained from the chip by connecting
the tube and rapidly cooling in an ice water bath. MF-NPs-CTX were concentrated through a hollow
fiber ultrafiltration column with a molecular weight cut off of 50 kD.

Concentrated MF-NPs-CTX was chemically modified with FA-PEG-NHS, and FA-PEG was
attached to the MF-NPs-CTX via an amide bond. The bond was formed by dissolving 50.0 mg of
FA-PEG-NHS in 2.0 mL of 2.0 M pH 10.0 Na2CO3/NaHCO3 buffer solution, and slowly adding it
dropwise to MF-NPs-CTX, which was also dissolved in 2.0 M pH 10.0 Na2CO3/NaHCO3 buffer solution.
The reaction was stirred at room temperature for 2 h. Then, the reacted NP solution was placed in an
ultrafiltration centrifuge tube with a molecular weight cut off of 50 kDa and centrifuged at 3214× g for
10 min. The solution was repeatedly washed with deionized water to remove unreacted FA-PEG-NHS,
concentrated by centrifugation to obtain FA-PEG-NPs-CTX, lyophilized, and set aside.

4.3. Characterization

Lyophilized MF-NPs-CTX and FA-PEG-NPs-CTX were re-dissolved with deionized water, and the
particle size and ζ-potential were measured by a laser particle size analyzer. EE and EC of MF-NPs-CTX
and FA-PEG-NPs-CTX were determined by high-performance liquid chromatography (HPLC) and
calculated by the equation below. The morphology of MF-NPs-CTX and FA-PEG-NPs-CTX were
observed by TEM (JEOL JEM 2100, Tokyo, Japan). To achieve this, MF-NPs-CTX and FA-PEG-NPs-CTX
were dissolved and diluted with deionized water, then added dropwise to a copper mesh, dried, and
observed by TEM. To assess the stability of FA-PEG-NPs-CTX in plasma after intravenous injection, the
stability of FA-PEG-NPs-CTX was evaluated in a simulated plasma environment. FA-PEG-NPs-CTX
were dissolved in 10% FBS and then placed in a constant temperature shaker at 37 ◦C, 150 rpm.
A certain amount of sample was taken out at regular intervals to measure particle size by Zetasizer
Nano particle size analyzer (Zetasazer Nano ZS90, Malvern, UK) [29].

EE =
weight of CTX in NPs

weight of CTX in NPs + weight of CTX in the filtrate
× 100%, (1)

EC =
weight of CTX in NPs

weight of NPs
× 100%. (2)

To evaluate the in vitro release of the formulation, MF-NPs-CTX and FA-PEG-NPs-CTX with a
CTX content of 5.0 mg were accurately weighed (m) and dissolved in 2.0 mL of saline. The NPs were
then transferred to dialysis bags with a molecular weight cut off of 8000–10,000 Da. In the meantime,
5.0 mg CTX was accurately weighed, dissolved in 2.0 mL of mixed solvent (13% ethanol: Tween
80 = 4:1), transferred to a dialysis bag, and placed in 80 mL of PBS release solution (V0) that contained
0.1% Tween 80 [30]. The solution and the dialysis bag were set to rotate at 200 rpm, 37 ◦C. At a specific
time point, 1.0 mL of each solution (V) was taken to determine CTX concentration (Ci) by HPLC, and
1.0 mL of fresh release solution was added. The cumulative release rate (Q%) was calculated by the
equation below:

Q (%) =
V0 ×Ci + V ×∑i−1

i=1 Ci−1

m× EE
× 100%. (3)
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4.4. Cellular Uptake Assay

The cellular uptake of FA-PEG-NPs-CTX by HeLa and A549 cells was analyzed by laser confocal
microscopy. HSA was first labeled with FITC and then dissolved in 25.0 mM Na2CO3/NaHCO3

buffer solution at pH = 9.8 with a concentration of 5.0 mg/mL. FITC was added to the HSA solution
with a concentration of 0.1 mg/mL. The solution was incubated overnight at room temperature
with constant stirring, and the mixed solution was passed through an ultrafiltration centrifuge tube
with a molecular weight cut off of 50 kDa. The solution was centrifuged at 12857× g for 10 min,
and the concentrate was washed several times with Na2CO3/NaHCO3 buffer solution to obtain
FITC-labeled HSA. FA-PEG-FITC-NPs-CTX was prepared by labeled HSA with the same procedure
used for FA-PEG-NPs-CTX.

In the FA blockage experiment, cells from the FA-blocked group were cultured in complete
medium with an FA content of 5.0 mg/mL one week earlier. HeLa, FA-blocked HeLa, and A549 cells in
the logarithmic growth phase were planted at a density of 1.0 × 105 cells/dish and cultured for 24 h.
Then, the same FA-PEG-FITC-NPs-CTX protein content was added to each well. After incubating
for 1, 2, and 4 h, the medium was removed and washed with cold PBS. Cells were fixed with 4%
paraformaldehyde for 15 min. Nuclei were stained with 400.0 μL 1.0 μg/mL DAPI for 10 min, washed,
and covered with cold PBS. The difference in fluorescence intensity after uptake of nanoparticles by
cells was determined by LCSM.

Flow cytometry was used to analyze the uptake of FA-PEG-NPs-CTX by HeLa and A549 cells.
First, both cell types were added at a cell density of 1.0 × 105 cells/well in a 12-well plate. Cells in the
FA-blocked group were cultured in complete medium with an FA content of 5.0 mg/mL one week in
advance. After the two cell lines were cultured in a 12-well plate for 24 h, the same protein contents of
FA-PEG-FITC-NPs-CTX and MF-FITC-NPs-CTX were added to each well. At 1, 2, and 4 h, the cell
culture medium was aspirated and cells were washed with PBS. Two hundred microliters of trypsin
were then added to each well to digest the cells, and the medium was neutralized and centrifuged at
82× g for 5 min. Cells were fixed with 500.0 μL of 4% paraformaldehyde, untreated cells were used as
a control, and fluorescence intensity was measured by flow cytometry [31].

4.5. Analysis of Surface Folate Content

FA-PEG-NHS was dissolved in a 2.0 M pH = 10.0 Na2CO3/NaHCO3 buffer solution, then diluted
to 200.0, 100.0, 50.0, 20.0, 10.0, 5.0, and 2.0 μg/mL. UV-vis (scanning wavelength: 366 nm) was used to
determine the absorbance of different FA-PEG-NHS concentrations. The standard curve was drawn
by taking concentration X (μg/mL) of FA-PEG-NHS as the abscissa and absorbance Y as the ordinate.
Lyophilized FA-PEG-NPs-CTX (10.0 mg) was dissolved in phosphate buffer solution at pH = 7.4. Then,
a certain amount of trypsin was added and digested for 4 h, and the absorbance was measured by
UV-vis at 366 nm. MF-NPs-CTX with the same protein content was dissolved in phosphate buffer, and
the same procedure was conducted and used as a matrix to perform zero calibration of the absorbance.

4.6. Cell Viability Assay

Cells in the logarithmic growth phase were added at a density of 5000–8000 cells/well to 96-well
plates. After 24 h, FA-PEG-NPs-CTX, MF-NPs-CTX, and free CTX with CTX concentrations of
20.0, 60.0, and 150.0 μg/mL were added. After 24 h and 48 h, respectively, 10.0 μL of 5.0 mg/mL
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reagent were added to each
well and incubated for 4 h. Then, the medium was removed and 100 μL of DMSO was added to
dissolve the formazan crystals. Absorbance at 490 nm was read on a microplate reader, and the
half-maximal inhibitory concentration (IC50) was calculated by SPASS 17.0 software analysis (SPASS,
Chicago, IL, USA) [32].
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4.7. Hemolytic Evaluation

The biosafety of FA-PEG-NPs-CTX was evaluated via the hemolysis test. Tween-CTX,
FA-PEG-NPs-CTX, and MF-NPs-CTX with CTX concentrations of 5.0, 10.0, 20.0, 50.0, 100.0, and
200.0 μg/mL were added to 1.0 mL of 2% mouse erythrocytes in 1.5 mL EP tubes and incubated for
2 h. The saline-treated group and the 1.0% Triton X-100-treated group served as negative and positive
controls, respectively. After incubation, the EP tubes were centrifuged at 43× g for 5 min, and 100.0 μL
of the supernatant were taken to a 96-well plate. The absorbance was measured at 540 nm using a
microplate reader. The hemolysis rate was calculated according to the following equation:

Hemolysis Rate =
Absorbance−Negative Group

Positive Group−Negative Group
× 100%. (4)

4.8. In Vivo Distribution Experiment

The in vivo distribution of the nano-formulations was examined by in vivo imaging experiments.
MF-NPs-CTX-DiR and FA-PEG-NPs-CTX-DiR were prepared by encapsulating DiR and CTX following
the same protocol as that used for MF-NPs-CTX and FA-PEG-NPs-CTX. The preparation method
of PEG-NPs-CTX-DiR was the same as that of FA-PEG-NPs-CTX-DiR, except that FA-PEG-NHS
was replaced by MeO-PEG-NHS, MF-NPs-CTX-DiR, PEG-NPs-CTX-DiR, and FA-PEG-NPs-CTX-DiR
with the same DiR content were injected into nude mice through the tail vein. The nude mice were
anesthetized with pentobarbital sodium at 1, 2, 4, and 8 h, and fluorescence distribution was observed
using an IVIS in vivo imaging system. The excitation wavelength was 745 nm and the emission
wavelength was 820 nm. After 8 h, the nude mice were euthanized to evaluate fluorescence intensity
in the heart, liver, spleen, lung, kidney, and tumor tissues.

4.9. In Vivo Therapeutic Efficacy of FA-PEG-NPs-CTX

The anti-tumor effect of FA-PEG-NPs-CTX was evaluated using a HeLa tumor-bearing nude
mouse model. About 5.0 × 106 HeLa cells were injected subcutaneously into the lower right side
of each nude mouse. When the average tumor volume reached 100–200 mm3, the nude mice were
randomly divided into 4 groups (n = 5) for Tween-CTX, MF-NPs-CTX, FA-PEG-NPs-CTX, and saline
treatment. On days 0, 4, and 8, the nude mice were injected with a CTX dose of 2.0 mg/kg via the
tail vein. The body weight of the mice in each group and the length and width of the tumors were
measured every 2 days. On day 12, five mice from each group were euthanized to harvest heart, liver,
spleen, lung, kidney, and tumor tissues.

4.10. Pathological Section Analysis

Heart, liver, spleen, lung, and kidney obtained in “4.9” were fixed with 4% paraformaldehyde
and analyzed by H & E staining to determine whether the drug preparation had damaged the internal
organs of the nude mice[33].

4.11. Plasma Pharmacokinetic Analysis

Pharmacokinetic studies were performed by using SD rats of about 300 g that were randomly
divided into 3 groups (n = 5). Tween-CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX were injected into the
tail veins at a dose of 5.0 mg/kg. At 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, and 12 h after administration, about
500 μL of blood were taken from the orbital venous plexus, placed in a previously prepared EP tube
treated with heparin sodium, and centrifuged at around 13,000× g for 5 min. The supernatant was
taken to obtain plasma. The plasma sample was measured by UPLC-MS/MS, and the peak area was
input into the standard curve of the CTX plasma sample to calculate the CTX concentration in the
plasma sample. The curve was obtained by taking time X (h) after administration as the abscissa and
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plasma concentration Y (ng/mL) of CTX as the ordinate. Pharmacokinetic parameters were calculated
by using the Winnonlin 5.3 software (CERTARA, Princeton, NJ, USA) in a non-modal model.

4.12. Pharmacokinetic Analysis of Drug Distribution in Various Tissues and Organs

Pharmacokinetics were analyzed to investigate drug accumulation in various tissues and organs of
HeLa tumor-bearing nude mice after tail vein injection. Forty-five HeLa tumor-bearing nude mice were
randomly divided into three groups of 15 rats each. Tween-CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX
were injected through the tail vein at a dose of 2.0 mg/kg. Three nude mice were euthanized from each
group at 0.5, 2, 4, 6, and 8 h to harvest heart, liver, spleen, lung, kidney, and tumor tissues. Organs
and tumor tissues were weighed and homogenized by adding two times the weight of saline. Tissue
homogenates were sampled by UPLC-MS/MS by the established CTX tissue content analysis method.

4.13. Statistic and Analysis

Data analysis was performed using the SPSS 17.0 software (SPASS, Chicago, IL, USA), and all
chart data were expressed as mean ± standard error (Mean ± SD). Significance was calculated by
Student’s t-test. When * p < 0.05 or # p < 0.05, a statistical difference between the two groups of data
was noted. When ** p < 0.01 or ## p < 0.01, a significant difference between the two groups of data was
noted. When *** p < 0.001 or ### p < 0.01, a highly significant difference between the two sets of data
was noted.

5. Conclusions

Albumin NPs were prepared in a self-assembled manner based on MF technology (MF-NPs-CTX),
and, accordingly, the inverted W-type microfluidic chip was designed independently. Our results
indicated that FA-PEG-NPs-CTX had a significantly stronger tumor-suppressive effect with high FR
expression both in vitro and in vivo. The modification of FA-PEG not only enhances NP tumor-targeting
but also prolongs blood circulation time to some extent. We believe that targeted NPs prepared by MF
technology have broad application prospects in clinically treating patients with cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1571/s1,
Figure S1: Cytotoxicity study with vector (MF-NPs and FA-PEG-NPs), Figure S2: LCSM was used to qualitatively
detect the uptake of FA-PEG-FITC-NPs-CTX by HeLa (A) and A549 (B) cells at 1, 2, and 4 h, Figure S3: Distribution
of CTX in tumor tissues after tail vein injection of Tween-CTX, MF-NPs-CTX, and FA-PEG-NPs-CTX (n = 3).
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Abstract: Successful cancer therapy requires drugs being precisely delivered to tumors. Nanosized
drugs have attracted considerable recent attention, but their toxicity and high immunogenicity
are important obstacles hampering their clinical translation. Here we report a novel “cocktail
therapy” strategy based on excess natural killer cell-derived exosomes (NKEXOs) in combination
with their biomimetic core–shell nanoparticles (NNs) for tumor-targeted therapy. The NNs were
self- assembled with a dendrimer core loading therapeutic miRNA and a hydrophilic NKEXOs
shell. Their successful fabrication was confirmed by transmission electron microscopy (TEM) and
confocal laser scanning microscopy (CLSM). The resulting NN/NKEXO cocktail showed highly
efficient targeting and therapeutic miRNA delivery to neuroblastoma cells in vivo, as demonstrated
by two-photon excited scanning fluorescence imaging (TPEFI) and with an IVIS Spectrum in vivo
imaging system (IVIS), leading to dual inhibition of tumor growth. With unique biocompatibility,
we propose this NN/NKEXO cocktail as a new avenue for tumor therapy, with potential prospects for
clinical applications.

Keywords: antitumor strategy; biomimetic core–shell nanoparticles; NK cell-derived exosomes; drug
delivery system

1. Introduction

Targeted drug delivery systems for cancer therapy have attracted considerable recent attention
owing to their high delivery efficiency along with minimal side effects [1–3]. Polymers are of great
significance in targeted drug delivery as nanocarriers for biomacromolecular agents. Among them,
polyamidoamine (PAMAM), the first reported and commercialized dendrimers, are hyperbranched
polymers with a globular structure, which efficiently transfer nucleic acids (DNA, siRNA, miRNA,
etc.) to various cell types and are safer than other cationic polymers [4–6]. PAMAM dendrimers
have a distinctive structural feature with positively charged amino groups present at internal cavities,
which can interact with negatively charged nucleic acids to form dendriplexes [7,8]. In order to improve
their biocompatibility and targeting ability, many strategies have been taken to modify the PAMAM
surface, including peptide conjugation, carbohydrate conjugation, acetylation and PEGylation [9].

More recently, biomembrane camouflage strategies have been investigated in cancer therapy.
This strategy refers to nanocarriers coated with natural biomembrane components, making them
highly versatile in cargo encapsulation and surface functionalization. Many types of membranes
have been used to fabricate membrane-camouflaged nanoparticles, including membranes from red
blood cells, platelets, white blood cells, cancer cells and bacteria [10–15]. Meanwhile, incorporation of
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membrane proteins within the bilayer of biomimetic nanovesicles using a microfluidic-based platform
offers a one-step solution to endow nanoparticles with multiple biological feature such as evading the
mononuclear phagocytic system, crossing the biological barriers or targeting inflamed tissues [16–18].
However, without exception, fabrication of core–shell nanoparticles has required extraction of plasma
membrane materials by cell lysis and membrane purification, a process that greatly increases the risk of
contamination and destruction of functional surface proteins. Therefore, it is of paramount importance
for their clinical application to obtain functional off-the-shelf and highly biocompatible materials and
establish an efficient and handy synthetic process [19].

Natural killer (NK) cells, known to play a critical role in tumor immunology [20,21] secret
exosomes expressing killer proteins, including FASL and perforin, cytotoxic to multiple tumors [22–25].
Previous studies have also demonstrated that natural killer cell-derived exosomes (NKEXOs) have
tumor-specific accumulation with no cytotoxic activity against normal tissues [22,23]. Meanwhile,
acidic tumor microenvironment facilitates the accumulation of this nanoparticles [26]. Hence, NKEXOs
can perform a dual function: They can facilitate tumor targeting and act as direct antitumor agent. More
importantly, NK cell-based therapies can act as a renewable product in an allogeneic setting and be given
to patients without causing graft-versus-host disease [27]. For these advantages, we ask whether intact
NKEXOs could be used directly as camouflage material to greatly simplify synthetic steps and avoid
contamination of immunogenic substances due to the destruction progress of membrane extraction.

2. Results

2.1. Characterization and Function of Isolated NKEXOs

To prepare the nanoparticle (NN)/NKEXO cocktail, we expanded the NK cells to a 94% purity
level by co-culturing peripheral blood mononuclear cells with artificial antigen-presenting cells (aAPC)
as previously reported (Figure 1a) [25,28]. Then, NKEXOs were isolated and purified from the culture
supernatants of NK cells by differential centrifugation [29]. Their size was further measured by dynamic
light scattering, showing a mean particle diameter of 100 nm (Figure 1b). In the purified extracts, typical
exosome structures were observed by transmission electron microscopy TEM (Figure 1c). Western blot
(WB) analysis indicated that NKEXOs contain typical exosomal proteins (Alix, TSG101 and CD63),
together with the absence of cytochrome C (Figure 1d). These data are consistent with those previously
reported for typical exosomes [30]. To verify their cytotoxicity towards tumor cells, MDA-MB-231-luc
and CHLA-255-luc cells were incubated with NKEXOs for 24 h. As reported previously [22–25],
cell viability decreased in both tumor cell lines in a dose-dependent manner (Figure 1e). Internalization
of PKH26-labeled NKEXOs into tumor cells was also observed with confocal laser scanning microscopy
(CLSM) with a rotating 3D rendering of z-stack images (Figure S1; Video S1).
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Figure 1. Characterization and function of isolated NKEXOs. (a) Flow cytometric analysis of NK cells
(CD3− and CD56+) grown for a total of 21 days. (b) Size distributions of NKEXO measured by dynamic
light scattering show peak diameters at 100 nm. (c) The morphology of exosomes was analyzed by
transmission electron microscopy. (d) Western blot analysis of CD63, ALIX, TSG101 and cytochrome c
(Cyto C) expression level in NK cells and NKEXOs. (e) MDA-MB-231luc and CHLA-255luc cell lines
(104 cells per well) were incubated with control medium and different amounts of NKEXOs (10, 20 and
40 μg) for 24 h. Cell viability was assessed by bioluminescence imaging. Each bar represents the mean
± SD of three replicates. * p < 0.05; ** p < 0.01 and *** p < 0.001.

2.2. Fabrication and Characterization of the NN/NKEXO Cocktail

PAMAM dendrimer have been used previously for nucleic acid delivery [4–6]. Using the intrinsic
hydrophobicity of the lipid bilayers in the exosome, tyrosine was linked to the dendrimers to promote
the binding process [31]. Meanwhile, the phenyl groups of the tyrosine are able to disrupt the
endosomal membrane, facilitating release of the therapeutic miRNA [32,33]. The NN/NKEXO cocktail
was then prepared by simple incubation of the purified NKEXOs with tyrosine-coupled dendrimers
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preloaded with let-7a mimics (Figure 2a). The resulting NNs were further characterized by TEM,
displaying a core–shell structure indicating the presence of the dendrimers in the core and NKEXOs in
the shell (Figure 2b). More importantly, the precipitated NNs contained typical intracellular proteins
including TSG101 and Alix, indicating the shell was made of intact exosomes (Figure 2c). Furthermore,
the successful coating of the NKEXOs was confirmed by colocalization of the PKH26 (red)-labeled
NKEXOs and Fluorescein phosphoramidites FAM (green)-labeled dendrimers (Figure 2d).

In order for the dendrimer core to be fully encapsulated, it is necessary to ensure that the exosomes
are always in an excessive state. As an easy and reliable quality control, we used a high-content
screening (HCS) system (Operetta, PerkinElmer, Massachusetts, USA) combined with fluorescent
staining to determine the parameters for the cocktail synthesis. The module and parameter settings
of the instrument were set as shown in Table S1. In each quality control process, we first fixed the
amount of exosomes and used different amounts of let-7a mimics. Thus, the amount of let-7a mimics
corresponding to the highest NNs synthesis rate was the maximum amount that could be loaded,
and this amount or below was optional.

As shown in Figure 2e, for instance, we used fixed amounts of NKEXOs 10 μg and varied the
amount of let-7a mimics and the synthesis time. Using HCS screening, we observed that the coupling
efficiency of NNs increased over time and reached a peak of nearly 59.67% (±6.69%) at 24 h. In contrast,
the highest NNs synthetic rate was observed when the amount of the let-7a mimics was 0.13 μg (10 μL
at 1 μM concentration; Figure 2f). This was considered the maximum rate to prepare a single batch of
the NN/NKEXO cocktail over a 24 h period. All the cocktails used in this study were subject to the
same progress to ensure that NKEXOs are excess at any time.
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Figure 2. Fabrication and characterization of the NN/NKEXO cocktail. (a) Schematic design of the
NN/NKEXO cocktail. (b) TEM images of bare PAMAM dendrimers (i), NNs (ii) and free NKEXO
in supernatant (iii). The arrow indicates an integrated NKEXO. (c) NNs contain typical intracellular
proteins markers (ALIX, TSG101), confirmed by Western blot (WB). (d) CLSM images of the fabricated
NN/NKEXO cocktail illustrating the colocalization of let-7a loaded dendrimers (green) and NKEXO (red).
(e) Percentages of NNs in the NN/NKEXO cocktail at different miRNA to NKEXO ratios. (f) Percentages
of NNs in NNs-NKEXO cocktail at different synthesis times at a 1:1 miRNA to NKEXO ratio.
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2.3. Binding and Cytotoxicity of the NN/NKEXO Cocktail to a Human Neuroblastoma Cell Line In Vitro

Next, we evaluated the nanoparticle cocktail kinetics in human neuroblastoma CHLA-255 cells at
different incubation times with the dual labeled cocktail (miRNA loaded dendrimers: FAM, green and
NKEXOs: PKH-26, red), followed by observation via CLSM. As shown in Figure 3a, the internalization
of both NKEXOs and let-7a inside tumor cells increased from 12 to 24 h. Additional quantitative
measurements were performed using flow cytometry. Equivalent exosomes derived from human
embryonic kidney cell line 293T were obtained and 293N/293EXO cocktail was synthesized as control.
The fluorescence intensity of let-7a mimics in CHLA-255 cells increased along with the NKEXO
fluorescence in a time-dependent manner. Neither fluorescence intensities weakened until cells were
incubated for at least 48 h. Importantly, CHLA-255 cells treated with the NN/NKEXO cocktail showed
a prominent right shift in the cytometric analysis, suggesting a higher cellular uptake of exosomes than
293N/293EXO cocktail (Figure 3b). Furthermore, more CHLA-255 cells internalized miRNA, with the
mean fluorescence intensity value higher than in the control cocktail at any time point (Figure 3c,d).
This indicates that the NKEXO based outer shell plays a critical role in improving the cancer target
drug delivery efficiency. We also used the bioluminescence assay to substantiate the synergistic
apoptosis-inducing capability of the cocktail in vitro. Since let-7a, a therapeutic microRNAs, is closely
involved in the proliferation of neuroblastomas [34,35]. As shown in Figure 3e, after 24 h of incubation,
NN/NKEXO cocktail-let-7a exhibited significantly higher cytotoxicity compared with NKEXO alone
in neuroblastoma cells. In contrast, no significant inhibition of cell growth was observed in let-7a or
dendrimers treated groups, indicating that the NNs mediated delivery of therapeutic let-7a enhances
the anti-tumor effect of the cocktail by triggering a synergistic induction of apoptosis.
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Figure 3. Binding and cytotoxicity of the NN/NKEXO cocktail to a human neuroblastoma cell line
in vitro. (a) Representative confocal fluorescence images of CHLA-255 cells after treatment with
NN/NKEXO cocktail for 12 and 24 h (let-7a-dendrimer: Green; NKEXO: Red). (b) Quantitative flow
cytometric analysis of CHLA-255 cells incubated with control medium, 293N-293Exo cocktail and
NN/NKEXO cocktail both made of let-7a (0.5 μg) and their exosomes (50 μg) for 12, 24, 36 and 48 h;
n = 3. (c) Mean fluorescence intensity of CHLA-255 cells after 12, 24, 36 or 48 h incubation with control
medium and different cocktails; n = 3. (d) Percentages of cells with increased miRNA fluorescence; n = 3.
(e) Cell viability of CHLA-255 cells (104 cells per well) after treatment with PBS (CTRL), PAMAM, let-7a,
NKEXOs and NN/NKEXO cocktail (40 μg NKEXOs and 0.05 μg let-7a) for 24 h. Data are presented as
mean ± SD; n = 3.

2.4. In Vivo Biodistribution and Anti-Tumor Effect of the NN/NKEXO Cocktail

To evaluate the tumor targeting capability of the cocktail, let-7a was labeled with Cy5 and
the cocktail was administrated intravenously into the CHLA-255-luc tumor-bearing nonobese
diabetic/severe combined immunodeficient (NOD/SCID) mice. After removal of the tumors and
organs of interest 6 h after injection, ex vivo fluorescence imaging showed strong fluorescence signals of
let-7a loaded dendrimers in the tumor tissues and relatively strong signals in the kidneys. In contrast,
no specific fluorescence was detected in tumor tissues of mice treated with miRNA alone or miRNA
loaded dendrimers (Figure 4a). These results indicate that the NN/NKEXO cocktail have highly
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efficient targeting and miRNA delivery to tumor cells. NKEXOs showed tumor-specific accumulation
as early as 24 h post-injection in vivo [6]. Here, we labeled NKEXOs with DiR (red) to prepare the
cocktail administrated intravenously. Interestingly, using ex vivo fluorescence imaging (Figure 4b),
NKEXOs showed tumor-specific accumulation as early as 6 h post-injection. In the second method,
a subcutaneous tumor mice model was used. The dual fluorescently labeled cocktail (let-7a loaded
dendrimers: FAM, green and NKEXOs: PKH-26, red) was intravenously injected. As demonstrated by
two-photon excited scanning fluorescence imaging (TPEFI), miRNA loaded dendrimers were found in
the tumor tissues as early as 20 min after administration (Figure 4c; Video S2). These results indicate
that our cocktails are suitable for highly efficient tumor-targeted delivery. In this regard, CXCR4
presence in NKEXOs has been shown which intimately linked to the accumulation at specific organs,
and CD47 presence is a “don’t eat me” signal for phagocytic cells to achieve longer circulation times
(Figure 4d) [36–38]. Both molecules potentially promoted NNs to target primary tumors and organ
specific metastasis more accurately and actively.

Finally, we evaluated the in vivo antitumor effect of the cocktails. Mice bearing tumors induced by
CHLA-255-luc cells were randomly sorted into five groups (n = 3 per group). As indicated in Figure 4e,
a pronounced suppression of tumor growth was observed in the animals treated with cocktail-let-7a.
Notably, the signal intensity of the cocktail treatment group was significantly lower than that of the
NKEXO group (p < 0.05), further indicating that the let-7a was efficiently and successfully carried to
tumor cells by NNs and exerted a synergistic antitumor effect with NKEXOs (Figure 4f,g).
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Figure 4. In vivo biodistribution and anti-tumor effect of the NN/NKEXO cocktail. (a) Bioluminescence
(Luc) and miRNA fluorescence (Cy5) images of major organs of the NOD/SCID mice bearing systemic
CHLA-255-luc tumors 6 h after intravenous (i.v.) injection of Cy5-let-7a, Cy5-let-7a-dendrimers
and Cy5-labeled NN/NKEXO cocktail: 1) Heart; 2) lung; 3) liver; 4) kidney; 5) spleen and 6) tumor.
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(b) Bioluminescence (Luc) and fluorescence images of major organs 6 h after i.v. injection of DiR-labeled
NN/NKEXO cocktail made of 5.28 μg of let-7a and 100 μg of NKEXOs. (c) In vivo two-photon excitation
fluorescence images of the CHLA-255luc subcutaneous tumor model 20 min after i.v. injection of 400 μL
dual fluorescently labeled NN/NKEXO cocktail made of 5.28 μg of let-7a and 100 μg of NKEXOs.
(d) Expression of functional proteins (CD47 and CXCR4) was confirmed by WB. (e) Experimental
protocol for CHLA-255luc-NOD/SCID mice shown in (f). (f) Bioluminescence imaging (BLI) performed
in CHLA-255luc-NOD/SCID mice treated with different cocktail formulations at let-7a dose of 5.28 μg
and NKEXO dose of 100 μg (n = 3). (g) Quantification of BLI results. Each bar represents mean ± SD of
three replicates. * p < 0.05 and ** p < 0.001.

3. Discussion

An ideal nanomedicine for cancer therapy should elicit minimal immunogenicity. In the traditional
membrane preparation processes, the use of integrated NKEXOs as shells of nanoparticles avoids
potential contamination with immunogenic substances. The advantage of NK cells, a source of
NKEXOs, is that it can act as an off-the-shelf product for allogeneic settings [27]. NKEXOs also exhibit
the benefits of being stable vesicles that maintain their biological activities for at least two years at
−80 ◦C [39]. These properties make them more suitable for clinical applications.

Although the exact mechanisms by which NKEXOs specifically target tumors are not clear,
the following clues may explain this targeting and guide further research in this area. CXCR4 is
one of the best-characterized chemokine receptors mediating leukocyte trafficking [40]. Moreover,
its ligand, SDF-1a, is released in large amounts by some tumor or organs, such as the lung and
liver [36,37]. The interaction between SDF-1 and CXCR4 also plays an important role in cancer
metastasis [41,42]. NKEXOs, expressing CXCR4 as determined in our study, likely induced NNs to
leave systemic circulation and traffic into tumors or organs. In this context, NNs had the potential to
become “prophylactic” anti-metastatic agents.

However, we note that in our experiments the number of experimental animals was relatively
small with a short observation period. Besides, more details of the coating progress from a chemical
standpoint were not provided.

Given the distinct advantage of being easy to generate and having good clinical application
prospects, we believe further research in this field will resolve the aforementioned limitations.
To this end, this cocktail strategy is expected to offer new opportunities for the advancement of
cancer nanomedicine.

4. Materials and Methods

4.1. Cell Culture

The human breast cancer cell lines MDA-MB-231 and human embryonic kidney cell lines 293T
were propagated in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gibco)
and 1% penicillin-streptomycin (Hyclone, Logan, UT, USA). Human neuroblastoma cells CHLA-255
were incubated in IMDM (Gibco) with 20% FBS and 1% penicillin-streptomycin. All cell lines were
purchased from the American Type Culture Collection (ATCC). Both MDA-MB-231 and CHLA-255 cells
were transfected by Nucleofection™ (Lonza, Cologne, Germany) with a firefly luciferase expression
plasmid. All cells were maintained in a humidified 5% CO2 atmosphere at 37 ◦C.

4.2. Preparation and Function of NK Cell Derived Exosomes

4.2.1. Isolation of Exosomes

We isolated NK cell-derived exosomes using differential ultracentrifugation according to the
literature. On day 21, NK cell culture supernatants were harvested after a preliminary centrifugation
at 400× g for 10 min to eliminate cells. The supernatants were centrifuged first at 2000× g for 10 min
and then at 10,000× g for 70 min to remove dead cells and cell debris, followed by an additional
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centrifugation step at 100,000× g for 70 min in a 70Ti ultracentrifuge rotor (Optima™XPN-100, Beckman,
Brea, CA, USA) to obtain pellets containing raw exosomes. The pellets were then purified by washing
them with PBS and centrifuged at 100,000× g for another 70 min. The isolated exosomes were
resuspended in PBS (100:1 enrichment) and stored at −80 ◦C before use. All procedures were carried
out at 4 ◦C. We isolated exosomes from the 293T culture medium in the same way.

4.2.2. Measurement of Particle Size

A dynamic light scattering (DLS) system equipped with a 532-nm laser (Malvern Instruments,
Malvern, UK) was used for exosome particle size analysis. Samples were diluted before analysis (10 μL,
1:100 diluted in PBS) and each sample was measured three times. Data was collected and analyzed
by Dispersion Technology Software (Malvern Instruments). The size distribution was measured by
signal intensity and the Z-average diameter obtained from the autocorrelation function using the
general-purpose mode.

4.2.3. Determination of Protein Concentration

Protein concentration in isolated exosomes was calculated by the bicinchoninic acid protein assay.
Briefly, 25 μL of an aqueous suspension of isolated exosomes after lysis were added to 200 μL of
standard working reagent in wells of a 96-well plate. Absorbance of the mixture was determined at
562 nm with a microplate reader and the protein concentration estimated. A calibration curve was
constructed using bovine serum albumin as protein standard.

4.2.4. Western Blotting (WB) Analysis

Presence of marker proteins in exosomes was analyzed and confirmed by WB. Proteins from lysed
cells or isolated exosomes were denatured and loaded onto sodium dodecyl sulfate polyacrylamide gels,
transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA), and subsequently
stained with the corresponding primary and secondary antibodies. The following antibodies were
used for WB analysis according to manufacturer’s instructions: Anti-ALIX polyclonal antibody
(12422-1-AP, Proteintech, Rosemont, IL, USA), anti-CD47 polyclonal antibody (ab108415, Abcam,
Cambridge, MA, USA), anti-CXCR4 polyclonal antibody (35-8800, Invitrogen, Waltham, MA, USA
), anti-TSG101 monoclonal antibody (4A10, Abcam), anti-human CD63 polyclonal antibody (556019,
BD Biosciences) and anti-cytochrome C antibody (10993-1-AP, Proteintech). The BioRad ChemiDoc
Touch imaging system (BioRad, Hercules, CA, USA) was used to analyze the bands after incubation
with the corresponding goat anti-mouse- or goat anti-rabbit-HRP secondary antibody conjugates
(1:5000 dilutions). The densitometry readings of each band were calculated by ImagJ (NIH, Bethesda,
MD, USA).

4.2.5. Transmission Electron Microscopy (TEM)

Morphology of the isolated NKEXOs was studied by TEM. A small drop (about 10 μL) of exosomes
was dropped onto the Formvar/carbon-coated TEM grid. After settling for approximately 1 min, excess
water was removed by touching the grid with a piece of filter paper. Next, the grid was covered
with a small drop of 2% uranyl acetate. After drying for ten seconds, the copper nets were examined
with a Tecnai T10 TEM (FEI, Oregon, OH, USA) operated at 120 kV. The morphology of the PAMAM
dendrimers and NNs was also imaged by TEM following similar steps.

4.2.6. Samples Labeling

To label isolated exosomes and let-7a loaded PAMAM, different labeling assays were performed.
We added 2 μL of red lipophilic fluorescent dye PKH26 (Sigma-Aldrich, St. Louis, MO, USA) to
500 μL of Diluent C (Sigma-Aldrich). The mixture was then added to the isolated NK derived
exosomes and mixed gently for 5 min at room temperature followed by addition of 1% BSA
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(1 mL) to facilitate the binding of the excess dye. Next, samples were washed with PBS and
ultracentrifuged at 100,000 g for 70 min and the pellets resuspended in PBS. The fluorescent dye
1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide (DiR; Invitrogen) was also used to
label exosomes. Purified exosomes were incubated in 1 μM DiR at a concentration of approximately
350 μg of exosomes per mL for 15 min at 37 ◦C, and washed as described above. FAM-labeled miRNA
and cy5-labeled miRNA were both synthesized by Genepharma (Shanghai, China).

4.3. Cellular Uptake Assay

PKH26-labeled NKEXOs were incubated with MDA-MB-231 cells for 24 h in a humidified
5% CO2 atmosphere at 37 ◦C. Subsequently, cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 20 min. Aliquots (5 μL) of the cell suspension were placed in clear microscope
slides, covered with a drop of FluorSaveTM Reagent (Invitrogen) and mounted with a coverslip. Images,
including z-axis projection images, were taken using a Nikon A1R (Nikon instruments, Melville, NY,
USA) confocal laser scanning microscope. The uptake of the NN/NKEXO cocktail by CHLA-255 cells
was also imaged following similar steps after incubating for 12 and 24 h.

4.4. Flow Cytometry

FAM-labeled let-7a loaded PAMAM and PKH26-labeled NKEXOs were coupled to fabricate the
nanoparticle cocktail as indicated before. To quantify the cellular uptake of the cocktail by tumor cells,
CHLA-255 cells (105 cells per well) were cultured with the NN/NKEXO cocktail made of let-7a (0.5 μg)
and NKEXOs (50 μg), PBS or equivalent 293N/293Exo cocktail between 12 to 48 h, harvested, and
washed twice with PBS. Then, the samples were centrifuged and the supernatants decanted. Cells
were resuspended and collected before analysis with a Cytoflex flow cytometer (Beckman Coulter,
Life Science, Indianapolis, IN, USA).

4.5. Preparation of the NN/NKEXO Cocktail

To prepare NN/NKEXO cocktails in this study, 0.05/0.5/5.28 μg let-7a mimics (Genepharma)
were added to dendrimers following manufacturer’s instructions (SL100568, SignaGen Laboratories,
Rockville, MD, USA) and mixed thoroughly to react at 4 ◦C for 15 min. The resulting let-7a loaded
PAMAM were precipitated at high-speed (10,000 rpm) for 30 min to remove excess let-7a. Subsequently,
40/50/100 μg of NKEXOs suspension were added to the precipitated let-7a loaded PAMAM respectively
and the mixture incubated for 24 hours at 4 ◦C. To obtain NNs, the NN/NKEXO cocktail was precipitated
at high-speed (10,000 rpm) for 30 min and resuspended in PBS. The supernatants with excess NKEXOs
were used for TEM and the precipitated NNs for both Western blotting analysis and TEM. The same
procedure was used in fabricating another cocktail in this study.

Confocal laser scanning microscopy (Nikon A1R) was used to validate whether NKEXOs were
successfully fused with the let-7a loaded-PMAM. Exosomes and let-7a mimics were fluorescently
labeled by PKH26 and FAM, respectively. Laser excitation of PKH67 and FAM was done sequentially
using 586- and 488-nm lasers.

4.6. In Vitro Cytotoxicity

To evaluate NKEXO cytotoxicity, MDA-MB-231 breast cancer cells and CHLA-255 neuroblastoma
cells were transfected with the firefly luciferase gene to quantify target cell survival using
bioluminescence. MDA-MB-231-luc and CHLA-255-luc cells (104 cells per well) were cultured
with different quantities of NKEXOs (10, 20 and 40 μg) in clear-bottomed 96-well plates for 24 h.
The culture medium was discarded and cells washed with PBS three times, followed by the addition
of 120 μL of cell lysis buffer from a luciferase reporter Gene Assay kit (Yisheng, Shanghai, China).
The 96-well plates were then shaken in a micro-shaker at room temperature for 15 min to fully lyse the
cells. Next, the pyrolyzed lysates were centrifuged at 10,000 rpm for 3–5 minutes. After centrifugation,
100 μL of the supernatants from each well were transferred to a clear-bottomed 96-well plate, and 100 μL

340



Cancers 2019, 11, 1560

of firefly luciferase assay reagent added. Bioluminescent signals of the mixture were measured by the
IVIS® Lumina III imaging system (PerkinElmer, Santa Clara, CA, USA) and expressed as photon flux
(photons/s). All experiments were done in triplicate from independent cell cultures.

To evaluate the cytotoxicity of cocktail-let-7a against the neuroblastoma cells in vitro,
CHLA-255-luc cells (104 cells per well) were treated with NKEXOs, let-7a alone or cocktail-let-7a
containing 40 μg NKEXOs and 0.05 μg let-7a. Bioluminescent signals of the mixture were measured by
an automatic ELISA plate reader and the relative light unit read at 562 nm.

4.7. In Vivo Animal Experiments

In vivo analysis was performed using specific pathogen-free, 6-week-old, female NOD/SCID mice
(Slaccas, Shanghai, China). All animal experimental protocols were conducted in accordance with all
national guidelines and regulations, and approved by the Animal Ethics Committee (NO. 2018R03042).

4.7.1. In Vivo Targeting Capability of the Nanoparticle Cocktail

The cocktail was labeled with Cy5-let-7a loaded PAMAM or DiR-NKEXOs. Then, 5 × 106

CHLA255 cells were intravenously injected into mice, which were randomly separated into four
groups after 21 days in captivity. Animals in one group received intravenous injections containing
400 μL of labeled cocktail with identical amounts of let-7a (5.28 μg) and NKEXOs (100 μg). A second
group received let-7a loaded PAMAM and the third group received let-7a only. At the end of the
experiment (6 h after injection), the mice were euthanized and dissected tissues (heart, lung, liver,
kidneys, spleen, livers and tumors) were imaged immediately. Fluorescence imaging was performed
using the IVIS® Lumina III imaging system. Background fluorescence was measured and subtracted
by setting up a background measurement at time of data acquisition. A separate in vivo biodistribution
study was performed using the following procedure. CHLA-255-luc cells (2 × 107 cells/200 μL) were
subcutaneously injected into the forward thighs of NOD/SCID mice. After 14 days, the mice were
anesthetized and the subcutaneous tumor tissue was carefully exposed using surgical scissors. Mice
were injected intravenously with 400 μL of a cocktail made of FAM-labeled miRNA let7a (5.28 μg) and
PKH26-labeled NKEXOs (100 μg). After 20 min, in vivo two-photon confocal microscopy (Olympus
BX61, Olympus America, Center Valley, PA, USA) was performed to detect each fluorescence signal
from the subcutaneous tumor.

4.7.2. In Vivo Antitumor Assay

The ability of the cocktail to inhibit tumor growth was evaluated in a neuroblastoma tumor-bearing
mouse model. Fifteen mice were used in this experiment. Briefly, CHLA-255-luc cells (107 cells/500 μL)
were i.v. injected into the NOD/SCID mice. Mice were randomly separated into five groups (n = 3)
14 days later, and intravenously injected with different cocktail formulations: NKEXOs, cocktail-let-7a,
PAMAM, let7a or with PBS as control group at let-7a dose of 5.28 μg and NKEXO dose of 100 μg.
The same treatments were repeated after three days. After treatment, bioluminescence imaging (BLI)
was performed with the IVIS® Lumina III imaging system to analyze the cocktail’s therapeutic effect.

4.8. Statistics

Data are expressed as mean ± SD. SPSS Statistics 24 software (IBM, Armonk, NY, USA) and
GraphPad Prism 5 software (GraphPad Software, Inc., San Diego, CA, USA) were used to perform
data analysis using the analysis of variance (ANOVA) function. p < 0.05 values were considered
statistically significant.

5. Conclusions

In summary, we reported the novel strategy for tumor targeting therapy based on NN/NKEXO
cocktail. As displayed in Figure 5, the NNs constituted a novel biomimetic core–shell polymer, formed
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by the self-assembly of two components: (1) A PAMAM dendrimer-based inner core part for loading
gene therapeutic agents and (2) the NKEXO based outer shell facilitating tumor targeting and acting
as a direct antitumor agent. The NKEXOs coating guided NNs to the tumor and interacted with the
plasma membrane of the target cells via endocytosis/fusion or via FasL/Fas. Finally, the therapeutic
miRNA was released and regulated the transcriptome batch or gene of the cell, which performed a
combined anti-tumoral effect with NKEXOs.

Figure 5. Schematic design of the NN/NKEXO cocktail for tumor targeting and drug delivery. (i) Main
components of the cocktail: exosomes derived from NK cells (NKEXOs); exosome camouflaged
core–shell nanoparticles (NNs). CD47 and CXCR4 facilitate a more accurate and active delivery of NNs.
(ii) Interaction of the nanoparticle cocktail with target cells. Both NKEXOs and NNs are involved in
exosome-to-membrane fusion and receptor-ligand interaction. (iii) Mechanisms of cocktail antitumor
effect include perforin/granzyme mediated apoptosis, FasL/Fas mediated apoptosis and the effect of
released therapeutic miRNA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1560/s1,
Figure S1: Confocal laser scanning microscopy examination of MDA-MB-231 cellular uptake of NKEXOs; Table S1:
Parameters of high-content screening (HCS) analysis; Video S1: A rotating 3D rendering of z-stack images showing
the internalization of NKEXOs into MDA-MB-231-luc cells; Video S2: Fluorescence signal of NN/NKEXO cocktail
detected in the tumor tissues using TPEFI.
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Abstract: The balance between the amount of drug delivered to tumor tissue and the homogeneity of
its distribution is a challenge in the efficient delivery of photosensitizers (PSs) in photodynamic therapy
(PDT) of cancer. To date, many efforts have been made using various nanomaterials to efficiently
deliver temoporfin (mTHPC), one of the most potent photosensitizers. The present study aimed to
develop double-loaded matryoshka-type hybrid nanoparticles encapsulating mTHPC/cyclodextrin
inclusion complexes in mTHPC-loaded liposomes. This system was expected to improve the transport
of mTHPC to target tissues and to strengthen its accumulation in the tumor tissue. Double-loaded
hybrid nanoparticles (DL-DCL) were prepared, characterized, and tested in 2D and 3D in vitro models
and in xenografted mice in vivo. Our studies indicated that DL-DCL provided deep penetration of
mTHPC into the multicellular tumor spheroids via cyclodextrin nanoshuttles once the liposomes
had been destabilized by serum proteins. Unexpectedly, we observed similar PDT efficiency in
xenografted HT29 tumors for liposomal mTHPC formulation (Foslip®) and DL-DCL.

Keywords: temoporfin; drug-in-cyclodextrin-in-liposome; hybrid nanoparticles; multicellular
tumor spheroids; cyclodextrins; photodynamic therapy article; yet reasonably common within
the subject discipline

1. Introduction

Nanomaterials are the cornerstone in the rapidly advancing field of nanotechnology, playing a
crucial role in successful drug delivery at diseased sites [1]. To date, many nanoplatforms have been
applied for the delivery of temoporfin (5,10,15,20-tetra(m-hydroxyphenyl)chlorin, mTHPC), one of
the most promising photosensitizers (PSs) used in the photodynamic therapy (PDT) of solid cancers.
Temoporfin has been marketed in the European Union since 2001 under the trade name Foscan® (biolitec
pharma Ltd., Jena, Germany), and is indicated for the palliative treatment of head and neck squamous
cell carcinoma [2]. Nanodelivery systems were supposed to overcome or improve the major constraints
of mTHPC, such as low solubility, unfavorable pharmacokinetic profiles, and side effects (pain upon
injection, skin photosensitivity) [3]. However, due to the complexity of drug distribution processes,
the use of individual NPs offered neither optimal, leakage-free delivery of mTHPC to the tumor nor the
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local release of large amounts of mTHPC. At the same time, multifunctional nanomedicines featuring
high drug loading capacity, controllable drug release, and real-time self-monitoring are attracting
immense interest due to their potential to improve cancer therapy efficacy [4–6].

In the present study, we have suggested combining NPs into one nanoplatform
as an advanced alternative strategy for mTHPC delivery. Recently, we reported the
encapsulation of mTHPC-cyclodextrin (CD) supramolecular complex into liposomes, namely
drug-in-cyclodextrin-in-liposome (DCL), as a prospective nanodelivery system for mTHPC [7].
The upgraded double-loaded mTHPC-DCLs (DL-DCL) contained mTHPC in both lipid and aqueous
compartments of lipid vesicles. We hypothesized that such “matryoshka-type” hybrid liposomes
would combine the advantages of each delivery system (Figure 1). Liposomes are effective containers
for selective mTHPC delivery to target sites [8]. However, liposomes have limited penetration into
deep tissue layers [9,10]. Alternatively, mTHPC/CDs inclusion complexes easily penetrate tumor tissue,
thereby significantly increasing PS accumulation [11]. However, these supramolecular complexes
are prone to dissociation in vivo, once diluted in the bloodstream [12]. Thus, we suggested that the
coupling of both delivery systems intp one DL-DCL could restrain the dissociation of drug–mTHPC
complexes, avoid rapid drug release, and favorably alter PS penetration into tumor tissues.

Figure 1. Double-loaded matryoshka-typemTHPC drug-in-cyclodextrin-in-liposomes (mTHPC-DCLs).
Schematic illustration of the serum-mediated mTHPC release and penetration into the tumor tissue:
(i) serum proteins disintegrate liposomal bilayer resulting in (ii) redistribution of lipid bilayer
components (lipids and mTHPC) to serum lipoproteins (iii) as well as the release of water-soluble
mTHPC/CD (cyclodextrin) inclusion complexes. Liposomes (blue arrow, Foslip®) and serum
lipoproteins (purple arrow) interact only with outer layer cells, while CDs (green arrow) can penetrate
the tumor tissue and deliver PS.

In the present work, we prepared and characterized DL-DCLs and tested these complexes in
2D and 3D tumor cell cultures. We focused on the study of double-loaded mTHPC-DCLs in 3D
multicellular tumor spheroids in terms of PS penetration and accumulation. Finally, we conducted a
preliminary study on double-loaded mTHPC-DCL efficacy in vivo in tumor-xenografted mice.
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2. Results

2.1. Characterization

We prepared DL-DCLs with mTHPC encapsulated in the lipid membrane as well as in the aqueous
core in the soluble form of inclusion complexes with β-CDs. Abbreviations MD and TD stand for
DL-DCL with encapsulated mTHPC-Methyl-β-CD or mTHPC-Trimethyl-β-CD complexes, respectively.
The hydrodynamic size, polydispersity index (PDI), and Zeta-potential of MD and TD were measured
by dynamic light scattering. Both DL-DCLs had a narrow size distribution with a mean hydrodynamic
diameter of 143.2 ± 1.5 nm for MD (PDI = 0.055 ± 0.033) and 122.9 ± 1.1 nm for TD (PDI = 0.040 ± 0.013)
(Figure 2). The surface charge of MD and TD was negative, with Zeta potentials of −36.2 ± 4.3 mV and
−37.5 ± 1.6 mV, respectively. It is worth noting that DL-DCLs have high colloidal stability (>3 months)
(data not shown). The encapsulation efficiencies (EE) of mTHPC in MD and TD were estimated as 11%
and 16%. As control NPs, we used a conventional liposomal mTHPC formulation (Foslip®) with a
hydrodynamic size of 114.2 ± 1.0 nm (PDI = 0.110 ± 0.015) and a Zeta potential of −34.4 ± 4.3 mV.

Figure 2. The hydrodynamic size of Foslip® (black) and DL-DCLs: MD (red) and TD (blue).
Insert shows the physico-chemical characteristics of the NPs of hydrodynamic diameter (nm),
polydispersity index (PDI), Z-potential (mV), and encapsulation efficiency (EE,%). *—taken from
Reference [13]. Abbreviations MD and TD stand for DL-DCL with encapsulated mTHPC-Methyl-β-CD
or mTHPC-Trimethyl-β-CD complexes, respectively.

Spectral characteristics of mTHPC-based nanoformulations in PBS are presented in Figure 3.
All mTHPC formulations exhibited narrow spectral bands, indicating the monomeric state of mTHPC.
The absorption spectra of Foslip®, MD, and TD in PBS were characterized by a Soret band (maximum
at 416 nm) and four Q-bands with prominent peaks at 650 nm (Figure 3a). The extinction coefficients
of mTHPC in DL-DCLs were slightly higher (35,400 M−1cm−1 and 37,200 M−1cm−1) than that of
Foslip® (31,100 M−1cm−1). The mTHPC fluorescence was emitted at 652 nm for all NPs. The relative
fluorescence quantum yield (FY) of mTHPC encapsulated in DL-DCLs was comparable with Foslip®

and was only 20% lower than a standard mTHPC ethanol solution. Figure 3b exhibits the excitation
fluorescence spectra of mTHPC in various NPs in the Soret band region, which is considered to be
sensitive to the binding of mTHPC with β-CDs [14]. The relative fluorescence in a short wavelength
shoulder was significantly increased in DL-DCLs compared with Foslip® due to the formation of
inclusion complexes between mTHPC and β-CD derivatives. To assess the changes in the shape of
spectral band, we calculated I1/I2, where I1 and I2 stand for the fluorescence intensities at 407 nm and
418 nm excitation, respectively. The calculated I1/I2 ratios for mTHPC in MD and TD were 0.88 and
1.00, while that of Foslip® was 0.80 (Figure 3b, insert). The microenvironment of mTHPC in NPs could
also be characterized using fluorescence parameters such as fluorescence anisotropy and photoinduced
fluorescence quenching (PIQ). Consistent with our previous report [13], the fluorescence anisotropy (r)
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of mTHPC in Foslip® was 6.2 ± 0.4%, and the PIQ was 12 ± 2 % (Figure 3b, insert). In DL-DCL, both
fluorescence anisotropy and PIQ values were increased, providing r = 7.3 ± 0.6% and PIQ = 21 ± 5%
for MD, and r = 9.9 ± 0.7% and PIQ = 33 ± 5% for TD. Based on these values, we assessed that about
70% of mTHPC in the DL-DCLs was attached to the lipid bilayer, while 30% of PS was bound to CDs
in the inner aqueous cores of the lipid vesicles.

Figure 3. Spectral characteristics of Foslip® (black), MD (red), and TD (blue) in PBS. (a) Absorbance
(solid line) and fluorescence emission (dotted line) spectra (λex = 420 nm); (b) normalized fluorescence
excitation spectra (λem = 652 nm). mTHPC concentration was 1.5 μM. Insert shows the main spectral
characteristics of NPs, such as extinction coefficient at 650 nm (ε650); FY—fluorescence yield, relative to
the fluorescence of mTHPC in ethanol; r—the degree of fluorescence anisotropy; PIQ—the degree of
photoinduced quenching; I1/I2—the ratio of Soret band components (I1 and I2 were measured under
excitation at 407 nm and 418 nm, respectively, and emission at 652 nm).

2.2. Two-Dimensional (2D) Monolayer Cell Culture

The cellular uptake of mTHPC delivered by Foslip® or DL-DCLs was analyzed by flow cytometry.
Flow cytometry histograms of HT29 human colon adenocarcinoma monolayer cells treated for 24 h
with Foslip®, MD, and TD (1.5 μM) are presented in Figure 4a. All profiles had a narrow homogeneous
distribution. The accumulation of mTHPC in HT29 monolayer was slightly lower for TD compared
with MD and Foslip®. The estimated mean cellular fluorescent intensities for Foslip® and MD were
140 ± 14 a.u. and 149 ± 21 a.u. (p > 0.05), respectively, while that for TD was significantly lower
(80 ± 9 a.u.; p < 0.05).
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Figure 4. (a) Flow cytometry histograms of HT29 monolayer cells treated with Foslip® (black), MD,
(red) and TD (blue) for 24 h; (b–d) Typical confocal images of mTHPC fluorescence in HT29 monolayer
cells at 3 h post-incubation with (b) Foslip®, (c) MD, and (d) TD. Scale bar: 10 μm. The concentration
of mTHPC was 1.5 μM. Serum concentration was 2%.

Intracellular localization of mTHPC in HT29 monolayer cells was evaluated using confocal
microscopy after 3 h of incubation (Figure 4b–d). No remarkable difference in intracellular mTHPC
localization between Foslip® and DL-DCLs was observed. All NPs exhibited a similar mTHPC
fluorescence pattern in cells, characterized by diffuse fluorescence in the cytoplasm outside both the
nucleus and outer plasma membrane. Similar localization patterns were observed in human pharynx
squamous cell carcinoma (FaDu) (Figure S1).

2.3. Three-Dimensional (3D) Multicellular Tumor Spheroids

2.3.1. Accumulation and Distribution

We performed chemical extraction of mTHPC from HT29 spheroids after 3, 6, and 24 h incubation
with Foslip® or DL-DCLs (4.5 μM) (Figure 5a). Accumulation of mTHPC in spheroids for all NPs
increased continuously over 24 h. At short incubation times (3 and 6 h), mTHPC accumulation was
slightly but significantly higher in TD-treated spheroids compared to those treated with Foslip®

(p > 0.05). At 24 h incubation, the highest amount of mTHPC was observed in MD-treated spheroids
(17.3 ± 2.9 ng/spheroid), although it was not significant compared with TD and Foslip® (14.6 ± 2.3 and
11.9 ± 2.6 ng/spheroid, respectively; p > 0.05).

Afterwards, we assessed the accumulation of mTHPC in individual cells in spheroids using
flow cytometry analysis (Figure 5b–e and Figures S2 and S3). Figure 5b–d displays the kinetics of
mTHPC uptake in HT29 spheroids treated with various nanoformulations. We observed that Foslip®

continuously accumulated from 3 h incubation, but only in a small fraction of cells, thus resulting in a
strongly heterogeneous distribution of mTHPC across the spheroids. On the other hand, spheroids
treated with MD demonstrated a more homogeneous distribution, especially visible after 24 h of
incubation (Figure 5e). Figure 5e displays a typical distribution of mTHPC in HT29 spheroids treated
with nanoformulations, while the histograms from independent experiments are presented in Figure
S2. Finally, the fluorescence in TD treated spheroids represented one narrow peak in the histogram
irrespective of incubation time, indicating an almost homogeneous mTHPC distribution across
spheroids. FaDu spheroids were assessed after 24 h incubation with nanoformulations (Figure S3).
Foslip® and TD provided distribution profiles in FaDu spheroids similar to those in HT29 spheroids,
while the MD distribution was more heterogenous compared with that in HT29.
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Figure 5. (a) Kinetics of mTHPC uptake in HT29 spheroids after incubation with Foslip® (black),
MD (red), and TD (blue) using chemical extraction in absolute ethanol. The data are presented as mean
± standard deviation. * p < 0.05 compared to Foslip®; (b–e) Typical flow cytometry histograms of
trypsinized spheroids treated with (b) Foslip®, (c) MD, and (d) TD at 3, 6 , 15, and 24 h post-incubation.
(e) Typical flow cytometry histograms of HT29 spheroids treated with Foslip® (black), MD (red), and
TD (blue) for 24 h. mTHPC concentration was 4.5 μM. Serum concentration was 2%.

2.3.2. Penetration

To confirm the results of the flow cytometry-based distribution, we analyzed cryosections of
spheroids treated with NPs for 24 h using laser scanning confocal microscopy (Figure 6a). For a
better comparison of mTHPC distribution in spheroids, the images were completed with surface
plots of fluorescence patterns (Figure 6b). As seen in Figure 6a,b, Foslip® and MD displayed strong
mTHPC fluorescence only on the periphery of the spheroids, while for TD, mTHPC fluorescence
was observed across the whole spheroid, demonstrating complete PS penetration. Similar patterns
of mTHPC distribution were observed in FaDu spheroids treated with Foslip® and TD (Figure S4).
The comparison of linear profiles demonstrated a slightly deeper penetration of MD in HT29 spheroids
compared with Folsip®. However, the mTHPC fluorescence signal at 100 μm from the periphery of
the spheroids was undetectable for both formulations. At the same time, the fluorescence of mTHPC
delivered by TD was almost constant throughout the whole spheroid depth.
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Figure 6. (a) Typical fluorescence images and corresponding (b) surface plots of mTHPC fluorescence
in HT29 spheroids after 24 h incubation with various mTHPC formulations (Foslip®, MD, and TD);
(c) penetration profiles of Foslip® (black), MD (red), and TD (blue) in HT29 spheroids after 24 h. The
data are presented as mean ± standard deviation obtained from n = 7 spheroids. mTHPC concentration
was 4.5 μM. Serum concentration was 2%. mTHPC fluorescence is displayed in red color (2D images)
and in pseudo-colors (3D surface plots).

2.3.3. Serum-Induced Release of CDs

In order to confirm the release of CDs upon serum-induced destabilization of the liposomal
vesicles, we analyzed mTHPC fluorescence intensities in the medium supplemented with serum
at different concentrations (Figure 7a). After 24 h incubation of spheroids with NPs, the collected
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supernatant was centrifugated, filtered, and analyzed by gel exclusion chromatography. Figure 7b,c
represents the distribution of mTHPC between eluted fractions. Based on the calibration experiment
(data not shown), the elution range of liposomes and DL-DCLs was 30–45 mL, serum protein fractions
were eluted at 50–90 mL, and mTHPC-CD complexes, as the smallest in size, were eluted only at
90–105 mL. The estimated percentage of mTHPC bound to each fraction is displayed in Figure 7d.
According to these data, mTHPC was efficiently released from Foslip® and 50% of PS was bound
to serum proteins in the medium enriched with 2% of serum. When the percentage of serum was
increased up to 9%, only 15% of mTHPC was detected in liposomes. On the other hand, both DL-DCLs
contained higher mTHPC concentrations after 24 h incubation with spheroids compared to Foslip®.
The remaining fraction of mTHPC in MD and TD for 2% of serum was 79% and 76%, respectively,
and 48% and 50% for 9% serum. Most importantly, we directly detected the presence of mTHPC-CD
complexes in the medium after incubation of the spheroids with TD, and the fraction of mTHPC-CD
complexes increased from 13% to 23% when the serum content in the medium increased from 2% to
9%. Alternatively, in the case of MD, the released mTHPC was bound to serum proteins only.

Figure 7. (a) Scheme of the experiment; (b,c) chromatography histograms of culture medium after 24 h
incubation of HT29 spheroids with mTHPC (4.5 μM) in nanoformulations in the presence of (b) 2% and
(c) 9% of serum; (d) the percentage of mTHPC bound with NPs (blue) or serum proteins (red) and in
complexes with CDs (green).

2.4. PDT

Considering that better penetration and distribution of mTHPC delivered by DL-DCLs could
improve PDT efficiency, we assessed the viability of HT29 spheroid cells using a propidium iodide
fluorescent probe. Spheroids, treated with NPs for 24 h were irradiated at 40 J/cm2 (90 mW/cm2),
trypsinated 6 h later, and analyzed by flow cytometry. Cell viability in control (no-drug, no-light) and
(no-light) groups was about 82% for all NPs. PDT resulted in a significant decrease in cell viability,
yielding about 40% necrotic cells. Surprisingly, photoinduced necrosis was similar for all types of NPs
(39 ± 2% vs. 40 ± 4% vs. 41 ± 2% for Foslip®, MD, and TD, respectively; p > 0.05).
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We further studied PDT tumor response in vivo in a xenografted mice model. Kaplan–Meier
plots of tumor response to Foslip®- and TD–PDT are presented in Figure 8. The tumor growth delay
was about 30.7 days for Foslip® and 26.6 days for TD (p > 0.05). For both NPs, the response was
significantly different from the control no-light (n.l.) groups (p < 0.05).

Figure 8. Kaplan–Meier plots of HT29 tumor growth delay and mean tumor growth time (time to
reach 10× the initial tumor volume) of control no-light (n.l.) groups and mice after PDT with Foslip®

and TD at 24 h of drug-light-interval. * statistically different from Foslip® n.l. control group, p < 0.05;
** statistically different from TD n.l. control group, p < 0.05.

3. Discussion

To date, hybrid NPs, combining several nanomaterials in one, have attracted increasing attention
as anti-cancer delivery systems [15]. The careful selection of the combined nanomaterials could result
in a considerable synergistic effect overcoming the individual nanostructures’ limitations. In the case of
mTHPC, a synergy could be achieved by a coupling of CD-based nanoshuttles and liposomes. mTHPC
exhibits an extremely strong affinity to methylated β-CDs (106–107 M−1 for Me-β-CD and TM-β-CD,
respectively [16]) leading to the unique possibility of altering mTHPC biodistribution via a nanoshuttle
mechanism [11,17]. At the same time, liposomal formulations of mTHPC display selective delivery
of PS to tumor tissue [8]. CDs could be regarded as an added value to mTHPC-based liposomes,
and as such, could increase drug loading capacity, entrapment efficiency, prolong the circulation
time of the drug in the bloodstream, reduce toxicity, and finally provide controlled release [18,19].
Thus, we supposed that such a “matryoshka-doll” nanostructure could be a potent delivery system,
providing both passive tumor targeting by liposomes and deep penetration of mTHPC/CD complexes
into the tumor tissue (Figure 1).

Recently, we optimized the composition of mTHPC-DCLs, selecting two of the most potent
DCLs based on methylated β-CDs [7]. In the present study, the lipid bilayers of selected DCLs were
additionally loaded with lipophilic mTHPC, achieving DL-DCLs. Physico-chemical characteristics
(size, PDI, charge, and colloidal stability) of DL-DCLs were similar to those of single-loaded DCLs [7],
and comparable with liposomal mTHPC formulation Foslip® (Figure 2). According to the preparation
technique, the ratio between aqueous volume of liposomes and void volume during the liposome
preparation was low, explaining the low EE values of mTHPC in DL-DCLs [7,20]. The complete
monomerization of mTHPC in all NPs was confirmed by absorption spectra (Figure 3a), and double
encapsulation of mTHPC in DCLs was established using fluorescence spectroscopy (Figure 3b). The
presence of mTHPC/CD complexes led to the increase of I1/I2 ratio [14], demonstrating I1/I2 = 0.88 and
1.00 for MD and TD, respectively, while in the case of Foslip®, I1/I2 was 0.8 (Figure 3b). At the same
time, the high loading of mTHPC in the lipid bilayer resulted in fluorescence quenching [13,21], causing
the decrease of FY, PIQ, and r values (Figure 3b, insert). Overall, 30% of mTHPC was encapsulated in
CD complexes, while the fraction of PS in the lipid bilayer was 70%.
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We further tested DL-DCLs in 2D and 3D in vitro tumor models. In 2D monolayer cell cultures, the
behavior of both double-loaded mTHPC-DCLs was similar to that of Foslip® (Figure 4 and Figure S1),
while in 3D multicellular spheroids, we clearly demonstrated the benefits of matryoshka-type hybrid
liposomes against conventional lipid vesicles. The 3D multicellular tumor spheroids more closely
mimicked the native tumor environment, representing the tumor stroma tissue and offering better
prediction potential when testing the penetration ability of nanomedicines [22]. The data of chemical
extraction of mTHPC from spheroids demonstrated an almost similar amount of mTHPC at various
incubation times (Figure 5a). However, detailed study using flow cytometry showed different profiles
of mTHPC accumulation in the spheroid cells for DL-DCLs and Foslip®. The spheroids treated
with TD displayed a homogeneous distribution between all cells at all time points for both HT29
(Figure 5d) and FaDu spheroids (Figure S2), while for MD and Foslip®, the accumulation of mTHPC
was mainly associated with the PS uptake in a small fraction of cells (Figure 5b,c and Figure S2). At 24 h
post-incubation, MD exhibited a slightly more homogeneous PS distribution in HT29 spheroids than
Foslip® (Figure 6). The fluorescence imaging data of spheroid frozen-cut sections confirmed the almost
homogeneous distribution of mTHPC delivered by TD in both types of spheroid cells (Figure 6 and
Figure S3). In the case of TD, the mTHPC fluorescence signal was uniform for the whole spheroid,
while for MD and Foslip®, a strong peripheral fluorescence signal dropped to background values
at 50 and 100 μM from the spheroid periphery, respectively. In all probability, the observed effect
was related to the presence of mTHPC/CDs in the media due to DL-DCL disintegration, as has been
previously observed for Foslip® [10,23]. Indeed, in the case of TD, chromatography analysis of culture
media after 24 h incubation of NPs with tumor spheroids demonstrated the presence of mTHPC/CD
complexes. To confirm the serum-induced destruction of DL-DCLs, we demonstrated the increase
of the mTHPC-TM-β-CD fraction in the medium supplemented with 9% of serum compared to 2%
(Figure 7). It is worth noting that the MD-treated samples contained a similar amount of mTHPC in
NPs, while all released mTHPC in the medium was localized only in serum proteins. Compared with
TM-β-CD, Me-β-CDs possess less affinity to mTHPC [17]; thus, the equilibrium distribution of mTHPC
is shifted to serum proteins [18]. Therefore, we suppose that the lifetime of mTHPC-Me-β-CDs was
too short to penetrate the deep layers of spheroids, and mTHPC released from the MD was quickly
redistributed to both serum proteins and the nearest tumor cells by Me-β-CDs, while long-living
mTHPC-TM-β-CD complexes could easily penetrate to the deep tissue regions.

Finally, we assessed the PDT efficiency of TD and MD in 3D multicellular tumor spheroids in vitro,
and of TD in xenografted mice in vivo. Despite the remarkable difference in penetration profiles,
PDT-induced cell death in spheroids treated with TD and MD was similar to Foslip®. The same
tendency was observed in the xenografted mice model: the difference in mean tumor growth delay
for both TD and Foslip® was about 30 days (Figure 8). We likely did not achieve the desired balance
between the accumulation and distribution of PS in the tumor. We suggest that increasing the TD
concentration could be helpful in exceeding the threshold of intracellular PS accumulation needed for
efficient DCL-PDT photokilling.

4. Materials and Methods

4.1. Materials

mTHPC and its liposomal formulation (Foslip®) were kindly provided by biolitec research GmbH
(Jena, Germany). The stock solution of mTHPC (2 mM) was prepared in methanol and kept at 4 ◦C in the
dark. Foslip®, based on dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylglycerol
(DPPG) liposomes with a mTHPC/lipid ratio of 1:12 (mol/mol), was prepared by solubilizing powder
in ultrapure water (UPW, Milli-Q® Advantage A10® System, Millipore, Eschborn, Germany) to a final
mTHPC concentration of 2 mM.

Random methyl-β-cyclodextrin (Me-β-CD; product code CY-2004.1,29; substitution degree of
12, average molecular weight 1135 Da) and heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin (TM-β-CD;
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product code CY-2003,34; molecular weight 1429.6 Da) were purchased from CYCLOLAB R&D. Ltd.,
(Budapest, Hungary). DPPC and DPPG were purchased from Sigma (USA).

4.2. DL-DCL Preparation

DCLs were prepared by the thin lipid film hydration method, as described previously [7]. Briefly,
inclusion complexes of mTHPC with β-CDs were formed using the solvent co-evaporation method in
UPW. DPPC/DPPG liposomes loaded with mTHPC were prepared by membrane extrusion technique
according to the previously published procedure, yielding unilamellar liposomes [24]. These liposomes
contained DPPC and DPPG at a molar ratio of 9:1, with a final lipid concentration of 15 mg/mL.
To obtain DL-DCLs, mTHPC was added at the step of the preparation of lipid mixture at a molar
drug/lipid ratio of 1:15, and mTHPC/β-CD inclusion complexes were encapsulated at the lipid film
hydration step. The purification of DCLs from the non-encapsulated mTHPC/β-CDs in the medium
was performed using a minicolumn chromatography technique [25].

4.3. Cell Lines

HT29 human colon adenocarcinoma cell line was purchased from ATCC (LGC Promochem,
Molsheim, France). FaDu (human pharynx squamous cell carcinoma) cell line was purchased from
ATCC (Cat. No: ATCC1 HTB-43™). Cells were cultured in phenol red-free Roswell Park Memorial
Institute 1640 medium (RPMI-1640, Invitrogen™, Carlsbad, California, USA), supplemented with
9% (vol/vol) heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), penicillin
(10,000 IU) streptomycin (10,000 mg/mL) and 1% (vol/vol) 0.2 M glutamine (Invitrogen™, Carlsbad,
California, USA). Cells were kept as a monolayer culture in a humidified incubator (5% CO2) at 37 ◦C.
Cell culture was reseeded every week to ensure exponential growth.

4.4. Multicellular Tumor Spheroid Model

HT29 MCTSs were initiated as previously described [26]. Briefly, flasks coated with 1% L-agarose
were seeded with 5 × 104 HT29 cells/mL. After three days, cellular aggregates were transferred into
spinner flasks (Integra Biosciences, Cergy Pontoise, France) containing 125 mL RPMI-1640 medium
supplemented with 9% FBS. Spinner flasks were placed under constant agitation at 75 rpm at 37 ◦C
(5% CO2, humidified atmosphere) for 15 days. Spheroids were filtered to approximatively 500 μm in
diameter before conducting experiments.

MCTSs were generated from FaDu cells using the liquid overlay technique (LOT), as described
previously [27]. Briefly, 100 μL of FaDu cells (5 × 104 cells/ml) and 100 μL of full RPMI medium were
added to each well of a 96-well plate previously coated with 1% agarose (w/v in water), and cultured
at 37 ◦C, 5% CO2 for 5 days before being taken into experiments.

For dissociation, spheroids were transferred into a 12-well plate, washed twice with PBS
and further incubated with 0.025% trypsin (GIBCO™, ThermoFisher, Waltham, MA, USA) and
0.01% ethylenediaminetetraacetic acid (GIBCO™, ThermoFisher, Waltham, MA, USA). For complete
trypsinization, the plate with spheroids was placed on a rotatory shaker (60 rpm) for 30 min in subdued
light. After dissociation, trypsin action was inhibited by the addition of 3 mL complete culture
medium (9% FBS), and the cell suspension was centrifuged to a pellet and further re-suspended in a
fresh medium.

4.5. Fluorescence Staining

For in vitro cell experiments, stock NP solutions were diluted in RPMI-1640 supplemented
with 2% heat-inactivated fetal bovine serum (FBS, Life Technologies, Carlsbad, California, USA) to
obtain the final mTHPC concentration of 1.5 μM for 2D monolayer cells and 4.5 μM for 3D tumor
spheroid experimentation.

For the 2D monolayer cell culture, cells (5× 104 cells/mL) were seeded in 24-well plates for 72 h and
then incubated with Foslip®, MD, or TD (1.5 μM). In the case of 3D cell culture, before incubation with
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mTHPC NPs (4.5 μM), spheroids were washed with serum-free RPMI-1640 medium. PS incubation
was performed in the dark at 37 ◦C in a humidified 5% CO2 air atmosphere.

4.6. Animal Model

All experiments were performed in accordance with animal care guidelines from the European
Union and were approved by the appropriate authority. The animal project registered under the
number (#2438) received a favorable assessment from the Ethics Committee and was approved by the
French Higher Education and Research Minister. All procedures involving animals were performed
under general anesthesia with inhaled isoflurane (Vetflurane; Virbac, France) using a Univentor
400 anesthesia unit (Genestil, Royaucourt, France). Mice were housed in filtered air cabinets with
a 12 h light/dark cycle at 22–24 ◦C and 50% humidity, provided with food and water ad libitum,
and manipulated following aseptic procedures. Female NMRInu/nu mice (Janvier, St Berthevin, France)
aged 9–10 weeks were used, with a mean bodyweight of 30 ± 3 g. Mice were inoculated subcutaneously
in the left flank with 8 × 106 exponentially growing HT29 cells and the experiments were initiated
5–7 days after inoculation when the tumors reached 50 mm3 in volume.

4.7. Analytical Techniques

4.7.1. Spectroscopy

Absorption measurements were recorded with a Lambda 35 spectrometer (Perkin Elmer, USA)
and fluorescence measurements were conducted with a LS55B spectrofluorometer (PerkinElmer, USA)
equipped with polarizers, thermostated cuvette compartments, and magnetic stirring for polarization
experiments. The concentrations of mTHPC in DL-DCLs and Foslip® were estimated spectroscopically
(λem = 652 nm) by dissolving nanoparticles in methanol. DL-DCLs were previously purified by
minicolumn chromatography. Fluorescence quantum yield and photoinduced fluorescence quenching
were measured as previously described (λex: 416 nm; λem: 652 nm) [15]. The measurements of mTHPC
fluorescence anisotropy were performed as described earlier (λex: 430 nm; λem: 652 nm) [15]. EE of
mTHPC in DCLs was measured spectroscopically (λem: 652 nm) immediately after extrusion and
purification, as previously described [7].

The hydrodynamic diameter of NPs, polydispersity index, and Z-potential were determined using
photon-correlated spectroscopy by a Zetasizer Nano ZS (Malvern Instruments, UK) as previously
reported [7].

4.7.2. Flow Cytometry

Flow cytometry analysis was performed using a FACSCalibur (BD, Franklin Lakes, NJ, USA),
equipped with lasers emitting at 488 nm and 633 nm. Flow cytometry histograms were obtained from
the suspension of cells after dissociation of 50 NP-treated spheroids. The fluorescence of mTHPC
was detected in the fluorescence channel FL4 with a 661 ± 16 nm filter under excitation at 633 nm.
Propidium iodide (PI) fluorescence was detected in the FL2 channel with a 585 ± 42 nm filter (excitation
at 488 nm). Data analysis was carried out using Flowing Software (Turku Centre for Biotechnology,
Turku, Finland).

4.7.3. Fluorescence Microscopy

HT29 cells (3 × 104 cells/mL) were plated into Lab-Tek II chamber Slide (Roskilde, Denmark),
incubated in the dark at 37 ◦C with 1.5 μM of mTHPC in different formulations for 3 h and then rinsed
with PBS. mTHPC fluorescence was observed with a confocal laser-scanning microscope (Leica SP5 X
AOBS LCSM, Leica microsystem, Wetzlar, Germany). For the 2D monolayer cell culture, fluorescence
images were recorded using an oil immersion ×40 objective. The 3D tumor spheroids were embedded
into a resin ShandonTM CryomatrixTM (ThermoFisher, Waltham, MA, USA), frozen, cut, and 20 μm
thick cryosections were further analyzed by confocal microscopy (×10 objective). Fluorescence of
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mTHPC in FaDu 2D monolayer cells and frozen-cut cryosections of FaDu spheroids was analyzed
using an upright epifluorescence microscope (AX-70 Provis, Olympus, France). The fluorescence
images were obtained using a filter set at 405–445 nm excitation associated with a 570 nm dichroic
mirror and a 590 nm long-pass emission filter for fluorescence measurements.

Analysis of the images was performed with ImageJ (NIH, USA) software. To estimate the
penetration profile of dye in the spheroids, special macros were proposed. Briefly, the spheroid area
was divided into 100 concentric rims, with the diameter decreasing in a linear way. After that we
calculated the mean intensity of pixels in each rim. The final profiles were plotted as mean ± standard
deviation from different cryo-sections (n = 7).

4.7.4. Uptake in Spheroids

mTHPC uptake in spheroids was measured by chemical extraction of mTHPC. After 3, 6, and 24 h
incubation with NPs (4.5 μM), spheroids were dissociated and individual cells were subjected to
the extraction of mTHPC with ethanol (99.6%) as previously described [11]. Briefly, after sonication
(15 min) and centrifugation (5 min, 1500 rpm), mTHPC fluorescence in the supernatant was assessed
(λex: 420 nm; λem: 652 nm).

4.7.5. Chromatography

Chromatographic experiments were performed on a Sigma 1.5 × 75 cm column filled with
Sepharose CL-6B gel (GE Healthcare, USA) pre-equilibrated with PBS, with a total bed volume
of 150 mL. HT29 tumor spheroids were incubated in RPMI-1640 media which was supplemented
with 2% and 9% FBS. The NPs were added at final mTHPC concentration of 4.5 μM. After 24 h
incubation, the supernatant was centrifuged (5 min, 1500 rpm), filtered using a 450 μm Millex® –
HV syringe driven filter unit (Sigma-Aldrich, St. Louis, MO, USA), and injected into the column
using a three-way connector. Fractions of 1 mL were collected by an automated fraction collector.
The column was stored at room temperature and separation was carried out in a partially light-protected
environment to avoid mTHPC photobleaching. Fractions with elution volumes from 25 to 120 mL
were collected and analyzed for mTHPC content using a SAFAS Xenius XM (SAFAS, Monaco, France)
spectrofluorometer, as previosly reported [28]. The mTHPC content in the chromatographic fractions
was estimated by measurements the fluorescence intensity after the addition of 0.2% Triton® X-100
to the samples. The analysis of chromatography histograms was performed using Origin software
(OriginLab, Northampton, MA, USA).

4.8. Photoirradiation of Spheroids

HT29 spheroids were transferred from the spinner flask to 12-well plates and incubated with NPs
for 24 h (4.5 μM). Spheroids were then washed and subjected to irradiation. Irradiation was performed
at 652 nm with a Ceralas PDT diode laser (CeramOptec GmbH, Bonn, Germany) at 40 J/cm2 (fluence
rate of 90 mW/cm2). Control spheroids were exposed to mTHPC only (drug, no light). The viability of
the spheroid cells was assessed by propidium iodide probe. Spheroids were trypsinated 6 h post-PDT
and the obtained cell suspension was stained with 1 μg/mL PI (Biolegend, San Diego, CA, USA) for
15 min in the dark at 37 ◦C, rinsed, and analyzed by flow cytometry.

4.9. Animal Experiments

NPs were administered intravenously by a tail vein injection at a dose of 0.15 mg/kg of mTHPC.
Following the injection, mice were kept in the dark, and experiments were undertaken with minimal
ambient light. Tumor irradiation was performed at 652 nm with a Ceralas PDT diode laser. The mice
were treated 24 h post-administration at a fluence of 10 J/cm2 and the fluence rate of 100 mW/cm2. Just
after PDT and 24 h later, mice received analgesia by subcutaneous injection of a mixture of 0.08 mg/kg
buprenorphine (Axience, Pantin, France) and 1 mg/kg of the non-steroid anti-inflammatory Metacam
(Boehringer Ingelhein, Ingelheim, Germany) Mice were kept in the dark for 7 days after PDT. Three
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times per week, the perpendicular diameters of the tumors were measured to document tumor growth.
Tumor volume (V) was calculated using the equation: V =W2 × Y/2, where (W) and (Y) are the smaller
and larger diameters. Mice were sacrificed when tumor volume reached the ethical size of 1000 mm3.

4.10. Statistics

The data from at least three independent experiments are presented as mean ± standard deviation.
The data were evaluated using nonparametric Mann–Whitney U test (StatViewTM software) with a
significance level of p < 0.05.

5. Conclusions

The complexity of drug distribution processes requires innovative approaches in designing
drug delivery platforms. Hybrid delivery systems have proven to be a powerful tool capable of
combining the benefits of individual NPs intp one nanoplatform. Our study confirmed the advantage
of double-loaded mTHPC-DCLs over a conventional mTHPC liposomal formulation (Foslip®) in
terms of tumor tissue penetration. Altogether, the proposed matryoshka-type lipid vesicles releasing
mTHPC/CD complexes illustrated an optimal PS distribution in in vitro 3D models of tumor tissue.

Unexpectedly, we did not find phototoxic benefits of matryoshka-type liposomes over Foslip® in
multicellular spheroids in vitro or in an animal experiment in vivo, at least under our experimental
conditions. Our ongoing studies address different experimental settings, aiming for matryoshka
system optimization in preclinical models. One of the possible solutions is the incorporation of
stimulus-response moieties in liposomes to promote the release of CD nanoshuttles at the target site.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1366/s1,
Figure S1: Typical epifluorescence images of mTHPC fluorescence in FaDu monolayer cells at 3 h post-incubation
with Foslip®, MD, and TD; Figure S2: Flow cytometry histograms of HT29 spheroids treated with Foslip®,
MD, and TD for 24 h. Figure S3: Typical flow cytometry histograms of FaDu spheroids treated with Foslip®,
MD, and TD for 24 h; Figure S4: Typical brightfield/fluorescence overlay images of mTHPC in FaDu spheroid
cryosections after 24 h incubation with various mTHPC formulations (Foslip®, MD, and TD).
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Abstract: Background: A great number of therapeutic limitations, such as chemoresistance, high
dosage, and long treatments, are still present in cancer therapy, and are often followed by side effects
such as infections, which represent the primary cause of death among patients. Methods: We report pH-
and enzymatic-responsive hybrid clustered nanoparticles (HC-NPs), composed of a PCL polymeric
core loaded with an anticancer drug, such as Imatinib Mesylate (IM), and coated with biodegradable
multilayers embedded with antibacterial and anticancer baby-ship silver NPs, as well as a monoclonal
antibody for specific targeting of cancer cells conjugated on the surface. Results: The HC-NPs
presented an onion-like structure that serially responded to endogenous stimuli. After internalization
into targeted cancer cells, the clustered nanoparticles were able to break up, thanks to intracellular
proteases which degraded the biodegradable multilayers and allowed the release of the baby-ship NPs
and the IM loaded within the pH-sensible polymer present inside the mothership core. In vitro studies
validated the efficiency of HC-NPs in human chronic leukemic cells. This cellular model allowed
us to demonstrate specificity and molecular targeting sensitivity, achieved by using a combinatorial
approach inside a single nano-platform, instead of free administrations. The combinatory effect of
chemotherapic drug and AgNPs in one single nanosystem showed an improved cell death efficacy.
In addition, HC-NPs showed a good antibacterial capacity on Gram-negative and Gram-positive
bacteria. Conclusions: This study shows an important combinatorial anticancer and antimicrobial
effect in vitro.

Keywords: nanoparticles; combinatorial therapy; anticancer and antibacterial activity

1. Introduction

Cancer represents one of the most formidable reasons of death in the world, despite important
advances in oncology. Clinical practice indicates that cytotoxic therapeutic molecules are most effective
when provided in combination, in order to realize synergistic or additive outcomes [1,2], even though
important side effects [3], such as cardiotoxicity and bone marrow suppression [4,5], are reported.
An underestimated important consequence of chemotherapy is represented by infections after treatment
that remain the main cause of hospitalization and death amongst most patients [6]. Combinatorial
cancer therapy, with the aim to prevent infection and to specifically kill cancer cells, can result in
important cutbacks in morbidity and mortality for cancer patients. Recent progress in nano-cancer
therapy represents an important oncological challenge [7]. Nanomedical materials have improved
the gold standard in drug delivery with regards to biodistribution, intracellular uptake, and dosing
efficacy, thanks to the use of nanoparticles (NPs) that are able to load therapeutic agents and specifically
target the disease [8]. Currently, different liposome- and polymer-based NPs have been approved by
the Food and Drug Administration (FDA) for clinical use [7].
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In addition, the development of multifunctional materials for combination therapy via
nanoparticles has emerged as an innovative therapeutic stratagem to attain synergistic combination
effects for cancer therapy [9]. Multifunctional NPs have the ability to deliver different therapeutic
agents and to improve drug efficiency within single administrations, releasing drug at the action site
and reducing side effects [7,10–12]. Recent work has reported that the use of NPs with anti-cancer
properties and chemotherapic drugs for combinatorial cancer therapy have shown an improved efficacy
of chemotherapy, minimizing toxic side effects [13–15].

In this context, inorganic nanoparticles [15], such as silver nanoparticles (AgNPs), have shown
important cancer activity [14,16,17], and numerous studies have described the cytotoxicity of AgNPs as
being accredited to their ability to release Ag ions in the lysosome acid environment, inducing reactive
oxygen species (ROS) production, leading to DNA damage and cell death [18–20]. In addition, the use
of AgNPs as an antimicrobial agent in humans, has been approved by the FDA in situations such as in
burns and wound healing [21].

Recently, we have shown how a combination of two different drugs loaded inside one nanosystem,
such as Poly-caprolactone (PCL) NPs, can be used to overcome the problem of drug resistance, with
low concentrations and showing a synergic effect [10].

In this paper, we move forward from our previous results, proposing to overcome actual clinical
therapeutic problems associated with a high dose of chemotherapic drugs and infections, by developing
hybrid clustered nanoparticles (HC-NPs), which can show combined chemo/antibacterial potential
and therapeutic advantages in order to reach a cancer cure, and in reducing adverse effects such as
infections. The chemo/antibacterial potential of our HC-NPs were investigated on chronic myeloid
leukemia (CML), used as a model of cancer. CML is a stem cell-derived disorder [22], generated by a
BCR-ABL oncoprotein. The current gold standard therapy is represented by tyrosine kinase inhibitors
(TKIs), such as imatinib mesylate (IM). In addition, leukemia stops the bone marrow from producing
enough healthy white blood cells, thus the CML patient is subject to infections.

Our HC-NPs presented an onion-like structure which was composed of compartmentalized
loaded payload polymeric nanovectors functionalized with specific monoclonal antibody (mAb),
in order to specifically target cancer and simultaneously prevent bacterial infections.

Specifically, our nanosystem was composed of two different nanoparticles: a mothership
nanocarrier (size of approximately 200 nm) which represented the inner core, and 30 nm-sized
babyship nanocarriers attached to the surface of the mothership. The mothership nanocarrier was
produced using FDA-approved PCL polymer and was loaded with IM [10] in order to kill leukemia cells.
Babyship nanoparticles were composed of silver in order to induce anticancer and antibacterial effects.

In vitro studies showed excellent anti-leukemic activity of our HC-NPs, thanks to the combinatory
effect of IM and AgNPs that improved cell death efficacy. In addition, our HC-NPs showed a good
antibacterial capacity on Gram-negative and Gram-positive bacteria.

To the best of the authors’ knowledge, this is the first time that a chemo-antibacterial combinatorial
therapy strategy has been developed, which potentiates single drugs and elicits an antibacterial
response. Our strategy may have important therapeutic and pharmacological applications in cancer
therapy, in order to simultaneously kill cancer cells and prevent infections.

2. Results

2.1. Synthesis and Characterization of Hybrid Cluster NPs

Our HC-NPs presented an onion-like structure (Figure 1) in which two different types of NPs
were combined in order to improve the therapeutic efficacy. HC-NPs were composed of (i) a
mothership biodegradable polymeric inner core (PCL), loaded with IM; (ii) an intermediate layer
(capsosoma) composed of pH-sensible chitosan (CH) filled with babyship AgNPs; and (iii) a final
outer layer (enzyme sensible protamine, PRM) functionalized with a specific monoclonal antibody,
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an anti-CD38 [23] antibody (Ab), for cell targeting. The synthesis of hybrid cluster NPs (HC-NPs) are
illustrated in Figure 1.

Figure 1. Illustration of the production of HC-NPs. AgNPs: silver nanoparticles, PRM: enzyme sensible
protamine, PCL: Poly-caprolactone polymer

Prior to assemblage of HC-NPs, the silver (babyship) and PCL NPs (mothership) were synthetized
separately and characterized.

Colloidal suspension of silver nanoparticles (AgNPs) were prepared by reduction of an aqueous
solution containing AgNO3 with NaBH4. The color change of solution from transparent to yellow
indicated the formation of AgNPs, also confirmed by UV-VIS spectroscopy (Supplementary Figure S1).
After the synthesis, AgNPs were centrifuged and resuspended in sodium citrate solution. AgNPs were
shown to have a mean size of about 32 nm with a zeta potential of −27.9 mV (Table 1). Transmission
electron microscopy (TEM) analysis of AgNPs (Supplementary Figure S2A) showed a spherical
morphology and no aggregation.

Core-shell IM-loaded PCL NPs were prepared by an emulsion–diffusion–evaporation modified
method [10], which allowed for the obtaining of NPs with a size of about 228 nm and with a ζ-potential
of –11 mV (Table 1; Supplementary Figure S2B). Before the encapsulation of IM into the hydrophilic
core of PCL NPs, these were complexed with dextran (DXS), an enzyme-sensible polymer [24] that
permitted their controlled release after degradation by intracellular protease.

Hybrid IM-PCL/Ag cluster NPs (HC-NPs) were obtained following different steps (Figure 1).
In order to assemble babyship and mothership NPs to form a capsosoma, the surface of IM-PCL NPs
(mothership NPs) were coated with the layer-by-layer technique (LbL) using chitosan, a pH-sensible
polymer, that allows the initial release of AgNPs in a cytoplasmic environment (Figure 1ii). Subsequently,
a suspension of AgNPs (babyship NPs) was added, and an additional outer layer, due to the electrostatic
interactions, was formed onto the surface of mothership NPs (Supplementary Figure S2C), obtaining a
capsosoma. Size and zeta potential modifications in the mothership NPs after deposition of babyship
NPs’ layer were analyzed with Dynamic Light Scattering (DLS) (Table 1). Moreover, we measured
using a DLS analysis the fixed aqueous layer thickness (FALT) [25,26] of our NPs (Table 1).
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Table 1. Physicochemical characterization of different nanoparticle (NP) formulations. Representative
measurements of three different sets of data have been reported (P-values < 0.05). HC-NPs: hybrid
clustered nanoparticles, FALT: fixed aqueous layer thickness, PdI: Polydispersion Index.

Sample ζ Potential (mV) Size (nm) PdI FALT (nm)

Ag NPs −27.9 ± 0.96 32.02 ± 0.69 0.6 ± 0.06 -
PCL NPs −11.5 ± 0.24 228.1 ± 0.3 0.36 ± 0.03 -
PCL-Ag NPs −25.4 ± 0.15 274.8 ± 0.25 0.57 ± 0.01 1.82 ± 0.02
HC-NPs 10.8 ± 0.88 286.5 ± 0.56 0.62 ± 0.05 2.55 ± 0.03

By adding a new layer on capsosoma, we observed an increase of the FALT value, showing that
a fixed aqueous layer was formed on the surface of NPs. In addition, the assembly of HC-NPs was
confirmed by FT-IR analysis (Supplementary Figure S3).

To provide the final outermost layer functionalized with anti-CD38 antibody, the capsosoma
was coated with enzyme-sensible protamine (PRM) [24] solution (Supplementary Figure S2D) and
a covalent binding of anti-CD38 antibody on the capsosoma surface was performed using EDC
(1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide). FACS (Fluorescence-activated cell sorting) analysis
(Supplementary Figure S4A, red line) revealed that the HC-NPs were efficiently functionalized with
the anti-CD38 antibody, and also that the integrity of the antibody was confirmed by SDS-PAGE, as
shown in Supplementary Figure S4B.

The IM encapsulation efficiency (EE%) obtained in this study was of about 95% in PCL NPs and
of 73% for AgNPs.

Release study of babyship AgNPs and IM loaded into the mothership core from HC-NPs was
performed, mimicking the different intracellular compartments. In particular, HC-NPs were incubated
in PBS at pH 5.8 and 7.4, in order to mimic the lyso/endosomal and cytoplasmatic environments,
respectively. IM was released after degradation of protease-sensible DXS, and a release of about 42%
was observed at pH 5.8 after 96 h (Supplementary Figure S5A).

For babyship AgNPs, we observed a biphasic release pattern (Supplementary Figure S5B).
An initial burst release was followed by a sustained release at pH 5.8. A low release of about 5.5%
was observed at pH 7.4 after 96 h. On the contrary, we observed an accelerated release of about 81%
at pH 5.8, which seemed to be related to the presence of the combination of sodium bicarbonate and
potassium tartrate in the core of the mothership NPs.

An IM release of about 23% and of about 32% for AgNps after 96 h at pH 5.8 was evident with
control HC-NP formulations without the mixture of sodium bicarbonate and potassium tartrate in the
mothership core, respectively (Supplementary Figure S5C,D).

In addition, HC-NPs maintained their hydrodynamic size and release profiles over a time window
of 8 days when incubated in physiological conditions, and this evidence supports their stability.

2.2. Protein Corona Analysis

Our NPs (e.g., AgNPs, PCL NPs, and HC-NPs) were incubated with complete cell culture medium
with 10% FBS or mouse blood plasma overnight in agitation at 37 ◦C. After the washing steps, the NPs’
hard corona was analyzed with SDS-PAGE. As shown in Figure 2A,B, the quantity of hard protein
corona by incubation of complete medium and blood plasma on the surface of AgNPs and PCL NPs
appeared to be higher (lanes 1, 2) compared to HC-NPs (lanes 3). This was confirmed by the data from
the bicinchoninic acid (BCA) assay (Figure 2C).
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Figure 2. SDS-PAGE of hard protein corona after incubation with complete culture medium (A), and
with mouse blood plasma (B) overnight at 37 ◦C with AgNPs (lane 1 of A and B); PCL NPs (lane 2 of A
and B), HC-NPs (lane 3 of A and B), and control with only medium (lane 4 of A) and with solely mouse
blood plasma (lane 4 of B). Quantification of adsorbed proteins on different NPs formulation by the
bicinchoninic acid (BCA) assay (C). ζ-potential analysis of NPs after incubation with complete medium
and blood plasma overnight (D). A representative result of three independent experiments is shown
(P-values < 0.05).

In addition, zeta-potential analysis after incubation in complete medium or mouse blood plasma
of different formulations of NPs suggested that the adsorption of serum proteins induced a change in
their zeta potential (Figure 2D), confirming the formation of protein corona around the NPs.

Hemocompatibility of our formulation was analyzed performing a hemolysis assay. As shown in
the Supplementary Figure S6, the HR% of AgNPs and HC-NPs was lower compared to the positive
control (physiological solution and 2% blood), and in contrast, the HR% of PCL NPs was slightly
higher, but still negligible.

2.3. Antibacterial Action

The antibacterial properties of the babyship AgNPs and HC-NPs were evaluated by measurement
of bacteria growth in function of the optical density (OD, Figure 3B,D) and by the number of
colony-forming units (CFU, Figure 3A,C) on Gram-negative E. coli DH5α and Gram-positive S. aureus.
The antibacterial activity, reported in Figure 3, showed a good antibacterial capacity of the babyship
AgNPs and HC-NPs on Gram-negative DH5α E. coli, and Gram-positive S. aureus, thus confirming that
the babyship AgNPs inside the HC-NPs maintained the antibacterial efficacy, despite the assembly
with the mothership NPs.
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Figure 3. Antibacterial analysis on Gram-negative E. coli DH5α (A,B) and Gram-positive S. aureus
(C,D) of AgNPs and HC-NPs by colony-forming units (CFU) counting on solid Luria–Bertani (LB)
broth (A,C) as a function of Ag concentrations after 24 h. Measurement of optical density (OD) (B,D) as
a function of time. Representative measurements of three different sets of data have been reported
(P-values < 0.05).

2.4. Targeting and Cellular Uptake Analysis

Specific cell targeting of HC-NPs was analyzed in a co-culture of CD38-positive (KU812)
and CD38-negative (C13895) cells after treatment with 500 ng/mL of Tetramethylrhodamine
(TRITC)-conjugated anti-CD38 HC-NPs for 24 h. As shown in Figure 4, the antibody attached
onto the HC-NPs surface can specifically target leukemia KU812 cells in a co-culture. The cellular
uptake efficacy of HC-NPs was quantitatively evaluated by fluorimeter analysis, as shown in Figure 4E.

 

Figure 4. Confocal Laser Scanning Microscopy (CLSM) images of C13589 and KU812 cell co-culture.
(A) Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI,blue), (B) C13589 cells
before of co-culture were stained with commercial CSFE (carboxyfluorescein diacetate, succinimidyl
ester) fluorophore (green), (C) KU812 cells present in the co-culture were recognized by HC-NPs
functionalized with anti-CD38 monoclonal antibody (red), (D) merged confocal images. Scale bars:
100 μm. Time-dependent cellular uptake efficiency of HC-NPs by KU812 cells (E). Representative
measurements of three independent experiments have been reported (P-values < 0.05).
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The cellular uptake was time-dependent, and surface functionalization of HC-NPs with anti CD38
antibody revealed an improved cellular uptake for leukemia compared with other NP formulations
that do not present the antibody on their surface (Supplementary Figure S7).

2.5. Anti-Cancer Efficacy of HC-NPs

The anti-cancer effect of HC-NPs was studied in vitro using different NP formulations. Free
IM and empty PCL NPs were used as controls. No cytotoxicity on healthy C13895 cells was
noticed using the IC50 doses of all formulations (Supplementary Figure S8), confirmed by cell
cycle analysis, as shown in Supplementary Figure S9. On KU812 leukemia cells, we observed a
dose-dependent effect (Supplementary Figure S10A) when the leukemia cells were incubated with
all NP formulations (IM-loaded PCL NPs, AgNPs, and HC-NPs). In particular, HC-NP formulation
showed an improved cytotoxicity.

In Supplementary Figure S10B, the IC50 values of different formulations on KU812 leukemia cells
are shown, and it is possible to observe an IC50 value much lower for HC-NPs due to the controlled
release of the drug and the AgNPs. In addition, a combination index (CI) of 0.81 of IM and AgNPs on
KU812 leukemia cells showed a synergistic effect.

Combinatorial effect on KU812 leukaemia cells was analyzed through FACS analysis using annexin
V-FITC/PI staining. Flow cytometry plots of leukemia KU812 cells (Figure 5A) indicated an evident
apoptosis when incubated with HC-NPs (about 72%). In addition, cell cycle blocking at G2/M phase
(see Figure 5B) was evident with treatment with HC-NPs (~45%).

Figure 5. Analysis of cell apoptosis (A) and cell cycle (B) of KU812 leukaemia cells after 24 h of
treatments with different formulations, compared with untreated control cells (CTR). Representative
measurements of three independent experiments have been reported (P < 0.05).

The inhibition of tyrosine kinase activity of the oncoprotein BCR-ABL in leukemic cells KU812
was evaluated by western blotting analysis (Figure 6), after 7 days of incubation with the different
formulations. Western blotting analysis was conducted using anti c-ABL antibody. As shown in
Figure 6, a total inhibition of BCR-ABL was evident in treating the leukemia cells with HC-NPs.
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Figure 6. Inhibition of the oncoprotein BCR-ABL with western blotting after 7 days of treatment with
different formulations (A) and densitometry analysis (B) of c-ABL levels normalized to the β-actin used
as control. Representative measurements of three independent experiments have been reported.

In addition, we have validated the production of by reactive oxygen intermediates (ROI)
metabolites that determinate cell death through the activity of superoxide dismutase (SOD). The
inhibition rate of superoxide dismutase activity was significantly increased in HC-NP-treated KU812
cells at LD50 concentrations, compared with untreated control cells (CTR) and normal C13589 cell line,
as show in Figure 7.

Figure 7. Inhibition rate of superoxide dismutase activity (SOD) in leukaemia KU812 and normal
C13589 cell line after 6 h of treatment with black PCL NPs, free imatinib mesylate (IM), AgNPs, free
IM/AgNP combination, IM-PCL NPs, and HC-NPs, compared with untreated control cells (CTR).
Representative measurements of three independent experiments have been reported (P < 0.05).
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3. Discussion

Side effects, such as infections, are often present after chemotherapy. However, this challenge
can be overcome by performing targeted combination therapy, using a low dose of chemotherapic
drugs and antimicrobial agents. Multifunctional nano-systems can be used to combine chemo and
antibacterial agents in one single nano-system; in this way, is possible to specifically kill cancer cells
and prevent infections.

Different studies have described the combination of different therapeutic agents inside one
NP [13,14] to overcome the drug resistance of cancer cells [27,28]. No studies in the literature,
however, report the combination in one single nanosystem of therapeutic agents with anticancer and
antimicrobial properties.

In this work, we report a nano-platform in which a chemotherapic drug (IM) is combined with
silver, showing good cancer action using a low dose and a good antibacterial effect.

Over the last few years, we have developed enzymatic [24,29] and pH-responsive polymeric [30]
NPs for drug therapy in leukemia. Recently, we have reported [10] the effect of two different drugs
combined into one single nanosystem, which showed the potentiality of overcoming drug resistance
with low concentrations in a synergic effect.

In this paper, we adopted a different strategy by developing hybrid clustered nanoparticles
(HC-NPs) to combine both the chemo/antibacterial potential of silver nanoparticles and therapeutic
advantages of IM drugs in order to reduce adverse effects, such infections, and to achieve a cancer cure.

The onion-like structure of our HC-NPs was formed specifically by two different nanoparticles.
The inner core structure was characterized by a mothership nanocarrier (size of approximately
200 nm) with the role of compartmentalized loaded payload polymeric nanovector, functionalized
with specific monoclonal antibody (mAb), in order to specifically target cancer. The external surface
of the mothership was covered with 30 nm-sized babyship silver nanocarriers to induce anticancer
and antibacterial effects. With this HC-NP configuration, we expected a multistep release mechanism
(see scheme in Supplementary Figure S11) in which (i) HC-NPs were internalized by target cells thanks
to the specific antibody and degradation of enzyme-sensible layer of PRM by intracellular proteases;
(ii) the acidification of the capsosoma environment allowed the release of babyship NPs complexed
with pH-sensible polymers (first release) into the cytoplasm. In particular, an initial babyship AgNP
release started in the cytoplasm, thanks to the acidification of the capsosoma environment, and their
complete release occurred in the endosome/lysosome compartment; and (iii) and( iv) babyship NPs
and mothership NPs (inner core) were carried into the lysosomal compartment. In this environment
(pH 5.0) the generation of CO2 bubbles and the cationization of the mothership NPs led to their escape
into the cytoplasmic compartment and the release of IM (second release); on the other hand, babyship
AgNPs released Ag+ ions and allowed ROS production. The release of IM and ROS production by Ag+

ions facilitated the killing of leukemia cells (cancer therapy) and, at the same time, the release by dying
cells (see schema in Supplementary Figure S11, point (v) of AgNPs and Ag+ ions, which allowed for
antibacterial activity external of the cancer cell.

A good nanosystem for cancer therapy should have a high loading efficiency. In our study, the IM
encapsulation efficiency (EE%) obtained was about 95% in PCL NPs and 73% for AgNPs. The build-up
of different layers on the mothership NPs did not influence the IM EE%.

In addition, the release study (Supplementary Figure S5) of babyship AgNPs and IM by HC-NPs
showed a different release when the HC-NPs were incubated in a solution of PBS with different
pH values (5.8 and 7.4) that mimicked lysosomal and cytoplasmatic milieus. The release of IM was
subjected at the protease degradation of DXS, and the release was different pH values after 96 h (about
42%). On the contrary, we detected an initial rapid release in the first hours and a gradual and sustained
release in the late time of AgNPs at pH 5.8 (about 81%). At pH 7.4, we observed a low release for
AgNPs (only 5%). This dissimilar behavior can be due to the fact that during synthesis process, in the
NP core, a mixture of sodium bicarbonate and potassium tartrate was added, which swiftly produced
CO2 bubbles in the acidic pH in order to produce holes in the NP’s shell and support IM release [10].
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In an acid compartment of lyso/endosomal (pH 5.8) the sodium bicarbonate and potassium tartrate
combination rapidly produced CO2 bubbles, allowing the formation of big pores in the NP wall, which
allowed the release of payloads, as demonstrated in our previous work [10]. The release profiles of
IM and AgNPs showed that our HC-NPs responded specifically to the environmental conditions
(pH and proteases) for which they were produced. In addition, as we have demonstrated, the inner
core presented a negative charge in physiological pH, which was reverted to a positive charge in the
acidic pH of endo-lysosomal vesicles [10,31], determining NPs endo-lysosomal escape.

Another important aspect to consider is the fact that in a physiological environment, NPs interact
with different biomolecules and form a protein corona [32,33], which affects the cellular response and
the recognition by mononuclear phagocyte system. It is reported that a low quantity of proteins that
form the protein corona around nanoparticles induce a reduction of macrophages uptake [34]. We have
observed that AgNPs and PCL NPs present a high quantity of protein corona after incubation with
complete medium or mouse blood plasma (Figure 2) when compared with HC-NPs. This dissimilar
protein absorption was attributed to the modified surface of HC-NPs that reduced the protein corona.
A lower protein corona arrangement can influence the in vivo destiny of HC-NPs via immune elusion
and short uptake by mononuclear phagocytic system.

An additional key parameter that can influence the possibility of use of NPs in vivo is
hemocompatibility. After incubation with mouse blood (Supplementary Figure S6), the HC-NPs’
hemolytic rate was lower compared to the positive control (physiological solution and blood). Our
results confirmed that our HC-NPs were hemocompatible with mouse erythrocytes, and that they can
be administrated intravenously.

The key point of this study was the combination of organic and inorganic NPs inside one single
nano-platform. Inorganic NPs [15], such as AgNPs with significant cancer [14,16,17] and antimicrobial
properties [21], were combined in our HC-NP platform. In particular, the FDA has approved the
human use of AgNPs as an antimicrobial agent [21], and their antibacterial properties have been
studied extensively [35,36]. In this context, we have designed our HC-NPs in order to prevent the
infections in patients after chemotherapy treatments, and AgNPs result as a powerful broad-spectrum
antibacterial agent. AgNPs and HC-NPs have shown a good antibacterial capacity on Gram-negative
E. coli, DH5α E. coli, and Gram-positive S. aureus (Figure 3), confirming the antibacterial efficacy of the
babyship AgNPs inside the HC-NPs, which also can be used as a prophylaxis tool.

In this study, we chose chronic myeloid leukemia cells as a disease model for validation of our
HC-NPs. Clinical treatment of this disease makes use of tyrosin kinase inhibitors, such as IM. This
drug is active against BCR-ABL oncoprotein expressed by this cell population. It is renown, in fact, that
IM is cytostatic and not cytotoxic in the CML stem cell compartment, and for this reason, we loaded
the IM into NPs along with AgNPs with anticancer properties, as the use IM alone is unable to remove
leukemic stem cells.

Cell targeting is a crucial step for specific delivery of active molecules to cancer cells, in order to
avoid an adverse effect on healthy cells. For this aim, we have functionalized our HC-NPs with an
antibody against CD38 specific for leukemia cells. We investigated HC-NP-specific cell targeting using
a co-culture of CD38-positive (KU812) and CD38-negative (C13895) cells for 24 h. Confocal analysis
confirmed that HC-NPs can specifically target leukemia KU812 cells in a co-culture (Figure 4) and
the specific targeting established the importance of the antibody anti-CD38 functionalization of our
HC-NPs, in order to improve the efficacy of therapy and to reduce side effects.

Combinatorial cancer therapy using a combination of drugs inside one nanosystem has revealed
an enhanced chemotherapy efficacy, reducing toxic side effects [10,13,14]. In addition, AgNPs have
important cancer activity [14,16,17] and no adverse effect on healthy cells [17,37]. In our HC-NPs, we
combined the specific anticancer activity of IM that binds specifically to the BCR-ABL oncoprotein
present only in the CML cells, and the anticancer property of AgNPs, thanks to the production of ROS,
in order to improve their efficacy on cancer cells only.
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Using different NP formulations, we investigated the anti-cancer effects of HC-NPs in vitro.
No cytotoxic effects were observed on healthy C13895 cells using all formulations of the IC50 doses
(Supplementary Figure S8). Healthy cells did not respond to IM because of the absence of the
oncoprotein BCR-ABL. In addition, in healthy cells, the AgNPs did not induce cytotoxicity because
these present a functional antioxidant system. A dose-dependent effect (Supplementary Figure S10A)
was observed when leukemia cells were incubated with all NP formulations (IM loaded PCL NPs,
AgNPs, and HC-NPs). Specifically, HC-NP formulation with a lower IC50 value showed an enhanced
cytotoxic effect for HC-NPs due the controlled release of the drug and the AgNPs. Moreover, an
advanced synergistic effect with a combination index (CI) of 0.81 of IM and AgNPs on KU812 leukemia
cells was observed. In vitro cytotoxicity showed that the combination of IM and AgNPs induced an
improved anti-leukemia effect at low concentrations.

The combinatorial effect on leukemia cells (Figure 5A) was more evident when incubated with
HC-NPs (about 72%) with high apoptosis. Also, cell cycle blocking at the G2/M phase (see Figure 5B)
was noticed when treated with HC-NPs (~45%). In vitro studies indicated that the combinatory effect
of our HC-NPs exhibited an excellent anti-leukemic activity, improving cell death efficiency.

The long-time inhibition of tyrosine kinase activity of BCR-ABL in leukemic cells KU812 was
evaluated by western blotting analysis after 7 days, using different formulations. As shown in Figure 6,
a sustained and total inhibition of BCR-ABL was evident when leukemia cells were treated with
HC-NPs. It is important to note that BCR-ABL tyrosine phosphorylation was only prevented using
free IM or in free combination with AgNPs, whereas the co-encapsulation of the IM and AgNPs in
HC-NPs achieved an effective in vitro inhibition. Improving the inhibition BCR-ABL tyrosine activity
for a long-time window will possibly allow an extended block of BCR-ABL autokinase action that is
decisive in endorsing cell apoptosis.

Moreover, the production of reactive oxygen intermediate (ROI) metabolites inducted by AgNPs,
which determinate cell death, was investigated through the activity of superoxide dismutase (SOD),
showing a significant increase of the inhibition rate of superoxide dismutase activity in KU812 cells
treated with HC-NPs at LD50 concentrations, as shown in Figure 7. In healthy C13895 cells with an
efficient antioxidant system, no increasing of SOD was observed.

The toxic effect of different formulation of NPs on the appearance and the general behavioral
pattern of healthy mice was evaluated in preliminary experiments. No toxic symptoms or mortality
were observed in any animal. Similarly, at a general observation, no changes in behavioral pattern,
clinical signs, or food consumption were noticed in both control and treated mice (data not shown).
In vivo experiments treating leukemia xenograft mice are the subject of future work.

In this work, a chemo-antibacterial combinatorial therapy strategy was developed, which
potentiated single drugs and elicited an antibacterial response. Our strategy may have important
therapeutic and pharmacological applications in cancer therapy, in order to simultaneously kill cancer
cells and prevent infections.

4. Materials and Methods

Media for cell culture and chemicals were acquired from Sigma-Aldrich. Human chronic myeloid
leukaemia cells (KU812), human normal B lymphoblast (C13589), and Gram-negative DH5-Alpha
E. coli were acquired from the American Tissue Type Collection (ATTC). Gram-positive S. aureus was
obtained from Dr. Federica Paladini. Annexin V-PI kit and nitrocellulose membrane were obtained
from Abcam; Coomassie brilliant blue staining and Clarity—Western ECL Substrate were obtained
from BioRad; anti-c-ABL antibody was obtained from Santa Cruz Biotechnology Inc.; HRP-conjugated
antibody was obtained from Cell Signaling.

Blood for protein corona analysis and hemolytic activity was collected from male adult C57BL/6j
mice, weighting 20–30 g. For protein corona analysis, blood was collected in tubes with heparin and
centrifugated in order to obtain the plasma. All procedures involving animal care were approved
by the ethics committee of La Sapienza University (Rome), the Animal Care and Use Committee of
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the Italian Ministry of Health, and performed in compliance with the guidelines of the European
Community Council (2010/63/UE) and the decree law (D.L.) 26/2014 of Italian Ministry of Health. All
efforts were made to minimize animal suffering and to reduce the number of animals used.

4.1. Synthesis and Characterization of AgNPs

A 50 mL aqueous solution containing AgNO3 (1 mM) was kept under constant agitation on
a magnetic stirrer at 1500 rpm in ice and mixed with an equal volume of an aqueous solution of
sodium citrate (50 mM). Subsequently, 75 mL of NaBH4 (20 mM) was added drop by drop into this
solution until it became yellow. Next, the AgNP suspension was washed three times with water by
centrifugation at 12,500 rpm for 20 min and then resuspended in sodium citrate and stored at 4 ◦C
until use.

4.2. Synthesis of HC-NPs

4.2.1. Synthesis of IM Loaded PCL NPs

Poly ε- caprolactone (PCL) NPs loaded with IM were synthetized, as according to our previous
works [10]. A homogenous size of NPs, density gradient centrifugation was applied using 5, 10, 15, 20,
and 25% w/v sucrose dissolved in PBS 1×. In an Eppendorf tube, 200 μL of each sucrose solution were
layered one on the top of each other. One-hundred microliters of NPs solution was layered on the top
of the sucrose layer and was centrifuged at 14,000 rpm for 60 min. After centrifugation, 10 μL from
each layer was analyzed by DLS.

4.2.2. Synthesis of HC-NPs

Hybrid IM-PCL/Ag cluster NPs (HC-NPs) were obtained by coating with the layer-by-layer
technique (LbL), with the IM loaded PCL NPs (1 mg) using 1 mL of chitosan medium molecular weight
(CH, 3 mg/mL in NaCl 0.1M). The dispersion was continuously shaken for 10 min. The excess of CH
was removed by three centrifugation/washing steps with a 0.1 M NaCl solution. Thereafter, 1 mL
of AgNPs (0.1 to 10 ppm) was added, and the dispersion was continuously shaken for 2 h, followed
again by three centrifugations (12,500 rpm for 20 min) and washing steps. Subsequently, 1 mL of
a 0.1 M NaCl solution containing the polycation protamine (PRM, 2 mg/mL) was added, and the
dispersion was continuously shaken for 10 min, followed again by three centrifugation/washing steps.
The mixture was then dialyzed with pure water for 8 h. For fluorescent HC-NPs, a 0.05 mg/mL of
DiOC18(3)(3,3’-Dioctadecyloxacarbocyanine Perchlorate), DiO, in chloroform was added to the PCL
solution and the preparation was carried out as described previously [10]. The labelled HC-NPs were
stored in the dark at 4 ◦C until use.

4.2.3. HC-NPs Functionalization with Anti-CD38 Antibody

For covalent binding of monoclonal anti-CD38 antibody onto HC-NPs, 5 μg of EDC
(1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) was mixed with 400 μL of a solution containing
450 μL of HC-NPs and 450 μL of antibody; in this way, the molar ratio between EDC and antibody was
about 9. The mixed solution was stirred under constant agitation on a magnetic stirrer at 500 rpm for
2 h at room temperature (RT). After incubation, the sample was centrifuged at 12,500 rpm for 20 min,
and the pellet was washed three times with 1 mL of blocking and storage buffer (0.1 M boric acid and
0.1% Bovine Serum Albumin (BSA), pH 7.5) containing 2 μL of TRITC-conjugated secondary antibody
(1:250). The sample was stirred gently for 1 h at RT and was then centrifuged, and the pellet of the
HC-NP antibody conjugate was suspended in 1 mL of blocking and storage buffer and kept in the dark
at 4 ◦C until use.
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4.3. Characterization of NPs

4.3.1. Dynamic Light Scattering

Hydrodynamic size and zeta potential of AgNPs, IM-PCL NPs, and HC-NPs were evaluated by
a Zetasizer Nano ZS90 (Malvern Instruments Ltd, USA). Stability of HC-NPs over time (8 days) in
complete Roswell Park Memorial Institute (RPMI) 1640 medium was verified by DLS analysis (three
independent experiments).

Fixed aqueous layer thickness (FALT) was calculated on the basis of zeta potential of NP solutions
with a serial dilution with an isotonic solution of 10 mM lactate buffer (pH 4) with various concentration
of NaCl and sucrose. The ln zeta potential ζ (V) was plotted against the Debye Hϋckel parameter
(k). k represents 3.3vC, where C is the concentration of electrolytes in the solution. The slope of the
obtained plots indicated the thickness of the fixed aqueous layer in nm.

4.3.2. UV-VIS Spectroscopy

UV-visible spectra were acquired with a UV-visible spectrophotometer (Varian Cary 300 Scan;
Varian Instruments, CA, USA) at RT, and spectral analysis was performed in the 300–800 nm range.

4.3.3. Scanning and Transmission Electron Microscopy

The external morphology of AgNPs, IM-PCL NPs, and HC-NPs was examined by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Prior to SEM analysis,
the samples were coated with a 10 nm gold layer. SEM analyses were taken with a Carl Zeiss Merlin
SEM supplied with a Gemini II column and a field emission gun (FEG). In addition, AgNPs were
analyzed using a JEOL Jem 1011 TEM microscope (Japan).

4.3.4. FT-IR Spectroscopy

FT-IR analysis was performed using a VERTEX 70v FT-IR Spectrometer (Bruker) in order to assess
the secondary structure of AgNPs, PCL NPs, and HC-NPs. Infrared (IR) spectra were acquired in
absorbance mode, and each spectrum was obtained by the 60 scans with the wavenumber ranging
from 0 to 4000 cm−1.

4.3.5. Flow Cytometry and SDS-PAGE Assay

To confirm the antibody functionalization on the HC-NPs’ surface, we performed a flow cytometry
analysis. One milliliter of HC-NPs conjugated with anti-CD38 antibody labelled with TRITC anti-mouse
secondary antibody was introduced into a flow cytometer and analyzed using a C6 Flow Cytometer
(Accuri, USA). As a control, non-conjugated HC-NPs were used. The antibody content onto HC-NPs
was determined by bicinchoninic acid (BCA) protein assay according to the manufacturer’s instructions
(Sigma-Aldrich, USA). The BSA was used as a standard and the antibody conjugated was quantified
using a UV-visible spectrophotometer (Varian Cary 300 Scan; Varian Instruments, CA, USA) at a
wavelength of 562 nm. In addition, to control the integrity of antibody after conjugation, HC-NPs
were subjected to 4%–12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resolved protein
bands were visualized by Coomassie brilliant blue staining (BioRad), according to the manufacturer’s
instructions. Representative results of three independent experiments were reported.

4.3.6. Protein Corona

Protein corona analyses were achieved by SDS-PAGE. First, 500 ng/mL of AgNPs, PCL NPs, and
HC-NPs were raised in complete RPMI medium supplemented with 10% FBS or with 2% of mice
blood plasma at 37 ◦C overnight in a shaker. Afterward, NPs were centrifuged in order to remove hard
corona and resuspended in PBS 1×. Washing procedure was repeated three times prior to SDS-PAGE.
Protein concentration on NPs was determined by using bicinchoninic acid (BCA, Sigma-Aldrich) at
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562 nm. Eluted hard corona proteins from all samples were mixed with SDS sample buffer and boiled
at 100 ◦C for 10 min. The samples were subjected to 4–12% SDS-PAGE for 90 min at 120 V. Coomassie
blue staining was used for detection protein bands.

In addition, zeta potential was measured by DLS analysis.
Representative results of three independent experiments have been reported.

4.3.7. Hemolytic Activity

Hemolysis assays were performed incubating the HC-NPs with 2% mouse blood suspension
for 24 h at 37 ◦C. After the suspension, it was centrifuged at 15,000 rpm for 20 min at 4 ◦C, and the
supernatant adsorption (A) was analyzed by UV-visible spectrophotometer (Varian Cary 300 Scan;
Varian Instruments, CA, USA) at a wavelength of 540 nm. Hemolytic rate was calculated using the
following equation:

Hemolytic rate (%) =
A(material) −A(negative control)

A(positive control) −A(negative control)
× 100

where negative control was composed of saline solution and blood without NPs, while positive control
was saline solution. Representative results of three independent experiments were reported.

Antibacterial activity. Gram-negative DH5-Alpha E. coli and Gram-positive S. aureus were grown
in a Luria–Bertani (LB) broth. For antibacterial assay, growth bacterial inoculum (104 cells/mL) was
incubated with different formulation of NPs, such as AgNPs and HC-NPs. Optical density (OD) at a
wavelength of 600 nm using a UV-visible spectrophotometer (Varian Cary 300 Scan; Varian Instruments,
CA, USA) every 1 h to measure the bacteria growth. In addition, Gram-negative DH5-Alpha E. coli
and Gram-positive S. aureus treated with different NP formulation were spread on solid LB plates, and
the colony forming unit number (CFU) was counted using a Miles–Misra method after 24 h at 37 ◦C.
Representative measurements of three different sets of data were reported.

Entrapment efficacy and in vitro release. The IM entrapment efficacy of mothership PCL NPs and
babyship AgNPs into HC-NPs was evaluated as described in [10], through analysis of the supernatant
after the NPs’ centrifugation.

4.4. Targeting and HC-NP Cellular Uptake

KU812 leukemia cells and C13589 normal lymphoblasts were maintained in culture using RPMI
1640 medium with 10% FBS. To study the ability of mAb-conjugated HC-NPs to target specific cells,
a co-culture of CD38-positive (KU812) and CD38-negative (C13895) cells was prepared by seeding
104 CSFE labelled C13589 with 104 KU812 cells and treated with 500 ng/mL of TRITC-conjugated
anti-CD38 HC-NPs for 24 h. For fluorescence confocal analysis, cells were fixed for 5 min in 3.7%
formaldehyde and mounted.

Cellular uptake efficiency (%) of HC-NPs was evaluated in accordance with [10]. Representative
measurements of three distinct sets of data have been reported.

4.5. In Vitro Cancer Efficacy

In vitro cytotoxicity of different formulations was analyzed using an MTT test after 2 days of
treatment, and the IC50 was calculated.

IM and AgNPs’ synergistic effect were calculated using a combination index (CI) [38].

4.5.1. Apoptosis and Cell Cycle Analysis

Apoptosis and cell cycle were examined with annexin V-FITC/PI assay, and 10,000 ungated cells
were evaluated with a Flow Cytometer (C6, Accuri, USA). In particular, KU812 cells (105 cells/mL)
were incubated with the different formulations, such as 500 ng/mL of empty PCL NPs, 150 nM of IM,
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250 nM of AgNPs, 100 nM of IM/AgNPs free combination in the medium, 100 nM of IM-PCL NPs, and
50 nM of HC-NPs for 24 h. All experiments were performed in triplicate.

4.5.2. Western Blotting for BCR-ABL Inhibition Analysis

KU812 leukemia cells (106 cells/mL) were incubated with 500 ng/mL of empty PCL NPs, 150 nM
of IM, 250 nM of AgNPs, 100 nM of IM/AgNPs free combination in the medium, 100 nM of IM-PCL
NPs, and 50 nM of HC-NPs. After 7 days of incubations with the different formulations, the samples
were washed in PBS 1× at 4 ◦C and resuspended in lysis buffer containing a protease inhibitor cocktail
on ice for 30 min. Protein concentration was determined using the BCA protein assay (Sigma-Aldrich).
Protein bands were separated on 10% (w/v) SDS-polyacrylamide gels, and immunoblotting was
performed using nitrocellulose membrane (Amersham Hybond ECL Nitrocellulose Membrane-GE,
Abcam). Primary incubations with specific primary antibody directed against anti-c-ABL 1:1000
(clone K-12, Santa Cruz Biotechnology Inc., CA, USA) and anti-βactin 1:5000 (Sigma-Aldrich) were
performed overnight. Secondary incubations were for 1 h with HRP-conjugated anti-mouse antibody
(Cell Signaling). Proteins were visualized by chemiluminescence (Clarity—Western ECL Substrate,
BioRad) using the C-DiGit blot scanner (LI-COR, Cornaredo Milano, Italy). Densitometric analysis
was performed using Image J software on the western blots, normalizing to β-actin used as control.

4.5.3. Superoxide Dismutase (SOD) Assay

Cell death can be produced by reactive oxygen intermediates (ROI). Superoxide dismutase (SOD),
which catalyzes the dismutation of the superoxide anion (O2) into hydrogen peroxide and molecular
oxygen, is one of the most important antioxidative enzymes. Antioxidant production was measured
using a superoxide dismutase (SOD) assay kit (Sigma-Aldrich, USA) according to the manufacturer’s
instructions. Briefly, to determine the activity of SOD, human chronic leukemia cells (KU812) and
normal human B lymphocyte cells (C13589) were incubated with blank PCL NPs (500 ng/mL), free
IM (150 nM), AgNPs (250 nM), free combination of IM/AgNPs (100 nM), IM-PCL NPs (100 nM),
and HC-NPs (50 nM) for 6 h. Cells were then washed three times with PBS and sonicated on ice
in an ultrasonicator (80 watts outpower) for 15 s periods for a total of 4 min. The solution was
then centrifuged at 1500 rpm for 5 min at 4◦C. The resulting supernatants were used to determine
intracellular antioxidants using a spectrophotometer at 440 nm. Each assay was performed in triplicate.

4.6. Statistical Analysis

Three independent experiments were performed, and the results are expressed as mean± standard
deviation. Statistical analysis was achieved by one-way ANOVA.

5. Conclusions

In this study, a hybrid clustered nanoparticle that serially responds to endogenous stimuli was
developed for chemo-antibacterial combinatorial cancer therapy.

In vitro studies showed an excellent anti-cancer activity of HC-NPs on chronic myeloid leukemia
(CML), used as a model of cancer, improving the cell death efficacy thanks to the combinatory effect of
chemotherapic drug and AgNPs. In addition, our HC-NPs showed a good antibacterial capacity on
Gram-negative and Gram-positive bacteria.

The chemo-antibacterial combinatorial therapy strategy developed in this study, which potentiates
the presence of single drugs and elicits an antibacterial response, paves the way for developing new
multifunctional nanoplatforms in cancer therapy.
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Abstract: Angiogenin (ANG), an endogenous protein that plays a key role in cell growth and survival,
has been scrutinised here as promising nanomedicine tool for the modulation of pro-/anti-angiogenic
processes in brain cancer therapy. Specifically, peptide fragments from the putative cell membrane
binding domain (residues 60–68) of the protein were used in this study to obtain peptide-functionalised
spherical gold nanoparticles (AuNPs) of about 10 nm and 30 nm in optical and hydrodynamic size,
respectively. Different hybrid biointerfaces were fabricated by peptide physical adsorption (Ang60–68)
or chemisorption (the cysteine analogous Ang60–68Cys) at the metal nanoparticle surface, and cellular
assays were performed in the comparison with ANG-functionalised AuNPs. Cellular treatments were
performed both in basal and in copper-supplemented cell culture medium, to scrutinise the synergic
effect of the metal, which is another known angiogenic factor. Two brain cell lines were investigated
in parallel, namely tumour glioblastoma (A172) and neuron-like differentiated neuroblastoma
(d-SH-SY5Y). Results on cell viability/proliferation, cytoskeleton actin, angiogenin translocation and
vascular endothelial growth factor (VEGF) release pointed to the promising potentialities of the
developed systems as anti-angiogenic tunable nanoplaftforms in cancer cells treatment.

Keywords: plasmonics; nanomedicine; theranostics; copper; VEGF; glioblastoma; differentiated
neuroblastoma; peptidomimetics; real-time quantitative polymerase chain reaction (qPCR); actin

1. Introduction

In recent decades, protein-nanoparticle and peptide-nanoparticle conjugates have emerged as
powerful nanomedicine tools, enabling biomedical applications in the prevention, diagnosis and
treatment of disease [1,2]. Unfunctionalised, bare nanoparticles (NPs), are often able to match
several of the desired functions required by theranostic platforms, including the peculiar optical,
electrical, magnetic properties of nanometer-sized materials [3], the tunable geometries and the
tailored size and surface chemistry [4] and the intrinsic biological properties, such as anti-angiogenic
nanogold [5,6] or antibacterial nanosilver [7,8]. Biological protein-based nanoparticles are advantageous
in having biodegradability, bioavailability, and relatively low cost. Many protein nanoparticles, for
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instance naturally occurring protein cages such as ferritin, are easy to process and can be modified to
achieve desired specifications such as size, morphology, and weight [9–11]. Natural product-based
nanomedicine include, among the most common types of nanoparticles, polymeric micelles, solid lipid
nanoparticles, liposomes, inorganic nanoparticles and dendrimers [3,12].

Each of these nanoparticles has its own advantages and disadvantages as drug delivery vehicle.
Hybrid peptide- or protein-NP conjugates enable addressing many of the difficulties that arise as results
of in vivo applications, replacing many materials that have a poor biocompatibility and have a negative
impact on the environment. Specifically, both naturally derived and synthetic polypeptides may
offer improved biocompatibility [13], targeted delivery [14] and prolonged lifetime before clearance,
to ensure an efficient therapeutic action [1,15].

Angiogenin (ANG) is a secreted ribonuclease (also known as RNase 5), identified in media from
cancer cells, but also present in normal tissues, such as plasma and amniotic fluid, and secreted
from vascular endothelial cells, aortic smooth muscle cells, fibroblasts [16]. Angiogenin induces
neovascularization by triggering cell migration, invasion, proliferation, and formation of tubular
structures [16–19].

Physiologically, ANG is overexpressed during inflammation, exhibiting wound healing properties
as well as microbicide activity and conferring host immunity [20]. However, uncontrolled activity of
angiogenin is implicated in pathological processes.

The protein was isolated for the first time from medium conditioned by a human adenocarcinoma
cell line (HT-29) [21]. A high expression of angiogenin has been described in different types of cancers
and to their malignant transformation [16], including gliomas that are brain tumours fast-growing,
aggressive and with a poor prognosis [22].

ANG expression has been identified also in neurons and acts as a part of the secretome of
endothelial progenitor cells (EPCs) [23,24]; the modulation of ANG and EPCs as repair-associated
factors has been found in stroke patients and mouse models of rehabilitation after cerebral ischemia [25].
Mutations in the ANG gene have been characterized in amyotrophic lateral sclerosis (ALS) [26] and
Parkinson’s disease (PD) [27]. Moreover, endogenous angiogenin levels are dramatically reduced
in an alpha-synuclein mouse model of PD and exogenous angiogenin protects against cell loss in
neurotoxin-based cellular models of PD [27]. Genetic studies revealed that angiogenin treatment delays
motor dysfunction and motor neuron loss, also prolonging the survival in superoxide dismutase 1
(SOD1) mouse model of ALS [18].

In motor neurons, ANG can be upregulated by hypoxia thought the stimulation of ribosomal
ribonucleic acid (rRNA) transcription of endothelial cells [28]. Such a process is critical for the
cellular proliferation induced by other angiogenic proteins, including vascular endothelial growth
factor (VEGF) [29]. While the predominant role of VEGF in the formation of new blood vessels is
unquestioned, several recent studies demonstrate that VEGF also has trophic effects on neurons and
glia in the central- (CNS) and peripheral- (PNS) nervous system, promoting neurogenesis, neuronal
patterning, neuroprotection and glial growth [30]. Therefore, VEGF modulates neuronal health and
nerve repair; and exogenous angiogenin delivery can be considered a promising tool of anti-angiogenic
therapy for treating gliomas, where malignancy is highly related to angiogenesis.

Copper is an essential metal that plays a key role in the CNS development and function, and its
dyshomeostasis is involved in many neurodegenerative diseases as Alzheimer’s disease (AD), PD
and ALS [31,32]. Furthermore, copper is known to be a strong angiogenic factor, with metal serum
levels raising in a wide variety of human cancers [33,34]. Noteworthy, copper increases the expression
of ANG and regulates its intracellular localization [35]. Moreover, ANG binds copper ions and the
metal interaction largely influences its interaction with endothelial cells as well as its angiogenic
activity [36–38]. Taking into account the correlations between angiogenin protein and copper in
physiological and pathological conditions of the brain, a promising pharmacological approach in brain
tumours therapy is the use of ANG as molecular target, whose activity may be modulated by the
presence of copper ions.
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As an alternative to protein-based drugs, peptides mimicking functional domains of the whole
protein are becoming more relevant as drug candidates, to address problems exhibited by the protein
in in vivo applications such as the additional effect or functions or binding sites for other ligands, the
immunological clearance before reaching their target site [39,40].

Three domains of angiogenin have been demonstrated essential to the protein to explicate its
biological activity, i.e.,: the catalytic site (involving His-13, Lys-40, and His-114 residues), the nuclear
translocation sequence (encompassing residues 31–35, RRRGL); the putative cellular binding site
(residues 60–68, KNGNPHREN) [41,42]. In previous works, peptide fragments encompassing such
different domains of the protein have been synthesized and used as mimicking model of the whole
protein [6,43,44]. In particular, hybrid nano-assemblies of gold nanoparticles (AuNPs) functionalized
with different peptides encompassing the putative cellular binding site of the protein (Ang60–68) have
been demonstrated able to maintain their activity on cytoskeleton actin reorganization in a tumour cell
line of human neuroblastoma [44].

Here, we report on the investigation of AuNPs functionalised with the peptide Ang60–68 or its
analogous having a cysteine residue in the C-terminus (Ang60–68Cys), in the comparison with the whole
ANG protein. Such systems have been scrutinised as potential nanomedicine platforms towards a brain
cancer of human glioblastoma (A172 cell line). To compare the response of tumour and non-tumour
brain cells, differentiated neuroblastoma (d-SH-SY5Y line) have been included in the study as model
neuron-like cells.

Effects on cell proliferation, cytoskeleton actin changes, angiogenin translocation and VEGF
expression upon the cell treatments with peptides- or protein-functionalized nanoparticles, in the
absence or presence of copper ions, shed new light in the link between different factors involved in
angiogenesis processes of non-tumour and tumour model brain cell cultures. Indeed, since ANG plays
a key role in cell growth and survival, and the role of VEGF in brain tumour angiogenesis has been
demonstrated [45], new perspectives in the therapeutic approaches may rely on the tiny modulation of
the pro-/anti-angiogenic processes [46] for brain cancer treatment.

2. Results

2.1. Physicochemical Characterisation of Hybrid Peptides- and Protein-NP Conjugates

2.1.1. Optical (Plasmonic) Properties Changes of AuNP upon Interaction with Peptides/Protein

Peptide-functionalised NPs were fabricated by two different approaches, namely a purely physical
adsorption and a prevalent covalent grafting, with the peptide sequences Ang60–68 and Ang60–68Cys,
respectively. As positive control, samples of ANG-functionalised AuNPs were prepared by using the
whole protein.

Figure 1 shows the Ultraviolet (UV)−visible spectra of gold nanoparticles, before and after
the addition of Ang60–68n, Ang60–68Cys or ANG, respectively. The plasmon peak parameters, i.e.,
the wavelength at the maximum absorbance (λmax = 519 nm) and the full width at half maximum
(FWHM = 54 nm) point to the formation of a gold colloidal solution of spherical nanoparticles with an
optical diameter of 11 nm [47].

The addition of 3 × 10−5 M Ang60–68 (Figure 1a) or Ang60–68Cys (Figure 1b) induced comparable
red-shifts (Δλmax = 3 nm) and hyperchromic-shifts (ΔAbs~0.07), according to previous findings [44].
No significant changes in the width of the plasmon peak were detected. The addition of the
1 × 10−7 M ANG whole protein (Figure 1c), lead to a significantly larger red-shift in the plasmon
peak (Δλmax = 4 nm) with respect to the bare nanoparticles than those found upon the addition of
the peptides. Moreover, a hypochromic-shift (ΔAbs = −0.09) in comparison to the bare AuNPs and a
broadening of the plasmon band (ΔFHWM = 11 nm) with the appearance of a shoulder at around 600
nm, were found, likely due to a partial nanoparticle aggregation.
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Figure 1. (a–c) Ultraviolet (UV)-visible spectra of gold nanopartilces (AuNPs) in the 1 mM
3-(N-morpholino)propanesulfonic acid)-Tris(2-carboxyethyl)phosphine hydrochloride (MOPS-TCEP)
buffer (1:1 mol ratio) before and after the addition of: (a) 30 μM Ang60–68, (b) 30 μM Ang60–68Cys;
(c) 100 nM angiogenin (ANG). (d) UV-visible spectra of the pellets collected after two rinsing
steps by centrifugation (15 min at 6010 relative centrifugal force, RCF) and re-suspension in 1 mM
MOPS-TCEP buffer.

As to the hybrid systems used for the cellular experiments, Figure 1d shows the UV-visible spectra
of the protein/peptide-nanoparticle pellets samples after two washing steps, performed to remove
unbound and/or weakly bound biomolecules.

The red-shift in the plasmon peak with respect to the bare AuNPs is still visible (Δλmax~3 nm) for
Ang60–68 and Ang60–68Cys peptides as well as for ANG protein). This finding confirms the irreversible
adsorption of the peptides and protein molecules and hence the successful surface functionalisation of
the gold nanoparticles by the used biomolecules.

2.1.2. Hydrodynamic Size and Conformational Features of Peptides- and Protein-Functionalised NPs
in the Absence or Presence of Copper Ions

To gain insight into the actual hydrodynamic size of the angiogenin-functionalised nanoparticles,
dynamic light scattering was used to take into account the dynamic soft shell made by the peptide/protein
molecules at the AuNP surface, in contrast to the optical size that reflects merely the ‘dry state’ or
internal ‘core’ of the functionalised particle. The hydrodynamic size of ~30 nm for the aqueous
dispersion of gold nanoparticles (1.7 × 108 NP/mL) did not change significantly upon addition of the
peptide solution (3 × 10−5 M), for both Ang60–68 and Ang60–68Cys fragments (Table 1). On the other
hand, by addition of ANG (1 × 10−7 M), the nanoparticle size was largely increased in comparison to
the bare AuNP, suggesting bridged interactions between the protein molecules immobilised at the
nanoparticle surface that could also prompt a partial aggregation.

The Ang60–68_NP and Ang60–68Cys_NP pellets maintained a size range comparable to that of
non-rinsed nanoparticles (both bare and functionalized), while a slight decrease in the size was found
for ANG_NP, where a fraction of loosely bound proteins molecules was therefore likely rinsed off by
the washing steps of the protein-nanoparticle hybrids.
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Table 1. Hydrodynamic size of the different NPs either before or after the functionalisation with the
peptides or the protein, and after the addition of 20 μM CuSO4 aqueous solution.

Hydrodynamic Size (nm)

Peptide/Protein
Nanoparticle (NP) +
Peptide/Protein (1) Peptide/Protein_NP (2) Peptide/Protein_NP +

Cu(II) (3)

- 29 ± 3 30 ± 2 31 ± 5
Ang60–68 28 ± 4 37 ± 4 175 ± 10

Ang60–68Cys 30 ± 3 29 ± 5 281 ± 42
ANG 53 ± 4 41 ± 6 47 ± 5

1 peptide/protein-added NP samples; 2 peptide/protein_NP samples after the centrifugation and rinsing steps;
3 same pellets as 2 added with copper ions.

Noteworthy, after the addition of copper ions, the average dimension of nanoparticles was still
unchanged for bare AuNP, instead a dramatic increase in the hydrodynamic diameter was found for
Ang60–68_NP (to ~0.18 μm) and Ang60–68Cys_NP (to ~0.3 μm), respectively.

The Ang60–68 peptide is able to bind copper at physiological pH by the involvement of one
imidazole, two deprotonated amide nitrogen and one carboxyl oxygen atoms, respectively [48].
The UV-vis parameters measured for the equimolar solutions at pH = 7.4 of copper(II) and Ang60–68Cys
(λmax = 624 nm; ε = 100 M−1cm−1) were very similar to those of analogous complex formed with
Ang60–68 (λmax = 630 nm; ε = 120 M−1cm−1).

Accordingly, the circular dichroism (CD) spectra of both Ang60–68+Cu(II) and Ang60–68Cys+Cu(II)
(Figure 2) showed a minimum around 600 nm, assigned to copper d-d transition, and a broad band
with a maximum approximately at 350 nm, assigned to charge transfer to the metal ion by the imidazole
nitrogen (Nim→Cu(II)) and the deprotonated amide nitrogen (Namide→Cu(II)).

Figure 2. Circular dichroism (CD) spectra of Ang60–68 + CuSO4 (black line) and Ang60–68Cys + CuSO4

(red line) at pH = 7.4. Equimolar concentration of peptide and copper were used: [peptide] = [Cu(II)]=
1 × 10−3 M.
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2.2. Biological Characterisation of the Interaction between Peptides- or Protein-NP Conjugates and Brain
Tumour (A172 line) or Non-Tumour (d-SH-SY5Y) Cells

2.2.1. Determination of Angiogenin Expression in Glioblastoma (A172), Undifferentiated and
Differentiated Neuroblastoma (SH-SY5Y) Cell Lines

To analyse the endogenous levels of ANG expression in the tested cancer cells (glioblastoma
A172 and neuroblastoma SH-SY5Y) and neuronal-like cells (differentiated neuroblastoma, d-SH-SY5Y),
we performed western blot analyses of protein extracts from crude cell lysates (Figure S1 in the
Supplementary Material). Results confirmed that in tumour cells the expressed level of protein was
significantly higher than in differentiated neuroblastoma (Figure S1a,b). Moreover, to control the
specific interaction of anti-angiogenin antibody with Ang60–68 or Ang60–68Cys in the comparison with
ANG, the peptides and protein samples were analysed by Western and dot blotting assays. The used
anti-angiogenin antibody detected only the whole protein but did not interact with the two peptide
fragments (Figure S1c,d).

2.2.2. Cell Viability

MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assays were carried out to
assess the effect on cell viability (Figure 3) of peptides- or protein-functionalised NPs, in the absence
or presence of copper ions, for brain glioblastoma (A172 line) and differentiated neuroblastoma
(d-SH-SY5Y), respectively.

Figure 3. Cont.
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Figure 3. Cell viability determined by 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
(MTT) assay of A172 (a) and d-SH-SY5Y (b) cell lines. Cells were grown in basal culture medium
(control: CTRL) and in culture medium supplemented with: Ang60–68 (30 μM), Ang60–68Cys (30 μM);
ANG (100 nM), AuNP (9.4 nM = 1.4 × 108 NP/mL), Ang60–68_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68]
= 2.8 × 10−12 M), Ang60–68Cys_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68Cys] = 2.6 × 10−12 M),
ANG_NP (1.2 nM = 3.4 × 106 NP/mL, [ANG]= 0.2 × 10−12 M). All conditions were evaluated in presence
or absence of metal ions (copper sulphate: Cu(II), 20 μM). The bars represent means ± SD of three
independent experiments performed in triplicate (S.D. = standard deviation). Statistically significant
differences, determined by one-way analysis of variance ANOVA are indicated: * p ≤ 0.05 versus CTRL;
§ p ≤ 0.05 versus the respective treatment with free peptides/protein; � p ≤ 0.05 versus the respective
treatment w/o Cu(II).

In the tumour A172 cell line (Figure 3a), a significant increase on viability (+25%; p ≤ 0.05 vs.
control untreated cells) was found after the treatment with ANG, both in absence and in the presence of
added Cu(II). The cells incubation either with free peptides of Ang60–68Cys or Ang60–68 did not induce
any significant change on cell viability; similar results were found for cells treated with peptides in the
presence of copper. As to nanoparticle-treated cells, the incubation with bare AuNP, both in the absence
and with Cu(II), did not modify the cell viability in comparison with control cells. The incubation
with Ang60–68_NP reduced the cell viability by about 20–25% (p ≤ 0.05 vs. the respective peptide and
peptide + Cu(II) controls), both in the absence and in the presence of copper. As to Ang60–68Cys_NP,
a significant cell viability decrease in the absence of Cu(II) (−25%; p ≤ 0.05 vs. the respective free
peptide) was nullified by the incubation in presence of copper. A similar trend was found for the cells
incubated with ANG_NP, where a reduced cell viability (−20%; p ≤ 0.05 vs. the respective free protein)
in the absence of copper but no significant difference in presence of copper were found.

In the non-tumour d-SH-SY5Y cell line (Figure 3b), none of the treatments used resulted in a
statistically significant decrease of cell viability in comparison to untreated control cells. Trypan blue
staining confirmed the above reported results (data not shown).

2.2.3. Cytoskeleton Actin Reorganisation and Intranuclear Angiogenin

Cell migration is a critical step in tumour invasion and metastasis; the regulation of this process is
often monitored in therapies for treating cancer. Reorganization of the actin cytoskeleton is the primary
mechanism of cell motility and is essential for most types of cell migration [49].

Confocal laser scanning microscopy (LSM) demonstrated substantial differences between the
tumour A172 (Figure 4) and non-tumour d-SH-SY5Y (Figure 5) cell lines in the organization of the actin
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cytoskeleton, both before and after the treatments with the peptides/protein-conjugated nanoparticles,
as well as the incubation in the copper-supplemented medium.

Combined staining for F-actin (green) and nuclei (blue) for untreated glioblastoma (Figure 4,
panel 1, CTRL) clearly shows their polygonal shape along with different types of actin dorsal fibres and
transverse arcs, typical for the lamellipodial actin meshwork [50]. The cell treatment with bare AuNP
and/or the addition of Cu(II) (Figure 4, panels 2–4) increased actin stress fibres. In contrast to A172 cells,
F-actin staining of untreated d-SH-SY5Y cells (Figure 5, panel 1, CTRL) analysed by Laser Scanning
Confocal Microscopy (LSM) showed several distinct types of actin structures with broad leading edges,
including a lamellipodium with a loose meshwork of actin filaments, an actin rich lamella, dorsal
ruffles, transverse arcs and stress fibres, as expected for differentiated neuroblastoma [51].

A172 cells treated with the free peptides or protein showed a diffuse actin staining for several
lamellipodia protruding from the cell body in all directions. The addition of copper did not change
significantly the actin staining for Ang60–68 (Figure 4, see panels 1 and 3), instead visibly decreased the
lamellipodia structures for Ang60–68Cys (Figure 4, panels 1 and 3) and ANG (Figure 4, panels 1 and
3), respectively. Both in absence and in the presence of copper, A172 cells treated with Ang60–68_NP
(Figure 4, panels 2 and 4) and ANG_NP (Figure 4, panels 2 and 4) still displayed a similar actin staining
than those incubated with the free peptide or protein, respectively.

On the contrary, after incubation with Ang60–68Cys_NP, both in the absence and presence of
copper (Figure 4, panels 2 and 4), cells contained very few, if any, actin stress fibres in the central
regions and lamellipodia structures.

For d-SH-SY5Y cells treated with the two peptides or the protein or their nanoparticle conjugates,
irrespective of the incubation in copper-supplemented medium or not, the most notable change was a
generally less dense meshwork of actin filaments after the treatment with Ang60–68 (Figure 5, panels
1–4) or Ang60–68Cys (Figure 5, panels 1–4). The central region of these cells contained neither ventral
stress fibres nor dorsal ruffles or transverse arcs detectable by LSM. On the contrary, numerous and
diffuse actin structures, as well as prominent actin stress fibres along the entire cell border were found
for cells treated with ANG samples (Figure 5, panels 1–4).

LSM imaging of intracellular angiogenin in glioblastoma and differentiated neuroblastoma cells
confirmed the western blot results (see Figure S1) that untreated non-tumour d-SHSY5Y cells (Figure 5,
panel 5) showed lower levels of endogenous ANG in the cytoplasm and in the nucleus than untreated
tumour A172 cells (Figure 4, panel 5).

Cells incubated with ANG for 2 hr exhibited a strong increase of the red staining, confirming the
cellular uptake of exogenous angiogenin. In A172 cells the staining was especially enhanced in the
presence of copper ions for the nuclear and perinuclear regions (Figure 4, panels 7,8). In d-SH-SY5Y
cells, an increased red staining was visible in vesicles in the cytoplasm and in the neurites (Figure 5,
panels 5–8), according to intracellular angiogenin localisation reported by Thiyagarajan et al. in similar
neuronal cell lines [52]. We also observed the presence of intense punctuate structure of angiogenin in
perinuclear and neurite regions, suggesting formation of resembling secretory granules.

Noteworthily, A172 cells treated with the peptide fragments Ang60–68 (Figure 4, panels 5–8) or
Ang60–68Cys (Figure 4, panels 5–8) showed a diffuse cytoplasmic staining and a weak staining in the
nucleus, neurites and cell membrane. A negligible staining of nuclear angiogenin was found after cell
incubation with peptide-conjugated nanoparticles in the presence of copper ions.
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2.2.4. VEGF Release and Synthesis

VEGF has been identified as the most important pro-angiogenic factor released by cancer cells
and its concentration in the tissue of glioblastomas has been demonstrated significantly higher than
that in normal brain [53]. Moreover, VEGF has a crucial role in neurogenesis, neuronal patterning,
neuroprotection and glial growth [30,54]. Figure 6 shows the VEGF release after incubation for 24 h
of tumour A172 cells and d-SH-SY5Y with peptides- or protein-conjugated NPs, in the absence or
presence of copper ions.

Figure 6. Vascular endothelial growth factor (VEGF) release in the medium of confluent cultures of
A172 (a) and differentiated d-SH-SY5Y cells (b). Cells were grown in basal culture medium (control:
CTRL) and in culture medium supplemented with: Ang60–68 (30 μM), Ang60–68Cys (30 μM); ANG
(100 nM), AuNP (9.4 nM = 1.4 × 108 NP/mL), Ang60–68_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68] =
2.8 × 10−12 M), Ang60–68Cys_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68Cys] = 2.6 × 10−12 M), ANG_NP
(1.2 nM = 3.4 × 106 NP/mL, [ANG]= 0.2 × 10−12 M). All conditions were evaluated in presence or
absence of metal ions (copper sulphate: Cu(II), 20 μM). Sandwich enzyme-linked immunosorbent
assay (ELISA) with monoclonal anti-VEGF antibody was used. The bars represent means ± SD of three
independent experiments performed in triplicate (S.D. = standard deviation). Statistically significant
differences, determined by one-way analysis of variance ANOVA are indicated: * p ≤ 0.05 versus
CTRL; § p ≤ 0.05 versus the respective treatment with free peptides/protein; � p ≤ 0.05 versus the same
treatment w/o Cu (II).
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In A172 cells (Figure 6a) the treatments with copper alone increased the VEGF release by about
2.0 folds (p ≤ 0.05 vs. control untreated cells), confirming the relevant role of this cation in cancer
progression [55].

The incubation of the cells with Ang60–68Cys or with Ang60–68 did not modify the VEGF release in
comparison to control cells, both in the absence and in the presence of Cu(II) whereas the treatments
with ANG or ANG + Cu(II) increased the VEGF release by about 2.3-fold (p ≤ 0.05 vs. control untreated
cells).

The treatments with bare AuNP, both in the absence and in the presence of copper ions, did not
significantly modify the VEGF release in comparison to control cells. Surprisingly, the incubation
with AuNPs functionalized with peptide fragment Ang60–68Cys and Ang60–68, induced a significant
reduction of VEGF release respectively by 27% and by 30%, in comparison to the corresponding control
(free Ang60–68Cys and free Ang60–68). Moreover, further reduction of the release was found when the
incubation with peptide fragment Ang60–68Cys was performed in presence of copper. No difference
was found in VEGF release after treatment of A172 cells with ANG_NP in comparison to cells treated
with free ANG.

The incubation of d-SH-SY5Y cells with ANG did not modulate the VEGF release, as well as
with Ang60–68 and Ang60–68Cys, both in absence and in presence of copper, in comparison to the
respective controls.

Differently from A172 cells, in non-tumour d-SH-SY5Y cells (Figure 6b), only the treatment with
AuNP functionalized with ANG, both in the absence and in presence of copper, induced an increase of
the VEGF release in comparison to untreated control cells. The incubation of control cells with copper
did not modulate the VEGF release. The concentration of VEGF released by A172 and d-SH-SY5Y was
133 pg/mL ± 10.1 and 58 pg/mL ± 4.3, respectively.

These results were confirmed by determination of VEGF messenger RNA (mRNA) levels (Figure 7).
In A172 cells (Figure 7a) the treatments with ANG significantly increased mRNA transcription, whereas
ANG_NP induced a significant reduction of transcription in comparison with free ANG but with values
higher than control cells. No differences were found after treatment with free Ang60–68, free Ang60–68Cys
as well as bare NPs. On the other hand, the incubation with Ang60–68_NP and Ang60–68Cys_NP
induced a significant reduction of mRNA transcription by about 2.2 and 2.7 folds, respectively, in
comparison to the respective control (free Ang60–68 and free Ang60–68 Cys). Moreover, further reduction
of the transcription was found after incubation in the presence of copper.

In non-tumour d-SH-SY5Y cells (Figure 7b), only the treatment with AuNP functionalized with
ANG, both in the absence and in presence of copper, induced an increase of the VEGF mRNA
transcription in comparison to the respective control (free ANG).
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Figure 7. Vascular endothelial growth factor (VEGF) mRNA levels determination by qPCR in A172 (a)
and differentiated d-SH-SY5Y cells (b). Cells were grown in basal culture medium (control: CTRL)
and in culture medium supplemented with: Ang60–68 (30 μM), Ang60–68Cys (30 μM); ANG (100 nM),
AuNP (9.4 nM = 1.4 × 108 NP/mL), Ang60–68_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68] = 2.8 × 10−12

M), Ang60–68Cys_NP (1.4 nM = 4.0 × 106 NP/mL, [Ang60–68Cys] = 2.6 × 10−12 M), ANG_NP (1.2 nM
= 3.4 × 106 NP/mL, [ANG]= 0.2 × 10−12 M). All conditions were evaluated in presence or absence
of metal ions (copper sulphate: Cu(II), 20 μM). Relative quantification is referred to untreated cells
(CTRL). Data normalized with respect to the expression level of S18 mRNA. The bars represent means
± standard deviation (SD) of three independent experiments performed in triplicate. Statistically
significant differences, determined by one-way analysis of variance (ANOVA) are indicated: * p ≤ 0.05
versus control; § p ≤ 0.05 versus the respective treatment with free peptides/protein.

3. Discussion

In this study, two brain cell lines, namely tumour glioblastoma (A172) and differentiated
neuroblastoma (d- SH-SY5Y) neuron-like cells, were scrutinised after incubation with hybrid
nanoassemblies made of gold nanoparticles functionalised with angiogenin protein or with two
different angiogenin-mimicking peptides (Ang60–68 and its cysteine derivative at the C-terminus,
Ang60–68Cys) containing the ANG residues from 60 to 68, which is the the exposed protein loop region
that is part of a cell-surface receptor binding site [56].
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The Ang60–68 peptide has been demonstrated to specifically interact with cytoskeleton actin [6],
whereas the Ang60–68Cys peptide has been successfully used to tailor gold nanoparticles by chemical
grafting [44]. Gold, indeed, being a soft acid, binds to soft bases like thiols, to form stable Au-S bonds
(40–50 kcal/mol) that are able to replace the citrate shell on the nanoparticle surface due to the strong
affinity binding of the thiol groups with the metal [57].

In a previous study, we scrutinised the actual immobilisation of Ang60–68Cys and Ang60–68 onto
the surface of AuNPs upon the simple addition of the peptide solution to nanoparticles dispersed in
water. Indeed, by a multitechnique characterisation approach, including UV-visible, attenuated total
reflectance–Fourier transform infrared (ATR/FTIR) and circular dichroism (CD) spectroscopies as well
as atomic force microscopy(AFM), we could demonstrate an irreversible strong interaction between the
peptide molecules and the gold nanoparticles resulting into the biomolecule-coated nanoparticles [44].
In the present work, to functionalize the gold nanoparticles with Ang60–68, Ang60–68Cys or ANG,
the biomolecules were added to the colloidal dispersion (1.7 × 108 AuNP/mL) at the concentration
respectively of 3 × 10−5 M for the peptides and 1 × 10−7 M for the protein, and the shifts in the plasmon
band were monitored (Figure 1).

The optical interface established between the biomolecules and the metal nanoparticle surface,
as investigated by UV–visible spectroscopy, clearly evidenced an irreversible immobilisation of the
peptides and protein molecules onto AuNPs (Figure 1d).

Noteworthy, a red-shift in the wavelength of maximum absorption (λmax) as well as a broadening
in the FWHM of the plasmon peak were found for both peptides- and protein-added nanoparticles in
comparison to bare AuNPs. These spectral changes point to an increase in the nanoparticle optical size,
which is dependent on the following two concomitant processes: (i) nanoparticle surface decoration by
biomolecules adsorption; (ii) nanoparticles aggregation.

The latter contribution was most evident for the protein, as displayed by the plasmon peak
broadening and the appearance of a shoulder approximately at 600 nm of wavelength. Hence, the NP
functionalisation by the biomolecules immobilisation resulted in peptide-conjugated NPs with lower
tendency to aggregation than the protein-conjugated NPs. To better understand these findings,
the nanoparticle coverage (Γ, in molecule/NP) was calculated from the changes in λmax by using
equations (1), (2) and (3).

Theoretical predictions show how the local refractive index environment of a metal nanoparticle
affects its absorption spectrum. By assuming the protein-coated nanoparticles as core-shell spheres
with a metallic core of d diameter, corresponding to the uncoated nanoparticles, and a homogeneous
spherical proteinaceous shell, the fraction of protein over the total particle, g, is related to the changes
in the wavelength of maximum absorption for uncoated colloid (λmax,0), as given by Equation (1):

g = (1 + αs)

⎛⎜⎜⎜⎜⎝
λ2

p(εs − εm)

Δλ·λmax,0
+ 2αs

⎞⎟⎟⎟⎟⎠
−1

, (1)

where λp is the free electron oscillation wavelength (which is 131 nm for gold [58]), ε is a dielectric

constant or relative permittivity (equal to the squared refractive index); αs =
(εs−εm)
(εs+2εm)

is the polarizability
of a sphere with shell dielectric constant εs in a surrounding medium of dielectric constant εm. According
to Equation (2), which refers to the shell thickness (s):

s =
d
2

⎡⎢⎢⎢⎢⎣ 1

[1− g]1/3
− 1

⎤⎥⎥⎥⎥⎦, (2)

and using the Feijter’s formula in Equation (3):

Γ = s
ns − nm

dn/dc
, (3)
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where Γ is the coverage and dn/dc is the refractive index increment (typically 0.19 mL·g−1 for a
protein [59]), the mass of protein absorbed per unit area can be calculated.

The estimated values from the experimental spectroscopic data as well as the theoretical coverage
calculated by considering an ideal monolayer in the two limit configurations respectively of end-on or
side-on, are given in Table 2.

Table 2. Protein fraction shell value (g) and peptide/protein coverage (Γ) calculated from the changes
in the wavelength of maximum absorption (λmax) of AuNP plasmon peak for peptide/protein added
nanoparticles. The ideal monolayer coverage of the peptide/protein in the end-on and side-on limit
configuration are given for comparison.

Sample g (1) Γ (ng/cm2)
Γ (2)

(molecules/NP)

Ideal Monolayer Coverage (3)

(molecules/NP)

End-on Side-on

Ang60–68_NP 0.74 79 194 177 83
Ang60–68Cys_NP 0.74 79 178 202 149

ANG_NP 0.90 165 32 23 10
1 Values calculated from Equation (1) in Materials and Methods by considering the refractive index values (n) at
550 nm of 1.335 for water [60] and 1.38 for a pure protein [59], respectively. 2 Values calculated from Equation (3)
in Materials and Methods, given the molecular weights (MW) of 1105.5 g/mol for Ang60–68, 1209.3 g/mol for
Ang60–68Cys and 14,200 g/mol for ANG, respectively. 3 Calculated by using the average molecular dimensions
(in nm3) respectively of (1.7 × 1.5 × 3.2) for Ang60–68, (1.6 × 1.4 × 1.9) for CysAng60–68 [44], and (7 × 6.2 × 3.2) for
ANG [61].

From Table 2 is evident that a multilayer coverage can be presumed for ANG_NP, while most likely
a monolayer in end-on configuration and a sub-monolayer coverage can be assumed for Ang60–68_NP
and Ang60–68Cys_NP, respectively. Hence, in the case of ANG, many protein molecules adsorbed at
the nanoparticle surface and formed a ‘thick’ shell that could perturb the mechanism of electrostatic
stabilisation for colloidal gold [3], thus explaining the partial aggregation measured in UV-visible
spectra. As to the two peptide fragments, their smaller size lead to the formation of a thinner and
stiffer shell around the nanoparticles than that formed by the protein molecules. This picture is further
supported by the coverage calculated for the pellets recovered after the washing steps. Indeed, for
ANG_Au pellet, a loss of unbound and/or weakly bound proteins of about 78% can be estimated by
the protein fraction shell decrease to g = 0.5, which corresponds to coating thickness and absorbed
protein mass of s = 1.54 nm and Γ = 36 ng/cm2, respectively. On the other hand, for both Ang60–68_NP
and Ang60–68 Cys_NP pellets, the calculated values for the peptide shell are still g = 0.74, s = 3.36
nm and Γ = 79 ng/cm2. To note, even if the measured plasmon peak changes were comparable upon
their approaching at the interface with the gold nanoparticles, the cysteine residue in Ang60–68Cys
is expected to drive, through the thiol-gold bonding [44], a more ordered and compact biomolecule
gathering at the nanoparticle surface in comparison to Ang60–68, which is in agreement with the
estimation of a sub-monolayer coverage in Ang60–68Cys_NP.

The DLS method is a reliable instrumental tool for non-perturbative and sensitive diagnostics of
the aggregation processes of gold nanoparticle conjugates initiated by biospecific interactions on their
surface [62]. Indeed, the nanoparticle hydrodynamic size determined by DLS (Table 1) showed the
same trend of optical size change; moreover, also evidenced nanoparticles aggregation induced by the
addition of copper ions to the peptides- or protein-functionalised NPs (i.e., hydrodynamic size increase
approximately of 373%, 866% and 15% for Ang60–68_NP, Ang60–68Cys_NP and ANG_NP, respectively)
but no size change for the bare AuNPs.

Transition metals, such as copper, can prompt the aggregation of proteins and peptides through
the formation of metal complexes [63]. It is known that ANG is able to bind to copper ions [43] and
bridged copper complexes can lead to the formation of nanoparticles clusters. This effect was more
evident for the hybrids CysAng60–68_NP, where the prevalent chemisorption process leads to a more
ordered arrangement of the biomolecules around the nanoparticles.

393



Cancers 2019, 11, 1322

The differences found in the presence of copper ions could also be due to different binding modes
between the copper and the peptides- or the protein-functionalised nanoparticles. The UV-visible
parameters of copper complexes formed by Ang60–68 and Ang60–68Cys were similar, suggesting
that the metal ion experiences the same coordination environment with both peptides. However,
the observed blue-shift (Δλ = 6 nm) and the parallel decrease of molar absorbance coefficient (Δε = 10)
for Ang60–68Cys + Cu(II) compared to Ang60–68 + Cu(II), suggest a slight increase of ligand field
strength and a more planar disposition of donor atoms bound to the metal ion [64,65].

The CD spectra (Figure 2) confirmed the involvement of imidazole and deprotonated amide
nitrogen as donor atoms in metal binding for copper complexes formed by the two peptides [48].
The sharper peaks around 300 nm evidenced the slight increase of metal binding affinity of Ang60–68Cys.
Furthermore, the CD broad band in the d-d transition region suggested that the extra cysteine residue
at C-terminus may affect peptide backbone conformation of Ang60–68Cys more than it happens for
Ang60–68+Cu(II) system [66]. As for the protein, the main copper anchoring sites are the RNase catalytic
sites His-13 and His-114 [38]; therefore ANG displays a different coordination mode compared to
copper complexes formed by Ang60–68 and Ang60–68Cys. However, it has been hypothesized that in
the presence of excess copper a second metal ion can bind to the 60–68 region of ANG affecting protein
binding with cell membrane [37]. The different metal coordination modes may potentially tune the
biological response of functionalized nanoparticles.

The tests of cell viability/proliferation, cytoskeleton actin, angiogenin translocation and VEGF
release were scrutinised both in basal and in copper-conditioned medium. Noteworthy, copper is
another co-player of the angiogenesis process [33,34].

The cell response to nanoparticles is strongly dependent on the cell line, since, for instance,
different cell models can overexpress different receptors at the membrane that may trigger the
nanoparticle internalisation. ANG stimulates the expression of ANG receptors which mediate its
nuclear translocation [16,28]; when nuclear translocation of ANG is inhibited, its angiogenic activity is
abolished [67].

Neuroblastoma SH-SY5Y cells are used as a model of dopaminergic neurons as the cells possess
similar biochemical functionalities of neurons. They are able to synthesize dopamine and also express
dopamine transporter on the cell membrane [68]. On the other hand, SH-SY5Y cells have very low
levels of the redox protein thioredoxin that together with glutathione redox cycle represents the major
cellular redox buffer [69], acts as a growth factor and is found to be overexpressed in many human
primary cancers including glioblastoma cells [70].

As to the cell viability effects measured on tumour glioblastoma (A172) and non-tumour
differentiated neuroblastoma (d- SH-SY5Y) cell lines, our results (Figure 3) pointed to the very
promising potentialities of peptide- and protein-functionalised gold nanoparticles to decrease the
proliferation of tumour cells.

Indeed, after 24 h of A172 cells incubation with Ang60–68_NP, Ang60–68Cys_NP and ANG_NP a
significantly decreased viability was found compared the cells treated with the free peptides or protein
molecules as well as to the untreated control. Noteworthy, at the used experimental conditions, the bare
AuNPs as well as the free peptides were found to not affect the cell viability, whereas the free protein
increased the viability in comparison to untreated cells, both in the absence and in the presence of
copper ions. Another interesting cue was found in the experiments performed in copper-supplemented
medium, where cell treatments with Ang60–68Cys_NP+Cu(II) and ANG_NP + Cu(II) nullified the
abovementioned decrease of cell viability, whereas for cells treatments with Ang60–68_NP+ Cu(II)
no significant differences were found with respect to Ang60–68_NP. These findings confirmed the
higher capability in the copper binding for the Ang60–68Cys- conjugated nanoparticles with respect to
Ang60–68-NP, as discussed above from CD results.

In contrast to A172 cells, no toxicity nor increase in viability was observed for any of the incubation
conditions of differentiated neuroblastoma cells, as expected for not proliferating non-tumour cells.
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These findings further support the good potentialities of our peptides- and protein-conjugated NPs as
cell specific, anti-angiogenic nanomedicine tools.

Angiogenin is a protein with an extreme positive charge (pI >10.5), thus generally can avidly bind
the cellular membrane [71]. Indeed, ANG binds to the membrane surface actin of vessel endothelial
cells and activate the matrix protease cascades.

In the cytosol, angiogenin encounters an endogenous inhibitor protein, known as ribonuclease
inhibitor (RI), which binds to angiogenin to form a complex with a dissociation constant value in
the low femtomolar range, stabilized largely by favourable Coulombic interactions, as RI is highly
anionic [72]. It has been demonstrated that upregulating RI suppresses tumour growth and tumour
microvessel density through suppression of ANG function [73].

In order to explain the different response of two neural lines, we analysed via confocal microscopy
the remodelling of actin filaments as well as the ANG translocation induced by the peptides- or
protein-conjugated NPs, both in the absence and in the presence of Cu(II) (Figures 4 and 5).

Our results in tumour A172 cell line showed that the cell treatment with bare AuNPs and/or
the addition of Cu(II) significantly increased actin stress fibres, while after incubation either with the
free Ang60–68 peptide as well as its NP-conjugated derivative, an enhanced actin staining for several
lamellipodia protruding from the cell body in all directions were found, with no significant changes
observed in the presence of copper. A similar strong actin staining for lamellipodia in Ang60–68Cys
peptide-and ANG protein-treated cells was instead decreased by the presence of copper. Finally, after
incubation with Ang60–68Cys_NP, both in the absence and presence of copper, cells contained very few,
if any, actin stress fibres in the central regions and lamellipodia structures.

As to the non-tumour d-SHSY5Y cell line, no significant changes in the cytoskeleton actin were
found for cell incubation in the presence or not of copper ions, but only a generally less dense actin
meshwork after the treatment with Ang60–68 or Ang60–68Cys samples. Numerous and prominent actin
stress fibres along the entire cell border were found for cells treated with ANG samples.

As migration and, thus, infiltration of glioma cells is largely governed by reshaping the cytoskeleton,
it is no surprise that the composition and organization of the cytoskeleton in glioma cells differs
strongly from that of healthy brain cells, such as the neuron-like differentiated neuroblastoma cells.
In a study on glioblastoma multiforme (GBM), the most lethal brain tumour, Memmel et al. found that
inhibition of cell migration was associated with massive morphological changes and reorganization of
the actin cytoskeleton [50].

ANG can interact with the actin, a protein able to form different polymeric structures inside the
cells, which is essential to maintain the cell structure and motility [74]. The result of the binding to
the actin is the inhibition of the polymerization with consequent changing of the cell cytoskeleton.
These modifications play a fundamental role during proliferation of both endothelial and tumour
cells [75]. The role of ANG in cell migration, necessary for tumour invasion and metastasis, has been
confirmed by an important study which detected elevated levels of secreted and cell surface-bound
ANG in highly invasive metastatic breast cancer cells. It has been indeed demonstrated that ANG
interacts with the plasminogen activation system, thus increasing plasmin formation and cell migration
of tumour cells [76].

Under physiologic conditions, ANG is present in the nucleus and in the cytoplasm, where is held
in an inactive state through interaction with its known inhibitor Ribonuclease/Angiogenin Inhibitor 1
(RNH1), which prevents random cleavage of cellular RNA. A minor pool of ANG is secreted and is
internalized by surrounding cells with a mechanism of endocytosis receptor mediated (reviewed by
Shawn [71]. In stressed cells ANG dissociates from his inhibitor and becomes active. In this condition,
nuclear ANG translocates from nuclear to the cytoplasmic compartment where cleaves mature transfer
ribonucleic acid (tRNA), releasing two smaller RNA fragments, termed 5′- and 3′ tRNA-derived
Stress-induced RNAs (tiRNAs). The post-transcriptional tRNA processing is necessary to allow the
tRNA to regulate in specific manner the transcription [77]. Moreover, tRNA fragments can bind to
cytochrome c and block the apoptosoma assembling, thereby inhibiting caspase-3, with consequent
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increasing of cell viability and proliferation [78]. Noteworthy, the nuclear concentration of ANG
increases in the endothelial cells under the stimulation with basic fibroblast growth factor (bFGF), VEGF,
acidic fibroblast growth factor (aFGF), epidermal growth factor (EGF), and foetal bovine serum (FBS).

Authors hypothesized that the endogenous angiogenin participates in endothelial cell proliferation
induced by other angiogenic factors [29]. Recombinant ANG plays an important role in neuroprotection
against excitotoxic and endoplasmic reticulum (ER) stress in primary motor neuron cultures, and in
SOD1G93A mice [18].

By LSM we were able to visualise the different intracellular localisation of endogenous angiogenin
in A172 and d-SH-SY5Y cells, but similar effects on angiogenin translocation or uptake by the treatment
with the peptides- or protein-conjugated nanoparticles, respectively.

For tumour glioblastoma, we found the endogenous angiogenin localised in the nucleus and in
the cytosol, while neuron-like differentiated neuroblastoma displayed a weaker angiogenin staining
(according to western blotting analysis, Figure S1), mainly localised in cytoplasm. Indeed, A172 cells
treated with the free protein or the protein-conjugated NPs exhibited a strong angiogenin staining
of the nuclear and perinuclear regions, especially for incubation in copper-supplemented medium.
In d-SH-SY5Y cells, most of the protein was visible in the cytoplasm as large speckles but is also present
in the nucleus, in the neurites and the membrane. In both cell lines, upon the treatment with bare
AuNPs and/or the incubation in copper-supplemented medium, structural perturbation of intracellular
angiogenin was observed, with an intense punctuate structure in perinuclear and neurite regions that
suggested the formation of resembling secretory granules.

The treatment with peptides or peptide-conjugated nanoparticles was able to translocate
angiogenin, with a diffuse cytoplasmic staining and a weak staining in the nucleus, neurites and cell
membrane after the incubation with Ang60–68 or Ang60–68Cys; in the presence of copper-supplemented
medium, most of the protein remains in the cytoplasm and is absent from the neurites and membrane.

Nuclear angiogenin plays different roles. It is localised inside the nucleolus, centre of synthesis and
assembly of the ribosomes, where stimulates rRNA production, required for cellular proliferation [79].
Moreover, ANG bind the histone protein and cause a modification which regulates mRNA transcription.
The ability to bind the DNA allows to ANG to function as a adaptor protein which recruit other
modifying enzymes with methyltransferase or acetyltransferase activity [16]. Moreover, ANG has a
nuclear localization sequence (NLS), containing Arg 33, which equips the protein for nuclear import [28].
After entering the nucleus, ANG accumulates in the nucleolus, which is the site of ribosome biogenesis.
Within the nucleolus, ANG stimulates ribosomal DNA (rDNA) transcription [80].

Our results demonstrate that ANG was able to enter glioma cells and to induce their proliferation.
In A172 cancer cells, the mitogen activated protein kinase (MAPK)/extracellular-signal-regulated
kinase (ERK) signalling pathway could be responsible of the ANG phosphorylation which prevent
the binding with the RI. Consequently, free ANG could exercise his effect in the nucleus, promoting
DNA transcription and cell proliferation [81]. The effect of ANG on A172 cells, but not of ANG_NP,
was highlighted by the increase of VEGF transcription and release, after the ribonuclease activity of the
protein in the nucleus.

The lower VEGF release after incubation of the cells with ANG_NP could be determined by the
presence of NPs, which could prevent the phosphorylation of the protein, essential step for its nuclear
translocation. A low concentration of phosphorylated protein could explain the reduction of VEGF
release after incubation with ANG_NPs in comparison to free ANG.

The peptide fragments Ang60–68Cys and Ang60–68 were able to enter the cells but only few of
them could cross nuclear membranes, because they are missing of the nucleolar targeting, specifically
of Arg 33; the consequent effect is a level of release of VEGF very similar to control cells. Instead,
Ang60–68Cys_NP and Ang60–68_NP entered the nucleus and successively they could bind rDNA.
Probably, the fragments were not able to catalyse the digestion of the RNA on the promotor site, due to
the lack of the catalytic sequence. Consequently, the dissociation of the transcription termination factor
I-interacting protein (TIP5) from the rDNA promoter did not occur. The ensuing steric obstruction

396



Cancers 2019, 11, 1322

by the binding of Ang60–68Cys_NP and Ang60–68_NP to rDNA could block the binding of other
native angiogenin molecules thereby significantly reducing rDNA transcription and VEGF production.
The shield-effect of the NPs towards peptide fragments Ang60–68Cys and Ang60–68 could represent an
interesting strategy to modulate VEGF release by glioma cells.

The different response of the SH-SY5Y cells to ANG could depend by the interaction of the peptide
with his inhibitor, as the signalling pathway determining the phosphorylation are switch off in not
tumour cells. In this condition, the protein could remain inactive in the cytosol, bound to its inhibitor.

In differentiated SH-SY5Y cells, the hybrid ANG_NP increased VEGF release in comparison to
free ANG probably because in absence of NPs, after the adhesion to- and crossing- through plasma
membrane, it binds its inhibitor inside the cells. The hybrid ANG_NP protects the protein by the bind
with the inhibitor, thereby increasing VEGF mRNA transcription and VEGF release in comparison to
free ANG probably because the presence of the NPs could protect the protein by the binding with the
inhibitor, thereby increasing VEGF mRNA transcription and VEGF release.

4. Materials and Methods

4.1. Chemicals

Gold(III) chloride trihydrate (CAS Number 16961-25-4), trisodium citrate dihydrate
(CAS Number: 6132-04-3), 3-(N-morpholino)propanesulfonic acid (MOPS, 1132-61-2),
potassium chloride (7447-40-7), sodium chloride (7647-14-5), tris(2-carboxyethyl)phosphine
(TCEP, 51805-45-9), hydrochloric acid (7647-01-0), nitric acid (7697-37-2), sodium hydroxide
(1310-73-2), N,N-diisopropyl-ethylamine (DIEA, 7087-68-5), N,N-dimethylformamide (DMF,
68-12-2), 20% (v/v) piperidine (110-89-4) in DMF solution, N-hydroxybenzotriazole
(HOBt, 123333-53-9), triisopropylsilane (TIS, 6485-79-6), trifluoroacetic acid (TFA, 76-05-1),
isopropyl β-d-1-thiogalactopyranoside (IPTG, 367-93-1), Tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCl buffer, 1185-53-1), ethylenediaminetetraacetic acid (EDTA, 60-00-4),
guanidine hydrochloride (GdnHCl), 1,4-dithiothreitol (DTT, 3483-12-3), phosphate buffered
saline (PBS) tablets and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT, 298-93-1), ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA,
67-42-5), nonyl phenoxypolyethoxylethanol (NP40, 9016-45 -9), bovine serum albumin
(BSA), 3,3′,5,5′-tetramethylbenzidine (TMB, 54827-17-7) sulphuric acid (7664-93-9) and
Triton X-100 (9002-93-1) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
2-(1-H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) was purchased from
Novabiochem (Läufelfingen, Switzerland).

The designed primers for angiogenin (ANG) protein expression were purchased from Eurofins
GWM (Ebersberg, Germany). The over-expression plasmid (pET22b(+)-ANG), including a
codon-optimized gene for ANG, was obtained from Sloning BioTechnology (Puchheim, Germany).
Terrific Broth (TB) liquid microbial growth medium, Dulbecco’s modified eagle medium (DMEM),
Ham’s F-12 medium (F12), streptomycin, l-glutamine, foetal bovine serum (FBS) were provided by
Lonza (Verviers, Belgium). DMEM high glucose 30-2002 was provided by ATCC (LGC Standards S.r.l.,
Sesto San Giovanni (MI), Italy). Ultrapure MilliQ water was used (18.2 mΩ·cm at 25 ◦C, Millipore,
(Burlington, MA, USA).

4.2. Peptide Synthesis

The fragment Ang60–68 including the amino acid sequence Ac-KNGNPHSEN-NH2 (molecular
weight, MW, of 1105.5 g/mol, isoelectric point, PI, of 11.38), modified by N-terminal acetylation and
the C-terminal amidation, was assembled by using the solid phase peptide synthesis strategy, on
an initiator+ AlstraTM fully automated microwave peptide synthesizer (Biotage, Uppsala, Sweden).
The synthesis was performed on TGR resin (0.25 mmol/g) on 0.11 mmol scale using a 30 mL reactor
vial. The coupling reactions were carried out by using 5-fold excess of amino acid, 5 equivalents of
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hydroxybenzotriazol/2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminiumtetrafluoroborate/N,N-
diisopropylethylamine (HOBt/TBTU/DIEA) in N,N-dimethylformamide (DMF), under mixing for
10 min at room temperature. Fmoc deprotection steps were performed at room temperature by
using 20% of piperidine in DMF for 15 min. The N-terminal amino group was acetylated using a
DMF solution containing acetic anhydride (6% v/v) and DIEA (5% v/v). The resin was washed with
dichloromethane and dried on synthesizer. The peptide was purified by preparative reversed-phase
chromatography (rp)-HPLC using a PrepStar 200 (model SD-1, Varian, Palo Alto, CA, USA) equipped
with a Prostar photodiode array detector, with a protocol previously reported [48]. The peptide
Ac-KNGNPHRENC-NH2 (Ang60–68Cys) was purchased from CASLO (Lyngby, Denmark).

4.3. Protein Expression

The human angiogenin expression was carried out following the method reported by Holloway
et al. (2001) [82]. Briefly, the E. coli (BL21(DE3)) expression strain was cultured at 37 ◦C under shaking
(speed of 180 r.p.m.) in 5 mL of terrific broth (TB) (12 g peptone, 24 g granulated yeast extract, 4 mL
glycerol 87%, 900 mL of distilled H2O) supplemented with ampicillin (100 μg/mL). After 24 hrs of
incubation the whole volume of the bacterial culture was inoculated in 1000 mL of fresh broth. When
the density of the culture had reached the OD600 nm value of 0.8, the Ang expression was induced
by the addition of 1 mM IPTG and the incubation was continued for additional 2 h. Afterwards,
the cell culture was harvested by centrifugation (15 min at 1503 RCF) and cells were lysed with
30 mL of lysis buffer (50 mM Tris-HCl, 2 mM EDTA, pH = 8) by using a high-pressure homogenizer
(Emulsiflex, Ottawa, Canada) and a sonication step (Sonicator Q700, Qsonica, Newtown, CT, USA).
Lysate was centrifuged (40 min at 15,871 RCF) and the pellet was re-suspended in 25 mL of lysis buffer
supplemented with 1% (v/v) Triton X-100. Sonication and centrifugation steps were repeated twice
and the final pellet was dissolved in 30 mL of denaturation buffer (0.24 M GdnHCl, 100 mM Tris-HCl,
1 mM EDTA, 4 mM NaCl, 0.4 mM DTT).

The expressed recombinant angiogenin (rANG) was refolded from inclusion bodies according to
the procedure described by Jang et al. [83] and then purified by a cation exchange chromatography
performed on an automated chromatographic workstation (Akta prime, GE Healthcare, Milan, Italy)
equipped with a 15 × 1.6 cm column packed with SP Sepharose Fast Flow (GE Healthcare, Milan,
Italy). After a washing step with 25 mM Tris-HCl (pH = 8.0), rAng was eluted with 25 mM Tris-HCl,
1 M NaCl (pH = 8.0) buffer solution. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10% bis-tris, Invitrogen, Carlsbad, CA, USA, 1 mm × 15 well) was carried out to evaluate
the presence of dimers.

To obtain wild-type angiogenin (ANG), rANG was incubated with 1 nM Aeromonas aminopeptidase,
at the concentration of 1 × 10−5 M in 200 mM PBS (pH = 7.2) (overnight at 37 ◦C under gentle shaking).
This procedure allows for the specific removal of the N-terminal methionine residue, Met(-1), in the
primary sequence of rANG, thus obtaining the N-terminal glutamine residue, Glu1, that spontaneously
cyclises to the pyroglutamate residue, PyrGlu1, which is characteristic of ‘native’ wtANG.

The reaction mixture was purified by dialysis (Spectra/por MWCO 6–8000) (Fisher Scientific,
Hampton, NH, USA), which replaces PBS with 25 mM Tris-HCl (pH 7.4) buffer solution, followed
by cation-exchange chromatography. The native folding of wtANG was evaluated by testing
the ribonucleolytic activity of the protein, according to the procedure reported by Halloway
et al. [82]. The protein concentration was determined by means of UV-visible spectroscopy
(ε280nm = 12,500 M−1 cm−1) [38].

4.4. UV–Visible Spectroscopy, Circular Dichroism Spectroscopy and Dynamic Light Scattering (DLS) Analyses

UV-visible spectra of the aqueous dispersions were measured on a Lambda 2S spectrometer
(Perkin Elmer, Waltham, MA, USA) using conventional quartz cells (light path 1 cm and 0.1 cm) under
the following conditions: bandwidth, 1 nm; scan rate, 100 nm/min; response, medium; data interval,
0.5 nm. Circular dichroism (CD) spectra in the 290–750 nm UV-visible region were recorded at 25 ◦C in
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a constant nitrogen flow on a model 810 spectropolarimeter (Jasco, Cremella (LC), Italy) equipped
with a Xe lamp. The following conditions were used: scan rate, 50 nm min−1; bandwidth, 1 nm;
scan rate, 50 nm/min; response, 4 s; accumulation, 3 times; data interval, 0.5 nm. Aqueous solution of
(+)-ammonium camphorsulfonate-d10 (0.06%) was used for a calibration of the spectrometer sensitivity
and wavelength (θ = 190.4 mdeg at λ = 290.5 nm).

For the hydrodynamic size determination, a dynamic light scattering (DLS) nanoparticle size
analyser (LB-550, Horiba, Rome, Italy) was used. The instrument, equipped with temperature controller
in the range of 5–70 ◦C, could detect particle size in the range of 1 nm–6 μm; response time, about 30 s.
The results are presented as the mean of at least three measurements.

4.5. Synthesis and Functionalisation of Gold Nanoparticles

Gold nanoparticles were synthesized modifying the method pioneered by Turkevich. This method
uses the chemical reduction of the chloroauric acid by the action of trisodium citrate that acts as both
reducing and capping agent [84]. The synthesis was carried out as follows. All glassware was cleaned
with aqua-regia rinsing (HCl:HNO3, 1:3 volume ratio) and then washed with MilliQ water immediately
before starting the experiments. Gold(III) chloride dihydrate was dissolved in 20 mL of ultrapure
Millipore water. The solution, at the final concentration of 1 mM, was heated to boiling on a hot plate
while it is stirred in a 50 mL beaker. 2 mL of a 1% (m/v) solution of trisodium citrate dihydrate was
quickly added to the rapidly-stirred auric solution. As soon as the solution turned from yellow to deep
red, AuNPs were formed and the beaker was removed from the hot plate.

The concentration of synthesized AuNPs was typically of 16 nM, as estimated by the UV–visible
spectra, according to the molar extinction coefficient ε (in M−1cm−1,) calculated by the following
equation [85]: εgold = Adγ, where d in (nm) is the core diameter of the nanoparticle, A and γ are
constants (d ≤ 85 nm: A = 4.7× 104, γ = 3.30; d > 85 nm: A = 1.6× 108, γ = 1.47).

To calculate d, the UV-visible parameters of the plasmon peak were used, according to the
following equation [47]: d = λmax−515.04

0.3647 .
In order to remove the excess of sodium citrate, the citrate-capped gold nanoparticles were washed

through two centrifugation steps (15 min at 6010 RCF), with rinsing in between and at the end with
3-(N-morpholino)propanesulfonic acid) -Tris(2-carboxyethyl)phosphine hydrochloride MOPS-TCEP
buffer. To prepare the MOPS-TCEP buffer, 1 mM MOPS buffer solution (added with 0.27 mM KCl
and 13.7 mM NaCl) was mixed to TCEP at 1:1 molar ratio, and the pH corrected to 7.4 (25 ◦C) by the
addition of concentrated NaOH.

The pellets of the rinsed citrate-capped gold nanoparticles were resuspended in 1 mM MOPS-TCEP
at the concentration of 1.5×10−8 M, corresponding to 1.7 × 108 AuNP/mL, as determined by the
absorbance of the plasmon peak, and functionalized by physical adsorption (for Ang60–68 and ANG),
and prevalent chemisorption (for Ang60–68Cys). The functionalization was carried out through the
gradual addition, in a concentration range from 5 × 10−6 M up to 3 × 10−5 M, of the two different
peptides (Ang60–68 and Ang60–68Cys) and through the one step addition of the whole protein (ANG)
at the concentration of 1 × 10−7 M, to 1.5 × 10−8 M aqueous dispersion of AuNP and analysed by
UV–visible spectroscopy titrations. Eventually, to rinse off unbounded or weakly bound biomolecules,
the peptide-AuNP hybrid systems were purified by two centrifugation steps (15 min at 6010 RCF),
with rinsing in between and at the end with MOPS-TCEP buffer.

4.6. Cellular Experiments

Human neuroblastoma cells (SH-SY5Y cell line) were cultivated in full medium, i.e., DMEM/F12
supplemented with 10% FBS, 2 mM l-glutamine and 100 μg mL−1 streptomycin. For differentiation,
cells were seeded at a density of 2.3 × 105 cells/mL in full medium for 24 hrs and then neuronal
differentiation of SH-SY5Y was induced by treatment for 5 days in vitro (DIV) with 10μM of retinoic acid
(RA) for 5 days in Dulbecco’s Modified Eagle Medium (DMEM) high glucose medium supplemented
with 0.5% of FBS.
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Human glioblastoma cell line (A172) was cultivated in DMEM (n. 30–2002) supplemented
with 10% FBS and 100 μg·mL−1 streptomycin. The cell cultures were grown in tissue-culture treated
Corning® flasks (Sigma-Aldrich) in humidified atmosphere (5% CO2) at 37 ◦C (HeraCell 150C incubator,
Heraeus, Hanau, Germany). For the cellular treatments, the day before the experiment glioblastoma
cells were seeded at a density of 2 × 105 cells/mL in full medium.

4.6.1. Cellular Experiments

Corning® 48 well multiwell plates were used for cytotoxicity assays (Sigma-Aldrich). The effect
of AuNPs with ANG protein and Ang peptides on cell viability was tested at 50–60% of cell confluence
by incubation with the compounds with concentrations 5 and 10 nM with or without 20 uM of copper
for 24 hrs in DMEM medium supplemented with 0.5% of FBS. The viable cells were quantified by
the reaction with MTT. After 90 min, the reaction was stopped by adding DMSO, and absorbance
was measured at 570 nm (Varioskan® Flash Spectral Scanning Multimode Readers, Thermo Scientific,
Waltham, MA, USA). Results were expressed as % of viable cells over the concentration of each
compound. The experiments were repeated at least five times in triplicate and results expressed as
mean ± standard error of the mean (SEM). The statistical analysis was performed with a one-way
Analysis of Variance (ANOVA test, by using the Origin software, version 8.6, Microcal, Northampton,
MA, USA.

4.6.2. Western Blot (WB) Analysis

For the determination of protein amount by WB, cells were cultivated at 37 ◦C (in 5% CO2

atmosphere) on Corning® tissue-culture treated culture dishes 60 mm× 15 mm (D×H) (Sigma-Aldrich)
at 80% of confluence. Cells lysates were prepared by cells treatment with RIPA lysis buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.5 mM EGTA, 1% NP40) containing
an inhibitor of the protease and phosphatase cocktail. Immediately after the addition of the buffer, cells
were collected by the scratch method and transferred to Eppendorf tubes (1.5 mL of size, purchased
from Sigma-Aldrich) for incubation on ice for 30 min. After a centrifugation step (10 min at 18,407
RCF) the supernatants were collected and the protein concentration was measured by Bradford’s
method using BSA as the standard curve. SDS-PAGE with precast gel (4–20%, mini-PROTEAN, BioRad,
Hercules, CA, USA) was used to separate proteins lysates or Ang protein and peptides. Nitrocellulose
membranes (Sigma-Aldrich) were used to transfer proteins from the gel. Membranes were incubated
with blocking buffer (0.1% Tween20 in tris-buffered saline added with either 5% non-fat milk) at
room temperature for 1 h, and then incubated with primary anti-angiogenin or anti-GAPDH antibody
(code: sc-9044, 1:500 dilution, Santa Cruz Biotechnology (Dallas, TX, USA) or code: ab8245, 1:2000
dilution, Abcam (Cambridge, UK), respectively) overnight at 4 ◦C. After that, 1 h treatment with
goat anti-rabbit or anti-mouse IgG horseradish peroxidase-conjugated secondary antibodies (code:
AP307P and AP181P, respectively, 1:3000 dilution, MD Millipore Bioscience (Burlington, MA, USA).
Measurements were performed by a ChemiDoc MP Imaging System (BioRad, Hercules, CA, USA) using
enhanced Western Lighting Chemiluminescence Reagent Plus (PerkinElmer, Waltham, MA, USA).

4.6.3. Dot Blot Analysis

Peptides or whole protein were dissolved in phosphate buffer saline solution (PBS, pH = 7.4) at
0.2 mg/mL. Using narrow-mouth pipette tip, 2 μL of samples were spotted onto the nitrocellulose
membrane. To block the non-specific sites membrane was incubated in 5% non-fat milk in 0.1%
Tween20 in tris-buffered (30 min, room temperature). After that, membranes were incubated with
primary anti-angiogenin antibody (code: sc-9044, 1:500 dilution, from Santa Cruz Biotechnology, Dallas,
TX, USA) overnight at 4 ◦C. Than membranes were incubated with secondary antibody conjugated
with horseradish peroxidase (HRP) enzyme (code: AP307P, 1:3000 dilution, MD Millipore Bioscience,
Burlington, MA, USA) for 1 h. Measurements were performed by a ChemiDoc MP Imaging System
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(BioRad, Hercules, CA, USA) using enhanced Western Lighting Chemiluminescence Reagent Plus
(PerkinElmer, Waltham, MA, USA).

4.6.4. Quantitative qPCR

For qPCR experiments, cells were cultivated at 37 ◦C (in 5% CO2 atmosphere) on Corning®

tissue-culture treated culture dishes 60 mm × 15 mm (D ×H) (Sigma-Aldrich) at 80% of confluence.
Total RNA was extracted with TRIzol (Life Technologies, Foster City, CA, USA), according to
the manufacturer’s instructions. RNA quantification was performed by Epoch™ Microplate
Spectrophotometer (BioTek®, Winooski, VT, USA). Extracted RNA was reverse transcribed by using a
High Capacity RNA-to-cDNA Kit (Life Technologies), according to the manufacturer’s instructions.
Resulting cDNAs (30 ng per sample) were amplified through a LightCycler® 480 System (Roche,
Pleasanton, CA, USA). Single-gene specific assays were performed through real-time PCR by using
Fast SYBR Green Master Mix (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
instruction. To allow statistical analysis, PCRs were performed in three independent biological
replicates. 18S was used as housekeeping gene to normalize PCR data. Primer sequences are listed in
Table 3.

Table 3. Primer sequences for vascular endothelial growth factor A (VEGFA) and 18S ribosomal RNA
(18S) genes.

Gene Symbol Forward Reverse

Human VEGFA 5′-ATCTTCAAGCCATCCTGTGTGC-3′ 5′- GAGGTTTGATCCGCATAATCTG-3′
18S 5′-AGTCCCTGCCCTTTGTACACA-3′ 5′-GATCCGAGGGCCTCACTAAAC-3′

4.6.5. Sandwich ELISA Assay

Medium samples were collected after a 24-h treatment exposure with AuNPs, ANG and peptides,
and hybrids Ang60–68_NP, Ang60–68Cys_NP and ANG_NP in DMEM medium supplemented with 0.5%
of FBS and centrifuged (14,000× g, 10 min), the supernatants were transferred into clean microtubes
and stored at −80 ◦C until analysed. The concentration of VEGF release was determined from the
cell culture media samples using ELISA sandwich assay. Polyvinyl chloride (PVC) microtiter plates
were coated overnight at 4 ◦C with 5 μg/mL of capture antibody (anti-VEGF, code: PAB12284) in
carbonate/bicarbonate buffer (pH 9.6). Then plates were washed twice with PBS, blocked by blocking
buffer (5% non-fat dry milk/PBS) for 2 hrs at room temperature, washed with PBS and incubated with
cell culture media samples for 90 min at 37 ◦C. After plates were washed with PBS, incubated for 2 hrs
with 1 μg/mL of detection antibody (anti-VEGF, code: H00007422-M05), washed again, then incubated
for 2 hrs with HRP-conjugated secondary antibody and washed with PBS. Result was detected by
3,3′,5,5′-tetramethylbenzidine (TMB) solution after the incubation for 15 min. The reaction was stopped
by stopping solution (2 M H2SO4) and the optical density was measured at 450 nm by a plate reader
(Varioskan® Flash Spectral Scanning Multimode Reader, Waltham, MA, USA).

4.6.6. Laser Scanning Confocal Microscopy (LSM)

SH-SY5Y cells were seeded (30 × 103 cells per dish) and differentiated (see 2.6.1) in glass bottom
dishes with 22 mm of glass diameter (WillCo-dish®, Willco Wells, B.V., Amsterdam Netherlands).
Glioblastoma cells were seeded at the density 30 × 103 cells per dish in glass bottom dishes with
complete medium for 24 hrs until cellular adhesion with a minimal cell confluence of 50% was attained.
Thereafter, cells were treated with AuNPs (5 nM) or ANG (100 nM) or angiogenin peptides (30 μM)
and their hybrids in the presence or absence of copper for 2 hrs in DMEM high glucose medium
without FBS. After the incubation time, cells were stained with nuclear dye Hoechst33342, washed
with PBS, and fixed with high purity 2% paraformaldehyde in PBS (pH = 7.3). Afterwards, cells
were permeabilized with 0.5% Triton X-100 with 0.1% BSA and stained firstly with a high-affinity
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F-actin probe (Actin Green 488 Ready Probes Reagent, ThermoFisher), conjugated to green-fluorescent
Alexa Fluor® 488 dye for 30 min, washed with PBS and then with anti-angiogenin antibody (code:
sc-9044, 1:50 dilution, Santa Cruz Biotechnology, Dallas, TX, USA) overnight at 4 ◦C. After that, 1 h
treatment with donkey anti-rabbit IgG H&L (Alexa Fluor® 568) pre-adsorbed secondary antibodies
(code: ab175692, 1:1000 dilution, MD Millipore Bioscience, Burlington, MA, USA).

For multichannel imaging, fluorescent dyes were imaged sequentially to eliminate cross
talk between the channels, namely: (i) the blue (ex405/em 425–475), for the emission of the
Hoechst33342-stained nuclei, (ii) the green (ex488/em 500–530), for the emission of the Actin Green 488
Ready Probes Reagent, (iii) the red (ex543/em 560–700), for Alexa Fluor® 568 of secondary antibody.

Confocal imaging microscopy was performed with a FV1000 confocal laser scanning microscope
(LSM, Olympus, Tokyo, Japan), equipped with diode UV (405 nm, 50 mW), multiline Argon (457 nm,
488 nm, 515 nm, total 30 mW), HeNe(G) (543 nm, 1 mW) and HeNe(R) (633 nm, 1 mW) lasers. An oil
immersion objective (60xO PLAPO) and spectral filtering system were used. The detector gain was
fixed at a constant value and images were taken, in sequential mode, for all the samples at random
locations throughout the area of the well. The image analysis was carried out using Huygens Essential
software (by Scientific Volume Imaging B.V., Hilversum, The Netherlands).

5. Conclusions

The results obtained from experiment performed on A172 cells indicate that Ang60–68Cys and
Ang60–68 anchored on AuNPs could be considered as effective inhibitors of glioblastoma tumour cell
proliferation and VEGF release. However, the mechanism of action and potential side effects need
to be elucidated further. Moreover, exogenous delivery of angiogenin by gold nanoparticles could
represent a strategic approach to re-establish the physiological concentrations of angiogenin in the
course of diseases in which the protein levels are strongly reduced and suggests that further studies
are required to translate these effects into meaningful therapies.

Our results demonstrated that copper induced a decrease of VEGF mRNA transcription on
d-SH-SY5Y cells. These data confirmed those of other studies, demonstrating the toxic effect of the
copper on SH-SY5Y cells, particularly on the mitochondria, with decreased levels of mitochondrial
proteins [86]. On the other hand, the treatment of A172 cancer cells with Cu(II) induced an increase of
VEGF release, demonstrating the different role of the copper in both tumoral and non-tumoral cells. It
has been demonstrated that copper induces the expression of VEGF in breast and hepatic cancer cells
through the activation of the epidermal growth factor receptor/extracellular signal-regulated protein
kinases (EGFR/ERK)/c-fos transduction pathway [87]. Surprisingly, the incubation of A172 cells with
copper in presence of Ang60–68Cys_NP potentiated the inhibitory effect of the protein fragment on
VEGF release, demonstrating the therapeutic potential of copper chelating agents against tumour
progression. However, the mechanism of action and potential side effects need to be elucidated further.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1322/s1,
Figure S1: Densitometric analyses (a) and representative Western blot (b) of SH-SY5Y, differentiated SH-SY5Y and
A172 cell lysates.
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Abstract: Single-walled carbon nanotubes (SWCNTs) can serve as drug delivery/biological imaging
agents, as they exhibit intrinsic fluorescence in the near-infrared, allowing for deeper tissue imaging
while providing therapeutic transport. In this work, CoMoCAT (Cobalt Molybdenum Catalyst)
SWCNTs, chirality-sorted by aqueous two-phase extraction, are utilized for the first time to deliver a
drug/gene combination therapy and image each therapeutic component separately via chirality-specific
SWCNT fluorescence. Each of (7,5) and (7,6) sorted SWCNTs were non-covalently loaded with
their specific payload: the PI3 kinase inhibitor targeting liver fibrosis or CCR5 siRNA targeting
inflammatory pathways with the goal of addressing these processes in nonalcoholic steatohepatitis
(NASH), ultimately to prevent its progression to hepatocellular carcinoma. PX-866-(7,5) SWCNTs
and siRNA-(7,6) SWCNTs were each imaged via characteristic SWCNT emission at 1024/1120 nm
in HepG2 and HeLa cells by hyperspectral fluorescence microscopy. Wavelength-resolved imaging
verified the intracellular transport of each SWCNT chirality and drug release. The therapeutic efficacy
of each formulation was further demonstrated by the dose-dependent cytotoxicity of SWCNT-bound
PX-866 and >90% knockdown of CCR5 expression with SWCNT/siRNA transfection. This study
verifies the feasibility of utilizing chirality-sorted SWCNTs for the delivery and component-specific
imaging of combination therapies, also suggesting a novel nanotherapeutic approach for addressing
the progressions of NASH to hepatocellular carcinoma.

Keywords: single-walled carbon nanotubes; chirality separation; NASH; drug-gene delivery; near IR
hyperspectral imaging

1. Introduction

The use of nanomaterials as gene/drug delivery agents has increased significantly over the
past few years, owing to their capability of delivering either water-insoluble or unstable drugs or
degradable gene therapeutics. Several categories of nanocarriers have been developed/utilized thus
far, including quantum dots [1–4], PLGA-PEG (polylactic acid-co-glycolic acid-polyethylene glycol)
nanoparticles [5], liposomes [6], self-emulsifying drug delivery systems (SEDDSs) [7], cyclodextrins [8],
gold nanoparticles [9], and carbon nanotubes [10,11] as delivery vehicles or diagnostic tools. Among
those, single-walled carbon nanotubes (SWCNTs) showed highly promising results for gene/drug
delivery coupled with in vitro as well as in vivo imaging [12]. Their quasi-one-dimensional hydrophobic
platform aids cellular internalization and the non-covalent or covalent attachment of active agents and
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targeting moieties [13]. At the same time, the intrinsic photostable fluorescence emission of SWCNTs
in NIR (near-infrared) I and II regions with reduced scattering and autofluorescence backgrounds
allows imaging through the layers of biological tissue [14,15]. As molecular transporters, SWCNTs can
shuttle payloads, including drug molecules [16], proteins [17], DNA [18], and RNA [19] into biological
cells and tissues. Functionalized with drugs and targeting agents covalently [20] or non-covalently
by π-π stacking [13,21], SWCNTs can provide reduced toxicity [22], greater biological activity [16],
accumulation in the liver when formulated [10], and controlled drug release [23]. Due to characteristic
NIR SWCNT fluorescent emission, their location can be imaged to confirm the payload delivery.
As near-infrared exhibits significantly enhanced tissue penetration and lower scattering, it provides
unique promise in the in vivo imaging of shallow targets. Although it has been shown that SWCNTs
can be used for the delivery of drugs [11,24], cancer therapeutic siRNA oligos [10,11], and imaging
agents [25,26], their capability for multidrug therapy and imaging has been underexplored to date,
hampering their advancement to the successful treatment of complex conditions. Additionally,
the ability to follow chirally separated SWCNTs by imaging allows one to confirm that each component
in multidrug therapies reaches the desired tissue of interest.

SWCNT formulation is known to accumulate in the liver [10], which offers the potential for the
treatment of liver diseases including nonalcoholic steatohepatitis (NASH) and its progression into
hepatocellular carcinoma (HCC). Thus, in this work, NASH was chosen as a feasible treatment target
to demonstrate the imaging/drug delivery capabilities of SWCNTs. NASH is a non-curable condition
present in 6–8% of adults in the US. It accounts for a large number of cases of cirrhosis and can
progress to HCC, leading to 75% of all liver cancer—the third leading cause of cancer-related deaths.
The transformation of NASH into HCC is known to be mediated by fibrosis [27] progressing in over
30% of NASH patients, and inflammatory response with the involvement of a variety of cytokines [28].
Due to the complexity of this condition involving both inflammation and fibrosis, multifactor treatment
strategies are required.

Current molecular therapy approaches are often restricted by drug resistance and the inability to
target multiple factors [29]. These challenges can be addressed by combination treatments involving
multidrug approaches to surmount drug resistance, decrease treatment doses, and affect multiple
therapeutic targets. Although effective in treatment [30–32], combination therapies suffer from
non-specific toxicity [33,34], difficulties in assessing the adverse effects of each drug separately, and the
lack of image-guided capabilities [35]. On the other hand, combination gene [36–38] or drug/gene [39]
therapies can circumvent the issue of non-specific toxicity due to the target-specific effects of gene
therapeutics while providing effective routes to treatment. However, due to the short lifetime of
DNA/RNA oligonucleotides in the body, additional delivery mechanisms are required [40].

Here we explore a therapeutic platform with the capacity to address both inflammation and fibrosis
pathways of NASH via combination drug/gene therapy. The therapeutic approach used an siRNA
target that has been shown to reduce the inflammatory cytokines that lead to liver fibrosis [41], and a
small-molecule PI3 kinase inhibitor, PX-866 [28], that has been shown to reduce tissue fibrosis in vivo.
Fibrosis is known to increase the risk of HCC by 25 times [42], as it leads initially to liver cirrhosis
and subsequently develops into HCC. In this progression, activated hepatic stellate cells (aHSCs)
responsible for fibrosis development are often described as pericytes for angiogenesis and vascular
remodeling in the liver [43]. Fibrosis mediated by HSCs is associated with the effects of inflammation,
as multiple inflammatory cytokines are known to elicit further activation of HSCs [44]. Although
the entire process is not fully understood, fibrotic cytokine release (i.e., TGF-β, sonic hedgehog, and
TNF-α) in the course of NASH is believed to contribute to the progression of the latter through the
fibrotic stage and cirrhosis to HCC [28]. Therefore, developing delivery and tracking through imaging
modules for therapeutic entities that address both fibrosis and inflammation in NASH could be an
important step toward mitigating the transformation of NASH into HCC.

Hepatic inflammation can be suppressed by gene therapies interfering with cytokine activation,
including several siRNA sequences against the protein. CCR5 (aka RANTES) siRNA is well-known for
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its anti-inflammatory effects [45–47], and could be a potential key to the reduction of inflammation in
the liver. Among effective fibrotic drugs, a PI3 kinase inhibitor, PX-866, was chosen for two reasons:
(1) PX-866 was previously shown to reduce fibrosis in the lungs [48]; (2) PX-866 has been evaluated in
clinical trials, its safety profile is understood, and it had shown some clinical benefit against solid-tumor
cancers [49]. To reduce off-target effects of PX-866 and protect siRNA from enzymatic degradation in
the blood, these therapies could benefit from a delivery vehicle that will direct their transport to the
liver. Additionally, to allow confirmation of the delivery of each therapeutic entity by the SWCNTs,
the capability of image-tracking chiral SWCNTs is advantageous.

In the present work, chiral SWCNTs perform the critical function of delivery/imaging agents
capable of protecting siRNA from enzymatic degradation in circulation, and protecting healthy tissue
from the off-target effects of PX-866 by focusing this delivery to the liver tissue. While using SWCNTs
of one select chirality for the delivery of either siRNA sequence or a drug payload, chirality-specific
SWCNT fluorescence [50] in the NIR can be utilized to image the location and delivery pathways of
the drug or gene separately.

The goal of this work was to assess the capabilities of SWCNTs for the non-covalent delivery
and imaging of combination therapeutics such as PX-866 and siCRR5, each attached to SWCNTs of a
particular chirality. The efficacy of each payload was evaluated using hepatocellular carcinoma cells
(HepG2) while NIR hyperspectral imaging was used to confirm the location and SWCNT-mediated
delivery of each therapeutic separately. Since SWCNTs are produced as a mixture of chiralities,
several separation strategies have been developed to isolate single chirality fractions, including gel
chromatography [51], density-gradient ultracentrifugation [52], free-solution electrophoresis [53],
aqueous two-phase extraction (ATPE) method [54], etc. ATPE is well-known and widely used for its
high yield with maximum purity, low-cost surfactants, high production scalability, and availability of
instrumentation required for separation in every laboratory. Therefore, in order to develop scalable
and affordable combination therapy platforms, in this study single-chirality SWCNTs were separated
by a modified ATPE method [54]. We isolated (7,5) and (7,6) chiral SWCNTs from raw CoMoCAT
(Cobalt Molybdenum Catalyst) SWCNT samples, as those chiralities exhibit spectrally well-separated
emission at 1035 nm and 1130 nm, respectively. NIR hyperspectral imaging was used to separately
confirm the internalization of (7,5) and (7,6) chiral nanotubes, ensuring the delivery of drug and gene
inside the HepG2 cells. Overall, this work explores the feasibility of using single-chirality SWCNTs as
efficient imaging and delivery vehicles. Eventually, the utilization of such chiral SWCNTs may lead
to the development of a unique image-guided multimodal therapy addressing several therapeutic
targets. Here we particularly explore the possibility of targeting both inflammation and fibrosis, which
facilitate the progression of NASH to HCC.

2. Results and Discussion

Since raw SWCNT samples contain nanotubes of different chiralities as well as SWCNT aggregates
that are non-emissive and unsuitable for drug delivery, prior to sorting (7,5) and (7,6) chiral nanotubes,
raw CoMoCAT SWCNT samples initially underwent aggregate depletion via 180 min centrifugation of
sodium deoxycholate (DOC)-dispersed SWCNTs at 21,380× g. This rigorous procedure resulted in
the sedimentation of SWCNT aggregates with higher specific gravity than the individually wrapped
SWCNTs. In the aqueous two-phase extraction (ATPE) method, centrifuged SWCNTs with constant
DOC concentration were combined in a PEG–dextran two-phase system with a variety of sodium
dodecyl sulfate (SDS) concentrations, yielding the separation of chiralities from the dextran-enriched
bottom to the PEG-enriched top phase. The (7,5) and (7,6) chiral nanotubes were separated at
3 and 4 mg/mL of SDS, respectively allowing a substantial degree of control over top/bottom phase
chirality composition, evident from their respective fluorescence and absorbance spectra (Supporting
Information Figures S1 and S2) that were pronouncedly different from each other and from the spectra
of the parent samples.

411



Cancers 2019, 11, 1175

Simulation of fluorescence spectra of (7,5) and (7,6) sorted fractions with single SWCNT chirality
Lorentzian emission profiles (Figure 1a,b) using the Applied Nanofluorescence Nanospectralyzer
fitting routine allows for quantitative assessment of the sample optical properties and composition,
yielding calculated excitation–emission maps (Figure 1c,d) and relative abundances (Figure 1e,f).
The spectral fitting process used in this work was based mainly on adjusting the expected widths and
positions of theoretical fluorescence peaks from a variety of semiconducting SWCNT chiralities to
simulate experimental emission spectra collected with four excitation wavelengths (532, 637, 671, and
782 nm), aiming for a perfect match between the simulated and measured spectra (Figure 1a,b).

 
Figure 1. Measured and simulated fluorescence spectra of separated (a) (7,5), (b) (7,6) chiral single-walled
carbon nanotubes (SWCNTs). The corresponding generated photoluminescence–excitation contour
plot of (c) (7,5), (d) (7,6) sorted fractions. Graphene sheet representing the distribution of the emissive
species in the respective (e) (7,5) and (f) (7,6) enriched sorted SWCNT samples. The blue-filled portion
of hexagons represent the relative abundance of the species.

Based on the chirality abundances, calculated from the weight of individual chirality contributions
to the experimental spectra and reflected in the distribution of (n,m) species (Figure 1e,f), substantial
chirality enrichment was achieved in both sorted fractions (either (7,5) or (7,6)), with yields up to 40%.
Although not overwhelming, this enrichment left other chiralities with only 1–5% contribution. In order
to verify that this degree of separation is sufficient to monitor mainly SWCNTs of a single chirality
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microscopically, we examined the emission from (7,5) and (7,6) chirally sorted SWCNTs via NIR
hyperspectral imaging at particular wavelengths corresponding to (7,3) (990 nm), (7,5) (1024 nm), and
(7,6) (1120 nm) SWCNT chirality emission [55]. (7,3) SWCNT emission was dominant in the unsorted
sample (Supporting Information Figures S1 and S2) and thus could be a significant contaminant in
both fractions. However wavelength-resolved microscopy images show that the (7,5)-sorted fraction
exhibited emission only at 1030 nm (Figure 2a–c), corresponding only to (7,5) SWCNTs, whereas the
(7,6) fraction only showed observable SWCNT emission at 1130 nm (Figure 2d–f), corresponding to
(7,6) SWCNTs. No substantial cross-contamination or contamination from (7,3) SWCNTs was observed.
Furthermore, no observable contamination of the sorted sample by other SWCNT chiralities was
detected by hyperspectral microscopy as we scanned the emission from 950 to 1350 nm with the step of
10 nm. This indicates that the achieved degree of separation with minor percentages of contaminants
of each chirality was sufficient for hyperspectral microscopy imaging.

 

Figure 2. Near-infrared (NIR) hyperspectral images of (7,5) sorted SWCNTs at (a) 990, (b) 1030, and
(c) 1130 nm; and (7,6) sorted SWCNTs at (d) 990, (e) 1030, and (f) 1130 nm. SWCNT fluorescence is only
observed at the emission wavelengths of the corresponding sorted SWCNTs.

One of the main drawbacks of utilizing chirality-sorted SWCNTs has always been the high
toxicity of sorting surfactants. In order to overcome this issue, we performed repeated multi-step
centrifugal filtration (washing) with methanol/ethanol/DI water followed by the annealing of sorted
SWCNTs at 200 ◦C for 1 h to remove the additional surfactants from the sorted SWCNTs. The annealed
SWCNT samples were cooled down to room temperature before any further processing. The degree of
surfactant removal was first verified spectroscopically by comparing the fluorescence spectral features
of processed surfactant-purified samples: SWCNTs washed/annealed re-dispersed with EGFR siRNA
and the spectra of raw SWCNTs dispersed directly with the same EGFR siRNA (Figure 3a). siRNA
was chosen as it complexes non-covalently with SWCNTs and is known to form stable dispersions.
Since surfactant wrapping induces observable fluorescence shifts specific to each surfactant [56,57]
that are substantially different for bile salts and nucleic acids [58], assessing shifts in the positions of
major peaks allows the qualitative removal of surfactant. Here, for the convenience of comparing
multiple chirality peaks, we washed/annealed an unsorted SWCNT fraction, but with all the separation
surfactants that are regularly present in the sorted samples. Although a starting SWCNT sample
which included sorting surfactants (PEG/dextran/SDS) exhibited major emission peaks at ca. 966,
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986, 1035, 1130, 1185, and 1265 nm (Figure 3a—black line), upon surfactant removal processing and
redispersion with siRNA, major emissive features were observed at 1004, 1046, 1141, 1212, and 1308 nm
(Figure 3a—blue line). Substantial shifts in the spectral positions (i.e., 11–18 nm shifts for 986, 1035,
and 1130 nm peaks, a 27 nm shift for the 1185 nm peak, and a 43 nm shift for the 1265 nm peak),
along with suppression of the 966 feature, indicate a significant change in the dielectric environment
of SWCNTs that may have occurred due to the surfactant removal and replacement with siRNA.
Furthermore, new peak positions appeared to be close to those of raw SWCNTs dispersed with siRNA
(Figure 3a—red curve) that displayed a weak shoulder at 974 nm along with the most prominent
emission features at ca. 996, 1041, 1141, 1213, and 1315 nm (comparison of peak positions listed in
Supporting Information Figure S3). The processed SWCNTs were re-dispersed, and yielded substantial
fluorescence emission with characteristic spectra indicating that the SWCNTs were individualized,
while the broadening could arise from only a loose aggregation. Despite the difference in relative peak
intensities affected by some aggregation accompanying the process of surfactant washing, substantial
surfactant-removal-facilitated shifts of emission peaks toward those of siRNA-dispersed raw SWCNTs
suggest a significant degree of surfactant depletion. This may reduce the cytotoxicity of sorted SWCNTs,
making them as suitable for biological applications as raw SWCNTs dispersed by siRNA. It was also
observed that SWCNTs’ characteristic emissions were not affected by thermal annealing, suggesting
the preservation of SWCNTs’ fluorescence properties due to the thermal annealing at 200 ◦C for 1 h
(Supporting Information Figure S4). Additionally, a comparative fluorescence study was performed
between before and after centrifuged washed/annealed SWCNTs + siRNA sample, exhibiting a slight
insignificant change of photoluminescence intensity (Supporting Information Figure S5).

 
Figure 3. (a) Fluorescence spectra of raw SWCNTs dispersed with sorting surfactants, raw SWCNTs
dispersed with siRNA, and SWCNTs washed/annealed for surfactant removal and re-dispersed with
siRNA showing similar peak positions for raw SWCNTs dispersed with siRNA and washed/annealed
SWCNTs dispersed with siRNA. (b) Cell viability of HepG2 cells subject to SWCNTs dispersed with
sorting surfactants, raw SWCNTs dispersed with siRNA, and SWCNTs washed/annealed for surfactant
removal and re-dispersed with siRNA.

A MTT cytotoxicity assay of centrifugally filtrated and thermally annealed SWCNTs further helped
to assess if any residual surfactants could add to the toxicity profile of the formulation. Confirming
the findings derived from spectral position matching, MTT assays showed that washed/annealed
SWCNTs had the same or lower cytotoxicity than the raw SWCNTs dispersed in siRNA (Figure 3b).
The significantly lowered cell viability found in the assessment of the toxic profile of the parent
unsorted SWCNT sample with all separation surfactants presents the benefit of surfactant removal.
Although this does not verify complete removal of surfactants, it indicates that washed/annealed
SWCNTs are not more toxic than the raw SWCNTs, minimizing the toxicity contribution of sorting
surfactants. Further decrease in toxicity of SWCNT/siRNA formulation could be achieved by masking
it with DSPE-PEG 5000 [10], which was used for all in vitro studies in this work.
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Similar to siRNA, SWCNTs can non-covalently complex with another therapeutic (i.e., PX-866) that
was used in this work. Upon ultrasonic processing, raw/unsorted SWCNTs showed a stable dispersion
in an aqueous solution of PX-866, as well as distinct fluorescence emission (Figure 4a). Sorted, washed,
and annealed SWCNT samples of (7,5) chirality could also be dispersed with PX-866 alone, showing
distinct emission features corresponding to (7,5) SWCNTs (Figure 4c). Similarly, with only siRNA
dispersion, raw SWCNTs (Figure 4b) and sorted washed/burned SWCNTs ((7,6) chirality) (Figure 4c)
also formed stable emissive dispersions. In fact, corresponding fluorescence (Figure 4c) and absorbance
(Supporting Information Figure S6a,b) spectra of (7,5) SWCNT/PX-866 and (7,6) SWCNT/siCCR5
fractions still showed the major features of the sorted SWCNT chiralities. Interestingly, PX-866 on its
own showed emission in green with 400 nm excitation (Figure 4d) that was quenched when the drug
was loaded on the SWCNTs (Supporting Information Figure S7). This feature was used to locate/ensure
the delivery of the drug in HepG2 cells as it was released from SWCNTs and the emission was restored.

 
Figure 4. Emission spectra of raw CoMoCAT SWCNTs dispersed with (a) PX-866, (b) siRNA. Emission
spectra of (c) (7,5) and (7,6) sorted washed/annealed SWCNTs dispersed with PX-866 and CCR5 siRNA,
respectively. (d) Visible emission spectrum of PX-866 with 400 nm excitation.

In order to ensure the lower cytotoxicity, improved stability, and in vivo compatibility of the
formulations for future studies, both SWCNTs dispersed with PX866 and siCCR5 were additionally
coated with DSPE-PEG-5000 (at 1600 μM) via ultrasonic processing. Aggregates that were not fully
dispersed were further removed by centrifugal processing at 16,000× g for 5 min, while the excess of
siRNA or PX-866, as well as DSPE-PEG-5000, was centrifugally filtered with 100-kDa molecular cutoff
filters, leaving only drug or gene/SWCNT complexes in the solution. TEM images of the final samples
verify substantial SWCNT coating (Supporting Information Figure S8).

Following successful separation, removal of the sorting surfactants and non-covalent attachment
of the drugs and DSPE-PEG-5000, we further assessed the capability of (7,5) and (7,6) SWCNTs to trace
the delivery of the drug and gene intracellularly. Since combination therapy is envisioned for NASH,
sorted (7,5) and (7,6) SWCNTs complexed with PX-866 and CCR5 siRNA were respectively combined in
one suspension in equal proportions based on SWCNT concentrations and introduced to HepG2 cells.
After up to 3 h incubation, cells were washed twice with PBS (phosphate-buffered saline) solution to
remove any extracellular SWCNTs, and only those that were internalized were imaged. Among 0.5, 1,
and 3 h incubation times tested, the highest intracellular emission was assessed at 3 h post transfection
which was also found to be one of the optimal time points in the previous works [10,59,60].
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However, the efficiency/maximum intracellular emission and cellular uptake may vary with
cell types, SWCNT length, and SWCNT functionalization. For example, Sekiyama et al. [61] used
oxygen-doped SWCNTs/PEG to perform the intracellular imaging in cultured murine cancer cells
(Colon-26) showing no emission/uptake up to 1 day, but started showing/increasing internalization
from day 3 to day 7. Additionally, Mao et al. [62] studied the cellular uptake and distribution of
collagen-functionalized SWCNTs in bovine articular chondrocytes (BACs), showing longer retention
in cells for more than one week. The cellular uptake of SWCNTs was previously hypothesized to
occur via nano-spearing of the cell membrane [63,64], explained by needle-like hydrophobic SWCNT
structure, while endocytosis [65,66] is currently deemed as a more plausible SWCNT entry pathway
and is considered as a major internalization mechanism in the current work.

Herein, in vitro fluorescence imaging was accomplished with custom microscopy setup involving
an inverted microscope coupled to two visible (Hamamatsu Image EMCCD) and near-infrared
(InGaAs Xenics Xeva) cameras, allowing for filtered emission detection in the visible and spectrally
resolved imaging in the near-infrared enabled by a Photon etc. NIR hyperspectral imager. In that
configuration, wavelength-resolved images were recorded in the visible range with a lamp and in
the NIR with 637 nm laser excitation. This allowed the imaging of SWCNTs specifically at 1030
(Supporting Information Figure S9b) and 1130 nm (Supporting Information Figure S9c), corresponding
to the emission wavelengths of sorted chiralities, while PX-866 was imaged in the visible with a
532 nm emission filter. Confirming the sufficient degree of chirality separation, no emission in the
NIR was observed outside the aforementioned spectral regions. However, at 1030 and 1130 nm,
substantial SWCNT fluorescence was observed within the cells (Supporting Information Figure S10),
indicating the successful internalization of both formulations with no emission detected outside the
cells. Due to spectrally resolved imaging, no autofluorescence was detected in the non-treatment
control. The overlays of the fluorescence images of two chiral SWCNT fractions false-colored in red
(for (7,5) SWCNT emission) and blue (for (7,6) SWCNT emission) (Figure 5) verify the capability of
tracking each therapeutic separately, as one could pinpoint the internalized SWCNTs or their clusters
within HepG2 cells. Additionally, the release of PX-866 could be assessed, as the released drug was no
longer quenched by complexation to the SWCNTs: its fluorescence was also observed in the cells and
was delocalized from its delivery vehicles while the extracellular PX-866 was removed by washing.
PX-866 imaging settings including integration time and excitation lamp intensity were chosen such
that they yielded no autofluorescence from non-treatment control cells (Figure 5a). Additionally,
the intracellular release of PX-866 was tracked qualitatively with different incubation times (0, 1, 4.5,
12 h) (Supporting Information Figure S11), yielding maximum release at the 3 h time point, also
suggesting that 3 h is the best possible incubation time for the intracellular imaging. A separate cellular
internalization study was performed in HeLa (cervical cancer) cells, showing a brighter intracellular
SWCNT emission (Supporting Information Figure S12) and indicating a substantial uptake capability
of SWCNT/siRNA hybrids by several cancer cell lines.

(a) (b) (c) 

   

Figure 5. Brightfield/fluorescence overlay images of (a) untreated control HepG2 cells and (b,c) cellular
uptake of (7,5) sorted SWCNTs imaged at 1030 nm (red), (7,6) sorted SWCNTs imaged at 1130 nm
(blue), and PX-866 imaged at 535 nm (green) after the intracellular release.
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The efficacy of the delivered and imaged therapeutics was assessed separately for each drug and
gene. The biocompatibility of SWCNTs in DSPE-PEG5000 coating used in these efficacy studies was
verified both in HepG2 (Figure 6) and HeLa (Supporting Information Figure S13) cells, indicating that
at imaging and treatment concentrations SWCNTs do not exhibit substantial toxicity to several cell lines.
Due to the complexity of testing antifibrotic properties of PX-866 in vitro, its efficacy was assessed through
the toxic response to HepG2 cancer cells. A comparative MTT cytotoxicity assay was used to assess the
toxic effect of PX-866 alone or delivered by the SWCNTs (Figure 6). When formulated with SWCNTs,
PX-866 showed more significant cytotoxic (Figure 6) effect, increased by the factor of ~2.8 at 2.5 μg/mL
likely due to improved transport with the nanomaterial delivery vehicle, generally known to enhance the
efficacy of delivered therapeutics [67–69]. The antifibrotic effect of the drug leads to apparent toxicity that
is best analyzed in the cancer cells. The toxicity added by SWCNTs alone cannot be responsible for that
increase, as those at 2.5 μg/mL equivalent to 2.5 μg/mL PX-866 concentrations showed only a small toxic
response, with cell viability above 80%. For the cytotoxicity testing, the SWCNT/PX-866 conjugation was
accomplished using the concentration ratio of 1:1 for SWCNT and PX-866. This yielded a stable SWCNT
dispersion via non-covalent complexation with the drug.

 

Figure 6. MTT assay cell viability of HepG2 cells treated with either SWCNTs, PX-866,
or SWCNT/PX866 conjugates.

The efficacy of SWCNT/siCCR5 formulation was evaluated by assessing the CCR5 siRNA-mediated
knockdown in HepG2 cells after 48 h transfection via flow cytometry, as CCR5 is known to be expressed
in HepG2 cells [70]. SWCNTs-formulated siRNA transfection showed much lower expression of
chemokine receptor type 5 (CCR5) as compared to the natural expression exhibited in the control
sample (Figure 7), indicating substantial (over 90%) knockdown above or comparable to that regularly
achieved by lyposomally delivered siRNA [18,71,72].

It is evident that SWCNTs also facilitated siRNA transfection, as it does not transfect mammalian
cells on its own [73–75]. IgG (immunoglobulin G) antibody was used as isotype control, to help
differentiate the non-specific background signal from specific antibody signal. Overall, this study
verifies the efficacy of SWCNT/siCCR5 formulation and suggests SWCNTs as a promising gene-silencing
carrier for NASH therapeutics.

It is also noteworthy that SWCNTs have the ability to protect the probe (siRNA) from degradation
in blood circulation, because: (1) they offer only a small window for nucleases/proteins to degrade
siRNA bound to the SWCNT surface; and (2) conjugation of SWCNT/siRNA may form an unusual
RNA structure which helps to disguise the siRNA from enzyme binding sites [76]. Additionally, siRNA
coating can prevent blood proteins from binding to the SWCNT surface [10], reducing the protein
corona formation. The delivered therapeutics were analyzed separately in vitro as the effects of PX-866
would interfere with the determination of protein knockdown. However, in vivo they are expected to
perform synergistically against NASH-induced inflammation and fibrosis. The present work shows
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the potential of chirality-sorted SWCNTs for delivery, separate NIR fluorescence imaging, and increase
in the efficacy of combination drug/gene therapy aimed to address inflammation and fibrosis in NASH,
which is necessary for the further application of SWCNT-mediated combination therapy for NASH
in vivo. Further NASH animal model studies will lead to the direct assessment of the antifibrotic
potential of the SWCNT-delivered PX-866 via PCR analysis of TGF-B1, B2 expression, together with
the assessment of the synergistic effects of the nanotherapeutics developed here.

 

Figure 7. Downregulation of CCR5 in HepG2 cells by siRNA/nanotubes complex. CCR5 expression
was detected by flow cytometry after nanotubes-delivered siRNA-mediated knockdown for 48 h.
IgG staining was used for isotype control (left). Control indicated natural expression of CCR5 in HepG2
cells without any treatment (middle) compared to CCR5-targeting siRNA/nanotubes treatment (right).

3. Experimental Methods and Procedures

3.1. Sample Preparation

The suspensions of SWCNTs (CoMoCAT, (7,6) chirality,≥77% carbon as SWCNT) were prepared by
dispersing 1.5 mg of SWCNTs in 1 mg/mL sodium deoxycholate (DOC) aqueous solution. The samples
were further processed via direct probe ultrasonic treatment (QSonica, Q55) for 60 min at 33 W in an
ice bath. The suspension was further centrifuged (Southwest Science, D3024) for 180 min at 21,380× g
followed by the removal of SWCNT aggregates into the decant and collecting the supernatant only.
The collected SWCNTs were used for the chirality sorting. In order to create two phases, 0.25 g/mL
aqueous solution of PEG (MW—6 kDa) and 0.25 g/mL aqueous solution of dextran (MW—75 kDa) were
used to produce the stock solution. After that, a ratio of 0.4:0.28:0.28:0.04 (SWCNTs:PEG:dextran:water)
was maintained to prepare the final sample for the separation. Sodium dodecyl sulfate (SDS) was
added to this final suspension with a variation in concentration from 1 to 7 mg/mL. The targeted (7,5)
and (7,6) chiral tubes were separated in the top phase at 3 and 4 mg/mL SDS concentration.

In order to remove sorting surfactants, we performed repeated centrifugal filtration (Amicon Ultra
0.5 mL; 100,000 MWCO filter) using methanol (to condense the samples first) for five times followed by
15 times filtration with ethanol to wash the remainders of the surfactants from the separated SWCNTs.
As surfactants were washed through the filter pores, SWCNTs remained on the filter. Washed samples
were collected and further processed for thermal annealing at 200 ◦C for one hour in the mechanical
convection oven (precision-18EM laboratory oven). Processed (7,5), (7,6) chiral SWCNTs were then
collected and dispersed with PX-866 and CCR5 siRNA (Biolegend, San Diego, CA, USA, Cat#359105)
in aqueous suspension, respectively. To assure non-covalent complexation, 0.3 mg/mL of SWCNTs
and 0.5 μg/mL of siRNA in nuclease-free water or 0.3 mg/mL of PX-866 in DI water were mixed and
subjected to ultrasonic treatment using a Covaris S2 (SN001263) ultrasonic disperser at 70 W for 2 min,
which allowed avoidance of contact with the non-sterile probe. Both siRNA and PX-866 were used at
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concentrations substantially below saturation [10] for SWCNT binding, ensuring maximum loading
assumed for PX-866/SWCNT cell viability assays. SWCNTs dispersion with active agents was finally
followed by the addition of 1600 μM of DSPE-PEG 5000 (NanoCS, Boston, MA, USA) attached to
SWCNTs via additional ultrasonic agitation with Covaris at 50 W for 6 min. SWCNT concentration
in the samples was matched via absorption measurements with an extinction coefficient of 31.25 mL
mg−1cm−1 at 632 nm [10].

Transmission electron microscopy (TEM JEOL JEM-2100) was utilized to observe the morphology
of final SWNT formulations. The sample for TEM measurement was prepared on a carbon-coated
200-mesh copper grid under ambient conditions.

3.2. Optical Characterization

Fluorescence and absorbance spectra were measured using an NS2 NanoSpectralyzer (Applied
NanoFluorescence, Houston, TX, USA). To measure the photoluminescence of SWCNTs, a 637-nm diode
laser excitation was used. The collected fluorescence spectra were simulated using fully integrated
Nanospectralyzer GlobalFit software. The software allows for the simulation of experimental SWCNT
spectra with individual chirality SWCNT emission peaks for spectra with four excitations, models
excitation–emission maps based on those, and extracts relative emissive SWCNT chirality abundances
in the sample.

SWCNTs concentration was calculated using the absorbance spectrum similarly to [77,78]:

SWCNTs Concentration (mg/mL) = Absorbance at 632 nm/31.25 mL mg−1cm−1

(Experimental extinction co-efficient).

3.3. Fluorescence Microscopy Measurements

Fluorescence microscopy was performed using an Olympus IX73 fluorescence microscope with
60× (IR-corrected Olympus Plan Apo, Japan) water immersion objective coupled to two detectors:
spectrally filtered by 10 filters throughout the visible Hamamatsu Image EMCCD camera, and InGaAs
Xenics (Xeva-7870, XEN-000110) coupled to a hyperspectral fluorescence imager (Photon etc., Montreal,
QC, Canada) This allowed for spectrally-resolved imaging both in the visible and near-infrared.

3.4. Imaging in the Visible Region

We imaged the green (535 nm) emission of PX-866 in vitro with lamp excitation and (375 ± 25 nm)
excitation and (535 ± 20 nm) emission filters by first determining the integration and lamp intensity
settings that resulted in zero autofluorescence emission from non-treatment control cells and using the
corresponding settings for PX-866 fluorescence imaging.

3.5. Imaging in the NIR Region

SWCNTs fluorescence in hepatocellular carcinoma (HepG2) and HeLa cells was imaged with an
InGaAs camera (Xenics Xeva, Belgium) and an NIR hyperspectral imager (Photon etc. IMA-IRTM) with
637 nm (130 mW output power) diode laser excitation. This infrared hyperspectral imager captures full
spatial information simultaneously utilizing a Bragg grating imaging filter [79] which collects spectral
information successively providing spectrally resolved imaging. Individual SWCNT fluorescence
could be resolved for all emissive chiralities using band-pass filtering mode (950–1450 nm), but only
particular SWCNT chiralities can be imaged by selecting a specific spectral region. For (7,5) and (7,6)
SWCNT chiralities dispersed with PX-866 and CCR5 siRNA, 1030 and 1130 nm filter positions were
found optimal. In-vitro control images without SWCNTs were also captured, ensuring no emission in
the NIR region.
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3.6. Cell Culture

In this work, we used liver hepatocellular carcinoma (HepG2) and HeLa cell lines maintained in a
Thermo-Scientific Midi 40 CO2 Incubator at 37.1 ◦C with 5% carbon dioxide and 95% air. In order to
prepare the glass coverslips for microscopy imaging, they were placed at the bottom of 6-well plates
followed by adding cells in the media. SWCNT-carried formulations were added at a concentration
of 2 μg/mL in each well after 4 hours of cell attachment to the coverslips. Cells were further washed
with 0.5 mL of PBS (phosphate-buffered saline) to remove extracellular SWCNTs, followed by fixing
them with 4% paraformaldehyde at room temperature for 30 min. After that, the cell samples were
rewashed with 0.5 mL of PBS for the microscopy imaging. Transfection points of 0.5, 1, 3 h were used
for imaging, with 2 μg/mL SWCNTs added to each well.

3.7. MTT Assays

In order to assess the cytotoxicity for SWCNT, PX866, and their complex, HepG2 (human
hepatocellular carcinoma) and HeLa cells were plated in a 96-well plate at a density of 5000 cells per well
(100 μL/well) and kept in an incubator overnight at 37.1 ◦C while maintaining the CO2/air ratio of 1:19.
After 24 h of incubation, the samples (PX-866, SWCNTs, or SWCNT/PX-866 formulations) were added
into each well at concentrations ranging from 0.125 to 2.5 μg/mL. After 24 h of incubation, the medium
was replaced by 100 μL of 1 mg/mL thiazolyl blue tetrazolium bromide. The cells were incubated
further for 4 h followed by the replacement of MTT (3-(4–dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) with 100 μL of DMSO (dimethyl sulfoxide) in order to solubilize the precipitation. Reduction
in MTT influences the metabolic activity of living cells, which can be assessed with absorbance
measurements since living cells metabolize the MTT and form a highly absorbing purple colored
byproduct known as formazan [80]. We measured the absorbance (essentially the cell viability) of the
final sample at 540 nm wavelength using the FLUOstar Omega microplate reader.

3.8. siRNA Transfection

The day before transfection, HepG2 cells were seeded onto 24-well plates in DMEM medium
with 10% FBS to give ~30% confluence at the time of transfection. Before the transfection, the culture
medium was replaced with fresh DMEM medium supplemented with 15% FBS and the SWCNTs
complexed with CCR5 siRNA and DSPE-PEG 5000 as described above were then added to the medium,
after which the cells were cultured for 48 h. For transfection efficiency examination, flow cytometry
assay was performed at 48 h post-treatment.

3.9. Flow Cytometry

For the flow cytometry of the transfection efficiency experiment, HepG2 cells were washed
twice with PBS and harvested by trypsin/EDTA. Following trypsinization, the cells were washed by
centrifugation and resuspended in staining buffer (1 × PBS, 2% FBS, 0.5% EDTA, and 0.1% NaN3).
The cell suspension was stained with PE (phycoerythrin)-conjugated human anti-CCR5 antibody
(Biolegend, Cat#359105) for 30 min on ice. To test the unspecific antibody binding, IgG (BioLegend,
Cat#359105) was used as the isotype control. Flow cytometry was performed using an Accuri C6
plus flow cytometer (BD Biosciences, San Jose, CA, USA), and the data were analyzed using FlowJo
software (www.flowjo.com/solutions/flowjo).

3.10. Image Analysis

We utilized ImageJ software to analyze all the images, including the subtraction of the backgrounds
and overlays of the bright-field cell images with emission from PX-866 and two sorted SWCNT chiralities
(i.e., (7,5), (7,6)) at 1030 and 1130 nm, respectively.
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4. Conclusions

In this work, we developed and tested a single-walled carbon nanotube-based drug/gene
combination therapeutic platform that allows for the image-tracking of each therapeutic agent.
Chirality-sorted SWCNTs emitting at different wavelengths in the NIR were used to selectively
track and deliver two therapeutic payloads in vitro: CCR5 siRNA and the small-molecule drug
PX-866, targeting inflammation and fibrosis factors that mediate the translation of nonalcoholic
steatohepatitis into hepatocellular carcinoma. For that purpose, (7,5) and (7,6) chiral SWCNTs
separated from raw CoMoCAT starting material via aqueous two-phase extraction with over ~40%
fluorescence-derived purities and cleared from toxic sorting surfactants were individualized by the
dispersion and non-covalent complexation with the corresponding drug or gene. Hyperspectral NIR
and spectrally-resolved visible fluorescence imaging allowed simultaneous monitoring at 1030 nm
emission of (7,5) SWCNTs carrying PX-866 and at 1130 nm emission of (7,6) SWCNTs complexed
with CCR5 siRNA internalized in HepG2 cells, as well as the visible 528 nm emission from PX-866
as it was released from the SWCNTs inside the cells. This work demonstrates: (1) the successful
delivery of drug/gene therapy with sorted chiral SWCNTs; (2) the potential for locating each therapeutic
agent separately through characteristic SWCNT fluorescence; and (3) the improved efficacy of both
therapeutics when delivered with SWCNTs with substantially increased effect of SWCNT/PX866 over
PX866 alone and high (over 90%) apparent knockdown of CCR5 siRNA when carried by SWCNTs,
suggesting a promising potential of these formulations for combination NASH therapy. The emission
of individual chiral SWCNTs in the near-infrared with low autofluorescence and high penetration
depth could be utilized for multi-gene/drug delivery and imaging in animal models, whereas the high
non-targeted liver accumulation of SWCNTs makes them advantageous candidates for liver conditions
such as NASH.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1175/s1.
Figure S1: Fluorescence and corresponding absorbance spectra of Parent SWCNT sample: raw SWCNTs dispersed
with DOC/PEG/Dextran that are used as a starting material for ATPE sorting, bottom phases of ATP system with
3 mg/mL and 4 mg/mL SDS added to sort top phases containing (7,5) and (7,6) chirality-sorted SWCNTs at 3 mg/mL
and 4 mg/mL SDS, respectively, Figure S2: Fluorescence and corresponding absorbance spectra of SWCNT collected
from top phases containing (7,5) and (7,6) chirality-sorted SWCNTs at 3 mg/mL and 4 mg/mL SDS, respectively,
Figure S3: Table describing the peak positions and peak shifts for the following samples: Sample-1: SWCNTs
+ sorting surfactants; Sample-2: SWCNTs + siRNA; Sample-3: Washed/annealed SWCNTs + siRNA. The oval
shaped marker denotes the full restoration of the peak positions after the centrifugal washing/annealing and siRNA
dispersion to those of raw SWCNTs dispersed with sRNA, whereas rectangle marker depicts partial but significant
peak position recovery after washing/thermal annealing, Figure S4: Fluorescence spectra of untreated (no thermal
annealing) SWCNTs/EGFR siRNA formulations, and thermally annealed SWCNTs dispersed with EGFR siRNA,
Figure S5: Comparison between the fluorescence spectra of washed/annealed SWCNTs + siRNA before and after
the centrifugation, Figure S6: Absorbance spectra of (7,5) SWCNT/PX-866, and (7,6) SWCNT/CCR5 siRNA, Figure
S7: Fluorescence spectra of only PX-866 and PX-866+SWCNT showing the quenching of PX-866 fluorescence after
the loading of PX-866 on the SWCNTs, Figure S8: TEM images of the mixture of (7,5) SWCNTs/DSPE-PEG/siCCR5
and (7,6) SWCNTs/DSPE-PEG/PX-866 showing SWCNTs coating (DSPE-PEG-5000, and gene or drug), Figure S9:
Fluorescence images of non-treatment control (without SWCNTs), Parent CoMoCat SWCNTs in aqueous dispersion
with ATPE surfactants containing SWCNTs of various chiralities imaged at 1030 nm corresponding to (7,5) SWCNT
emission, 1130 nm corresponding to (7,6) SWCNT emission, and Fluorescence overlay image of both (7,5) and (7,6)
SWCNTs in the sample, Figure S10: Brightfield/fluorescence overlay images of cellular (HepG2 cells) uptake of
(7,5) SWCNTs/PX-866 imaged at 1030 nm, (7,6) SWCNTs/siRNA imaged at 1130 nm, and px-866 released from
SWCNTs imaged at 535 nm, Figure S11: Brightfield/fluorescence overlay images of cellular (HepG2 cells) uptake
and release of px-866 from SWCNTs with 1, 3, 4.5, 12 h incubation time imaged at 535 nm, Figure S12: Brightfield/
NIR fluorescence overlay images of cellular (HeLa cells) uptake of SWCNTs/siRNA imaged with 637 nm laser
excitation, Figure S13: MTT assay cell viability of HeLa cells treated with SWCNT/siRNA.
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Abstract: Controlled delivery of multiple chemotherapeutics can improve the effectiveness of
treatments and reduce side effects and relapses. Here in, we used albumin-stabilized gold
nanoclusters modified with doxorubicin and SN38 (AuNCs-DS) as combined therapy for cancer.
The chemotherapeutics are conjugated to the nanostructures using linkers that release them when
exposed to different internal stimuli (Glutathione and pH). This system has shown potent antitumor
activity against breast and pancreatic cancer cells. Our studies indicate that the antineoplastic activity
observed may be related to the reinforced DNA damage generated by the combination of the drugs.
Moreover, this system presented antineoplastic activity against mammospheres, a culturing model
for cancer stem cells, leading to an efficient reduction of the number of oncospheres and their size.
In summary, the nanostructures reported here are promising carriers for combination therapy against
cancer and particularly to cancer stem cells.

Keywords: nanomedicine; drug delivery; stimuli-responsive; DOX; SN38; CSCs

1. Introduction

Besides surgery, chemotherapy is the most common approach to treat cancer. However,
this strategy is far from ideal due to the side effects caused by the toxicity of the chemotherapeutics
employed. Moreover, multidrug resistance (MDR) [1] is developed when a single drug is administered
multiple times, reducing the efficiency of the treatments. To overcome these limitations, chemotherapy
is administered as a combination of two or more drugs, which synergistic effect [2] reduces the
development of MDR. Furthermore, drug-related toxicity can be reduced due to the lower doses of the
individual chemotherapeutic drugs employed in this approach [3]. However, the different solubility,
pharmacokinetics, and biodistribution of the therapeutic agents may prevent their accumulation in the
required concentrations at the tumor site, reducing their efficacy against the disease [4].

On the other hand, using carriers to deliver drugs has been shown to improve their efficiency
and reduce their side effects [5]. This is mainly achieved by evading the reticuloendothelial system,
which improves the pharmacokinetic properties of the drugs. In addition, those carriers with a
nanometer size larger than 10 nm present an additional advantage due to the enhanced permeability
and retention effect (EPR) [6], which leads to preferential accumulation of the delivered drug at the
tumor area. Below that size, nanoparticles are quickly eliminated by the kidneys, reducing their
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interaction with the tumoral area [7]. As a consequence, the efficiency of the treatment may be increased,
and the side effects reduced. In this regard, gold nanoclusters stabilized with bovine serum albumin
have shown remarkable results in cell culture [8] and animal models [9,10]. This material accumulates
efficiently in the tumor area, and therefore it has been used successfully in drug delivery [11,12].
In addition, gold nanoclusters present excellent fluorescent properties, and many reports are focused on
exploiting that for imaging purposes [13,14]. The use of serum albumin as a coating for nanostructures
provides excellent biochemical and biophysical properties in the in vivo experiments [15]. Furthermore,
this coating contains amino and carboxy groups that facilitate the conjugation of different active
molecules, such as, small molecule ligands [16], antibodies [17], or drugs [11,12], providing a convenient
platform for preparing tailored nanostructures for efficient therapy.

Despite the excellent properties of albumin-stabilized gold nanoclusters, the use of this
nanomaterial to deliver more than one drug has not been explored. Even reports on albumin
conjugates containing more than one drug are scarce [18]. For these reasons, we decided to prepare
a conjugate of albumin-stabilized gold nanoclusters containing two chemotherapeutic drugs for
combined therapy.

Particularly, for the functionalization of the albumin-stabilized gold nanoclusters, we selected
Doxorubicin (DOX) and SN38. DOX is a first line chemotherapeutic agent widely used in different
kind of cancers. It is a hydrophilic molecule that binds topoisomerase II or intercalates in the DNA
causing apoptosis [19] or other cell death mechanism depending on DOX concentration [20]. On the
other hand, the camptothecin (CPT) analog SN38, is a potent topoisomerase I inhibitor [21], whose
use in chemotherapy is limited because of its poor pharmacokinetic and high hydrophobicity [22].
Although the combination of DOX and camptothecins (CPTs) analogs have shown poor results in
clinical trials, the pair DOX-CPT has been recently reported as one of the most synergistic combinations
when co-delivered as a polymer-drug conjugate [23]. In addition, we envisioned that this combination
might also be effective against the tumor-initiating cells, also known as Cancer Stem Cells (CSCs).
These cells are a promising target in modern drug discovery programmes [24], since this subpopulation
of malignant cells has an optimized DNA repair system, which is responsible for its resistance to
therapy. Indeed, the combination of chemotherapeutics has been shown to reduce the population of
CSCs [25,26], but this combination of drugs or this nanomaterial [27] has not been reported.

Our results show that the system combining both drugs presents excellent antitumor activity
in different cancer cell models, including mammospheres, confirming the promising potential of
this nanotherapeutic.

2. Results

2.1. Characterization of Functionalized AuNCs

The albumin-based nanoparticles were prepared by the incubation of BSA with a gold salt
and NaOH. This process leads to the formation of the corresponding AuNCs stabilized by BSA.
The functionalization of the structure with the drugs requires the introduction of thiols in the structure
using iminothiolane. Then, the drugs modified with linkers were added to the nanostructures (Figure 1).
In the case of SN38, a linker sensitive to the reductive environment (e.g., GSH) was used. On the other
hand, DOX was modified with a different linker sensitive to acidic pHs. Both systems contain a moiety
that eases the conjugation with the thiol groups, a disulfide and a maleimide, respectively. Using these
derivatives, the AuNCs stabilized by BSA were modified with DOX (AuNCs-D), SN38 (AuNCs-S),
or both (AuNCs-DS).

The incorporation of DOX and SN38 on the AuNCs was studied by UV-VIS (Figure S1) after the
removal of unbound material. The UV-Vis spectra of AuNCs-D revealed the standard absorption
profile of AuNCs and the characteristic band of DOX centered at 495 nm. With AuNCs-S, a band
centered at 380 nm corresponding to the absorption of SN38 could be identified. Finally, UV-VIS
spectra of AuNCs-DS evidenced the bands corresponding to the three components, indicating that
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both drugs, DOX and SN38, were efficiently attached to AuNCs. The concentration of the drugs
was obtained by interpolating the absorbance measured at 495 nm for DOX and 380 nm for SN38
in the corresponding calibration curve, obtaining 37 μM and 80 μM, respectively. In the case of
bi-functionalized nanoclusters AuNCs-DS, the concentrations of DOX and SN38 were 37 μM and
70 μM, respectively.

Figure 1. Synthesis of nanoparticles based on AuNCs modified with Doxorubicin (DOX) and SN38.
(a) Schematic representation of the synthesis of DOX/SN38-AuNCs-based nanoparticles for combined
chemotherapy; (b) Representation of DOX (red) modified with a pH-sensitive linker (green) and SN38
(blue) modified with a redox-sensitive linker (pink).

The sizes of the structures obtained were studied by dynamic light scattering (DLS) and SEM.
DLS measurements of the AuNCs-D revealed the formation of a non-homogeneous material with
two nanoparticle size distributions (Figure 2). However, when the hydrophobic SN38 was employed,
monodispersed nanoparticles were obtained with an average size of 117.5 nm and a polydispersity
index of 0.277. The combined use of DOX and SN38 does not disrupt the formation of monodispersed
nanoparticles with an average size of 190.8 nm and a PDI of 0.263. In all cases, the structures obtained
presented a globular shape when analyzed by SEM (Figure S2).

Figure 2. Size of Doxorubicin (DOX)-AuNCs, SN38-AuNCs and DOX/SN38-AuNCs measured by
dynamic light scattering (DLS).
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Interestingly, the nanoparticles bearing both drugs retained their colloidal stability and size in
PBS at least over 15 days (Figure S3). Through this period, DOX remains essentially fully linked to the
system, while SN38 is less stable and 62% of the drug is released.

Then, the release of the chemotherapeutics in AuNCs-DS was studied in vitro under the
selected triggering conditions. First, DOX release was studied by re-dissolving the nanoparticles in
phosphate–citrate buffer at pH = 5. Under these acidic conditions, we observed that the ca. 85%
of the total DOX conjugated was released within the first 5 h. Conversely, when the nanoparticles
are maintained at pH = 7 the DOX release was not superior to 20%. SN38 release was studied in
PBS containing DTT at a concentration of 1 mM, where 80% was released after 48 h. However,
when micromolar concentration of DTT was employed, less than 30% was released at the same time
(Figure 3a,b, respectively).

Figure 3. Release profile of Doxorubicin (DOX) and SN38 from AuNCs. (a) DOX release profile from
AuNCs based nanoparticles in phosphate-citrate buffer (pH = 5 or 7), (b) SN38 release profile from
AuNCs based nanoparticles in PBS containing 1 mM or 1 μM of DTT.

2.2. Chemotherapeutic Activity of Functionalized AuNCs in MCF7 Cells

In vitro toxicity studies of mono- and bi-functionalized AuNCs were performed in MCF-7 using a
constant concentration of AuNCs of 2.6 μM. Cells were exposed to the nanostructures for 24 h, and the
cell viability was determined after 48 h. As shown in Figure 4, no significant differences in cell viability
were detected in samples exposed to non-functionalized AuNCs compared to untreated samples.
This result highlights the excellent biocompatibility of this material. In contrast, mono-functionalized
nanoparticles induced a significant reduction in cell survival, being AuNCs-D (70% cell death)
more cytotoxic than AuNCs-S (42% cell death). Interestingly, AuNCs functionalized with both
chemotherapeutic drugs (AuNCs-DS) exhibited enhanced cytotoxicity. Furthermore, the most active
nanostructure (AuNCs-DS) was further assessed at three different times (24 h, 48 h, and 72 h) in three
cell lines (MCF7, MDA-MB-231, and Panc-1), revealing similar results (Figure S4).
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Figure 4. Surviving fraction of MCF-7 cells incubated 24 h with the different AuNCs formulations and
evaluated 48 h after by MTT viability assay. Data correspond to mean ± S.D. values from at least six
experiments. Statistical analysis was performed using one-way ANOVA Tukey’s test (each group vs.
Control). *** p < 0.001.

The antitumoral activity of the nanostructures in MCF7 was confirmed in the morphological
changes produced by the functionalized nanostructures during a neutral red staining assay. Particularly,
cells incubated with AuNCs (Figure 5b) showed similar morphology to control cells (Figure 5a). On the
contrary, samples incubated with AuNCs-D, or AuNCs-S and AuNCs-DS, showed shrunken cells with
condensed or fragmented apoptotic nuclei (Figure 5c–e, respectively).

Figure 5. Morphology of MCF-7 cells stained with Neutral Red 48 h after treatment. (a) Control cells;
(b–e) Cells incubated with AuNCs, AuNCs-D, AuNCs-S, and AuNCs-DS, respectively. Arrows indicate
nuclei with apoptotic nuclear morphology (chromatin condensation and fragmentation). Scale bar:
10 μm.

The advantage of the bifunctional nanostructure was confirmed by studying cell damage using
an inverted microscope. Particularly, the cell density observed when AuNCs-DS was employed
(Figure S5d) was lower compared to the other two formulations (Figure S5b,c) and the control
(Figure S5a). However, the most prominent change was observed after 9 days, when cells pre-treated
with AuNCs-DS did not regrow, and the characteristic microcolonies of MCF-7 cells were no detectable
(Figure S5g). On the other hand, when the cells were pre-incubated with AuNCs-D (Figure S5e) or
AuNCs-S (Figure S5f), small microcolonies could be visualized, evidencing the superior activity of
the bi-functionalized AuNCs. Then, we confirmed that AuNCs were internalized into MCF-7 cells by
ICP-MS and confocal microscopy. Particularly, at short times (3–4 h after treatment), AuNCs are clearly
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detected through its intrinsic fluorescence inside the cells (Figure 6a) and outside the cell membrane
(Figure 6b). At longer times (24 h post-treatment), AuNCs fluorescence is sparse, probably due to
the expected degradation of the nanoparticle inside the cell, although the presence of Au could be
detected by ICP-MS (13 pg/cell). In this period, a substantial fraction of the red fluorescence from
DOX co-localizes with blue SN-38 (Figure S6). These results showed that SN38 and DOX can reach the
cell nucleus after their release from the nanoparticle, leading to the corresponding cytotoxic effect on
the cells.

Figure 6. Confocal laser scanning microscope images of AuNCs localization in MCF7 cells after 3–4 h of
incubation. Panel a shows an example of AuNCs cellular internalization while panel b shows AuNCs
layered outside, on top of the cells. The left side of the panel corresponds to 2D images (one section
or focal plane) for the merge (i), AuNCs in red (ii, Ex.405/Em.680 nm), nucleus with DAPI in blue (iii,
Ex.358/Em.461) and actin filaments labeled with Phalloidin in green (iv, Ex.495/Em.519 nm) while the
right side shows the 3D reconstructions of those cells.

We further studied the effect of the conjugates through immunofluorescence. Particularly,
we assessed their effect on the generation of DNA breaks using antibodies against histone H2AX at
serine 139 (γ-H2AX). The fluorescent intensity was higher when the two chemotherapeutics were
combined (Figures 7 and S7).
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Figure 7. DNA damage study against histone γH2AX. γH2AX fluorescence pattern (green) was
observed at the confocal microscope at 48 h after incubation with different AuNCs. MCF-7 cells were
fixed and processed for γH2AX immunofluorescence, DNA was counterstained with Hoechst-33258
(blue) and both images were overlapped. (a–c) Control cells. (d–f) Cells pre-incubated with AuNCs-D.
(g–i) Cells pre-incubated with AuNCs-S. (j–l) Cells pre-incubated with AuNCs-DS. Scale bar: 7.5 μm.

2.3. Chemotherapeutic Activity of Functionalized AuNCs in MCF7 Mammospheres

Finally, we evaluated the activity of the bifunctional complex in mammospheres using two
concentrations, 0.08 μM (1) and 0.6 μM (2) based on preliminary optimization experiments done with
mammospheres. The nanostructure was able to reduce the size of the mammospheres, from 465 μm
(control) to 176 and 167 μm (Figure 8 and Figure S8).

Figure 8. Activity of AuNCs in MCF7 mammospheres. (a) Control; (b) treated with AuNCs,
(c) AuNCs-DS-(1), and (d) AuNCs-DS-(2), respectively. (1) means 0.08 μM concentration of the
bifunctional complex, whereas (2) reflects treatments with the nanoconjugate at 0.6 μM. Scale bar
200 μm.
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The surviving fraction of mammospheres was also analyzed by counting the spheres before and
after the treatment, and the results show a 24% and 81% reduction when treated at 0.08 μM and 0.6 μM,
respectively (Figure 9).

Figure 9. Surviving fraction of mammospheres treated with AuNCs for 7 days. Data correspond to
mean ± S.D. values from three experiments. Statistical analysis was performed using one-way ANOVA
Tukey’s test (each group vs Control). *** p < 0.0001.

3. Discussion

Breast cancer is the most frequent malignant tumor among women all over the world, except for
non-melanoma skin cancer tumors. They are categorized according to different markers such as
histopathology, tumor stage, grade, and receptor/gene expression [28–32]. To assess the potential of
our approach to treat this disease, we have focused on two different breast cancer cells: MDA-MB-231
and MCF7. Even though both lines lead to the same kind of tumor, MDA-MB-231 is the “basal”
type and triple negative (estrogen receptor (ER), progesterone receptor (PR), and human epidermal
receptor 2 (HER2) negative) while MCF7 is “luminal” type and ER and PR positive. Such differences
have an effect on their drug sensitivity. For instance, MCF7 presents a higher sensitivity to SN38 and
Doxorubicin (DOX) (IC50 0.00790 μM and 0.00984 μM, respectively) compared to MDA-MB-231 (IC50
0.00978 μM and 1.24 μM, respectively) [33]. Those substantial sensitivity differences, along with the
distinct clinical prognosis of both cell lines derived tumors, encourage us to choose them as good
candidates for testing our therapeutic system. Moreover, in the case of MCF7, we were able to compare
the standard 2D-adherent cell cultures to their corresponding mammospheres, which are 3D discrete
spherical-shape clusters of cells enriched in CSCs [34].

Furthermore, we tested our system in PANC-1 cell line, which is a well-established model
for Pancreatic Ductal Adenocarcinoma (PDAC). PDAC is an orphan disease with a bad prognosis,
even when diagnosed early, and its survival rate after 5 years (<5%) has not changed over the last
30 years. In this work, we tested for the first time, to our knowledge, the combination of SN38 and
DOX conjugated to AuNCs as a potential therapy against Pancreatic cancer.

The required multifunctional nanostructure was obtained using tailor-made linkers that facilitate
the conjugation of the drugs and control their release. Due to the differences in hydrophilicity
between SN38 (hydrophobic) and DOX (hydrophilic), their co-delivery using one vehicle is not
straightforward [35,36]. In our case, we managed to conjugate DOX and SN38 onto the surface
of AuNCs using tailored linkers, which can release the drugs upon specific cell internal stimuli
(Figure 1) [37,38]. Particularly, we have exploited the low pH present in the endosomes (pH 5–6)
or lysosomes (pH 4–5) [39,40] to trigger the release of DOX. The designed linker [41] contains a pH
sensitive imine moiety to control the release of DOX, and a maleimide group to ease its conjugation
with the previously sulfhydryl-activated AuNCs. The introduction of thiol moieties on the surface of
AuNCs is easily carried out in one step and provides a convenient way to modify the structure with the
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drugs further. On the other hand, the high concentration of glutathione (1–10 mM) in the cytoplasm
provides the required reducing environment to trigger the release SN38 [42,43]. Here, the linker
employed contains a disulfide-based self-immolative moiety and a 2-mercaptopyridyl leaving group to
ease the conjugation with the sulfhydryl-activated AuNCs [44]. The conjugation of one drug (AuNCs-D
and AuNCs-S) or two (AuNCs-DS) onto AuNCs using these linkers was achieved just by mixing the
components in a single step. Hence, this methodology provides an easy and efficient way of preparing
multidrug delivery systems. Since the chemical transformations employed in developing this system
are robust and widely used, integrating other drugs should be possible, enabling the exploration of
other chemotherapeutic combinations. Also, the linkers employed allow the release of the drugs with
no modification, ensuring that they reach their corresponding targets in their most active form. Using
different linkers on the same nanostructure for the controlled release of therapeutic agents is scarce
and to the best of our knowledge has not been employed to prepare BSA-stabilized AuNCs.

Interestingly, the conjugation of the drugs onto AuNCs induced a rapid formation of nanoparticles
due to the self-assembly of drug loaded AuNCs [45]. This rearrangement is driven by the interactions
between hydrophobic BSA domains, and the SN38 [46]. Dynamic light scattering measurements of
the AuNCs-D revealed the formation of a non-homogeneous material with two nanoparticle size
distributions (Figure 2), while the use of the hydrophobic SN38 monodispersed nanoparticles were
obtained. The combined use of DOX and SN38 does not disrupt the formation of monodispersed
nanoparticles, which were surprisingly stable in PBS for at least 15 days. SEM micrographs showed
globular structures as found in other albumin-based nanoparticles (Figure S2) [47]. It is noteworthy
that albumin-stabilized AuNCs based nanoparticles could accumulate better in tumor tissues due to
their higher size compared with AuNCs (≤10 nm), since blood vessels of tumor tissues are larger than
10 nm [48].

Since DOX and SN38 were conjugated using respective sensitive linkers to pH and reductive
environment, the drug release was investigated using different conditions (Figure 3). The DOX was
efficiently released when the pH was reduced to 5 using a citrate-based buffer and SN38 when exposed
at 1 mM of dithiothreitol (DTT).

The antitumoral effect of the nanostructures was assessed in MCF7 cells, where the three systems
showed antitumoral activity. The best inhibition was obtained with the construction that carries the
two chemotherapeutics (AuNCs-DS) (Figure 4). This combined system was also tested in additional
breast cancer (MDA-MB-231) and pancreatic cancer (Panc-1) cell lines at different times after treatment
(24 h, 48 h, and 72 h), showing similar results and highlighting the potential of the approach and its
efficacy compared with the results obtained with the free drugs (Figure S4).

These results are in agreement with previous studies, where DOX and SN38 induced senescence,
mitotic catastrophe, apoptosis, or necrosis, depending on the dose of the drugs [20,49]. In our case,
MCF-7 cells undergoing apoptosis after treatment with mono- and bi-functional AuNCs.

It is known that DOX and SN38 are inducers of DNA damage and activate the DNA damage
response (DDR) [50]. For this reason, we wonder if the superior activity of AuCNs-DS was
related to the DNA damage generated by the structures. In this regard, it is well known that
the phosphorylation of histone H2AX at serine 139 (γ-H2AX) is the most sensitive marker to examine
DNA damage (double-stranded breaks, DSBs) in cells exposed to ionizing radiation or DNA-damaging
chemotherapeutic agents. These phosphorylation events are easily detected as nuclear foci by specific
antibodies to the phosphorylated form of H2AX (γ-H2AX), and the foci formation has been extensively
used as a marker of DSB formation [51].

Since mono- or bi-functionalized gold nanoclusters need to be internalized by cells and,
subsequently, chemotherapeutic drugs must enter to cell nuclei to induce cell damage, we performed
an analysis of DNA double-strand breaks in MCF-7 cells to detect phosphorylation of H2AX by
immunofluorescence techniques following the treatment with different loaded AuNCs. As seen in
Figure 7, γ-H2AX fluorescence signals were detected in both, AuNCs-D and AuNCs-S, although the
fluorescent intensity in cells treated with bi-functionalized AuNCs was significantly higher. This result
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suggests that the enhanced activity observed in the bifunctional nanostructures might be due to
increased DNA damage generated by the combination of the two drugs at the nuclei. In addition,
optical microscopy studies revealed that the AuNCs-DS induces higher morphological damage
after 48 h and prevents the generation of colonies after 9 days, compared to the other formulations
(Figures S7 and S8).

To further assess the therapeutic potential of this nanostructure, we decided to test it against
mammospheres. These spherical structures resemble better the tumor environment, compared with
standard 2D cell culture [52], and what is more, is an excellent model to test therapeutics against
cancer stem cells (CSCs). CSCs are small cell populations with self-renewing and high tumorigenic
capabilities, which is responsible for drug resistance and relapses [53,54]. This kind of cell is present in
a vast variety of tumors [55,56] such as glioblastomas [57] or breast cancer [58].

Standard chemotherapeutics do not remove this subpopulation of a tumor, due to their inherent
drug resistance and its efficient DNA repair system [59] For these reasons, we believe that our
nanoconjugated system might be useful to control this CSCs population due to its inherent efficiency
in the generation of DNA damage, as shown in Figure 7 and S7.

We assessed the activity of AuNCs-DS at different concentrations in MCF7 cells. We selected two
concentrations 0.08 μM (1) and 0.6 μM (2) for the mammosphere experiments based on this data and
preliminary experiments with mammospheres. The high potency of the conjugates obliged us to use
these concentrations in the mammosphere assay model to prevent the complete elimination of the
spheres after 7 days of treatment. At the selected concentrations, we observed a significant variation
on the size of the mammospheres, which are reduced from an average diameter of 465 μm (control) to
176 and 167 μm (Figure 8 and S8).

We also analysed the surviving fraction of mammospheres by counting the spheres before and
after the treatment, and the results show a 24% and 81% reduction when treated at 0.08 μM and 0.6 μM,
respectively (Figure 8).

4. Materials and Methods

4.1. Synthesis of AuNCs

To a solution of BSA (1 mL, 50 mg/mL) at 37 ◦C, hydrogen tetrachloroaurate (III) hydrate (HAuCl4)
(1 mL, 10 mM) was added at 37 ◦C and stirred for 2 min. Then, 100 μL of NaOH 1M was added,
and the mixture was stirred for 24 h. AuNCs were purified using an exclusion column NAP-10 of
Sephadex-G25 according to the specifications of the distributor.

4.2. Sulfhydryl Activation of AuNCs

To a solution of AuNCs (1 mL, 20 μM) in PBS (pH = 7.8), a solution 6.5 mM of 2-iminothiolane
hydrochloride (77 μL) was added and incubated at room temperature for 16 h. The product was purified
using an exclusion column NAP-10 of Sephadex-G25 according to the specifications of the distributor.

4.3. Functionalization of AuNCs

To synthesize AuNCs-D, 100 μL of a solution of modified DOX (3) (1 mM) in DMF was added
to 1 mL of a solution of sulfhydryl-activated AuNCs (20 μM) in PBS (pH = 7.8) and stirred at room
temperature for 16 h. Then, AuNCs-D were purified using a NAP-10 column. AuNCs-S were prepared
as above by using 150 μL of a solution of modified SN38 (6) (1 mM) in DMF. The synthesis of AuNCs-DS
was carried out using the same procedure by adding 100 μL of a solution of modified DOX (3) (1 mM)
in DMF, immediately followed by the addition of 100 μL of a solution of modified SN38 (6) (1 mM)
in DMF.
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4.4. Quantification of Drug Functionalization

The drug functionalization was determined using UV-Vis spectroscopy. In brief, the absorption
of DOX (490 nm) and SN38 (380 nm) of the corresponding formulations were measured, and the
concentration quantified by interpolation from a calibration curve.

Drug loading was calculated by following the formula:

Drug Loading(weight %) =
weight of drug in nanoparticles

total weight of nanoparticles
× 100

4.5. Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) measurements were performed at 25 ◦C at a 173◦ scattering angle
using disposable microcuvettes. The Z-Average hydrodynamic diameter and polydispersity index
(PDI) were obtained by three cumulative analyses of 100 μL of the corresponding formulation of
AuNCs (20 μM).

4.6. Scanning Electron Microscopy

One drop of a solution of corresponding functionalize AuNCs was deposited over a silica wafer
and air-dried during 16 h. Then, the samples were observed using a Carl Zeiss AURIGA scanning
electron microscope (Zeiss, Jana, Germany).

4.7. In Vitro Doxorubicin (DOX)/SN38 Release

DOX release profile was evaluated using fluorescence spectrophotometry. 1 mL of a solution
of DOX-AuNCs in saline citrate buffer at pH = 7 or 5 were incubated at 37 ◦C. At different time
intervals, 100 μL of this solution were withdrawn and treated with 100 μL of a 2% ZnSO4 solution in
H20/MeOH (1:1). After vigorous stirring, this mixture was centrifuged at 13200 rpm for 10 min, and
the fluorescence of the DOX released analyzed by fluorescence from the supernatant ( exc = 495 nm,

em = 590 nm). SN38 release profile was evaluated using a similar protocol. In this case, 1 mL of a
solution of SN38-AuNCs in PBS at pH = 7.4 containing dithiothreitol at 1 μM or 1 mM of concentration
was incubated, and the SN38 released analyzed by fluorescence from the supernatant ( exc = 370 nm,

em = 550 nm).

4.8. Cell Culture

Human breast adenocarcinoma (MCF-7 and MDA-MB-231) and human pancreatic adenocarcinoma
(Panc-1) cells were obtained from American Type Culture Collection (ATCC)®. Both cell lines were
grown as monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 1% L-Glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin
and incubated at standard conditions (37 ◦C, 5% CO2).

4.9. Neutral Red Staining

MCF-7 cells grown on coverslips in 24-well plates and incubated for 24 h with the nanostructures
were fixed in cold methanol for 5 min and then stained with 0.5% neutral red for 2 min. Coverslips
were washed with distilled water, air-dried, mounted in DePeX and examined by light microscopy.

4.10. Cytotoxicity Assays

4.10.1. MTT Tetrazolium Reduction Assay

Cells were incubated with the nanostructures (AuNCs concentration of 2.6 μM) in complete cell
culture media for 24 h. After incubation, the culture medium was removed, and samples were washed
three times with phosphate-buffered saline (PBS, pH 7.4) and cells were incubated 48 h after treatment.
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Then, toxicity was assessed by MTT (dimethylthiazolyl-diphenyl-tetrazolium bromide) colorimetric
assay. Briefly, the culture medium was replaced with DMEM containing MTT (5 mg/mL). Five hundred
microliters of this MTT solution (50 μg/mL MTT in culture medium) was added to each culture
dish and cells were incubated for 4 h at 37 ◦C. Then, MTT was removed by aspiration and reduced
formazan crystals were dissolved with 500 μL of dimethylsulfoxide and the absorbance measured
at 540 nm using a microplate reader. Cell survival was expressed as the percentage of absorption of
treated cells in comparison with control cells. Besides, experiments with AuNCs non-functionalized
were also performed, to exclude a possible cytotoxic effect exercised by gold nanoclusters per se.
Data corresponded to mean values ± standard deviation from at least five different experiments.

4.10.2. Resazurin Reduction Assay

Breast Cancer (MCF7 and MDA-MB-231) and pancreatic cancer (Panc-1) cell lines were seeded
(40,000 cells/well, 24 h prior treatment) in 24 well plates and incubated in standard conditions. Then,
the cells were incubated with the nanostructures using a constant concentration of AuNCs (2.6 μM)
or the free drugs (1.1 μM DOX or 2.4 μM SN38) for 24 h. After incubation, the culture medium was
removed, and cells were washed twice with PBS (pH = 7.4). Toxicity was measured 24, 48, and 72 h
after treatment, using the resazurin assay following the manufacturer’s protocol. Briefly, the cell culture
medium was replaced with fresh culture medium containing 1% of resazurin solution (1 mg/mL in PBS),
and cells were incubated for 3 h more at 37 ◦C, 5% CO2. Fluorescence from 100 μL of the culture media
was measured using a microplate reader ((λexc = 550 nm, λem = 590 nm). Cell viability was expressed
as a percentage of fluorescence of treated cells and compared with the control. Data corresponded to
mean values ± standard deviation from at least three different experiments

4.11. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

MCF7 cells treated with 2.3 μM AuNCs for 24 h were harvested and quantified, prior digestion
O/N in aqua regia and subsequent dilution in pure water. After that, the quantity of Au+ in the sample
was determined by ICP-MS and relativized per cell unit.

4.12. Live Cell Imaging

Cells were incubated with the nanostructures for 48 h, washed three times with PBS, and maintained
in culture medium for 9 days, and the culture medium was changed every 2–3 days. Untreated control,
as well as cells incubated with AuNCs without a drug, were also visualized. Cells were imaged daily
under a differential interference contrast (DIC) inverted microscope (Leica DMI 6000B) equipped with a
Leica DFC420 C digital camera (Leica Microsystems, Heerbrugg, Switzerland).

4.13. Subcellular Localization

4.13.1. AuNCs at Short Times (3–4 h after Treatment)

MCF7 cells grown in 24 well plates with glass coverslips were treated with 50 μM AuNCs during
3–4 h and fixed afterward with 4% paraformaldehyde for 15 min/RT. Fixed cells were subsequently
permeabilized and labeled for 20 minutes/RT in darkness with a mix containing Saponin 0.25% (Sigma,
Saint Louis, MO, USA), DAPI (diluted 1:300 from a 1 mg/mL stock solution, Sigma), Phalloidin (diluted
1:250 from a 1 mg/mL stock solution, Sigma), and FBS 5% in PBS buffer. After washing 3 times with PBS,
coverslips were mounted onto slides using Fluoroshield medium (Sigma) and visualized by confocal
microscopy (Confocal multispectral Leica TCS SP8 system). Data acquisition was performed with Leica
software LAS X and images were prepared with ImageJ (https://imagej.nih.gov/ij/). To avoid possible
artifacts due to the crosstalk between the red and the blue channels, the blue signal was subtracted
from the red 2D images using ImageJ processing.
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4.13.2. AuNCs-DS at Long Times (24 h after Treatment)

Internalization of bifunctionalized AuNCs into MCF-7 cells were visualized by confocal microscopy.
Cells grown on coverslips were incubated for 24 h with AuNCs-DS, washed three times with culture
medium without FBS, and visualized under differential interference contrast (DIC) microscopy and
confocal fluorescence microscopy using a multispectral Leica TCS SP5 confocal microscope, operating
with 405 Diode (UV) and DPSS (561, visible) laser lines.

4.14. Microscopic Detection of DNA Damage

MCF-7 cells grown on glass coverslips and incubated with the different AuNCs for 24 h were
immunostained for histone phosphorylated H2AX (γ-H2AX) at 48 h after treatments. Cells were fixed
with formaldehyde in PBS (1:10 v/v) for 20 min, washed three times for 5 min with PBS, and then
permeabilized with 0.5% Triton X-100 in PBS for 5 min. After incubation with a blocking solution (5%
bovine serum albumin, 5% FBS, 0.02% Triton X-100 in PBS) at room temperature for 30 min, cells were
washed three times with PBS. Then, cells were incubated with primary monoclonal mouse anti-γ-H2AX
antibody (Merck Millipore, Darmstadt, Germany) diluted 1:100 at 37 ◦C in a wet chamber for 1 h.
After three washes with PBS, incubation with secondary antibody (Alexa Fluor® 488 goat anti-mouse,
Life Technologies (Waltham, MA, USA) was identical to that of the first one and so were final washings.
Finally, DNA was counterstained by addition of Hoechst-33258 (0.05 mg/mL in distilled water) for
5 min, and the sample was mounted with ProLong Gold antifade reagent. Immunofluorescence images
were captured using a laser scanning confocal microscope using a multispectral Leica TCS SP5 confocal
microscope (Leica, Wetzlar, Germany), operating with 405 nm (argon–UV) and 488 nm (argon) laser
lines. All images were taken with a photomultiplier value (PTM) of 1029.

4.15. Mammosphere Culture

Single-cell suspensions of MCF-7 cell line were plated in P96 well plates at 10 cells per well in
DMEM/F-12 medium supplemented with GlutaMAX, B27 (Gibco: Thermo Fisher, Waltham, MA, USA),
10 ng/mL epidermal growth factor (EGF: Invitrogen) and 10 ng/mL basic fibroblast growth factor (bFGF:
Millipore, Burlington, MA, USA) and they were maintained at 37 ◦C in 5% CO2. At day 10, the number
of wells with mammospheres were counted and then nanostructures were added. The final proportion
of living spheres were quantified at day 17.

4.16. Statistical Analysis

For statistical calculations, one-way ANOVA Tukey’s test and the R (R Foundation for Statistical
Computing, Vienna, Austria) were used. p values < 0.05 (*), <0.01 (**), and < 0.001 (***) were considered
as statistically significant.

5. Conclusions

Toxicity and side effects are serious drawbacks that hinder the use of the chemotherapeutics to
treat tumors. Furthermore, the development of drug resistance contributes to a great extent to the
failure of current treatments. In this regard, the combination of two or more agents allows a reduction
in the number of individual components, decreasing their toxicity and preventing the development of
resistance by tumor cells. However, the rapid clearance and the low accumulation of the drugs in the
tumor are drawbacks that must be solved. In this sense, nanomedicine tries to tackle these problems
using nanostructures capable of delivering drugs more efficiently and safely.

In this work, we have demonstrated that bovine serum stabilized AuNCs can be used as safety
carriers of two chemotherapeutics such as DOX and SN38. We have used tailored linkers to functionalize
the AuNCs with the drugs, which render in the spontaneous formation of nanoparticles with a diameter
below 200 nm. It is worth mentioning that the chemistry employed is robust and the system could
be adapted to other drug combinations. Two internal cell stimulus controls the release of the drugs.
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In particular, DOX is released at low pHs, such as that found in the endosomes and lysosomes.
The release of SN38 takes place in a reducing environment equivalent to the one present in the
cytoplasm. AuNCs have not shown toxicity in MCF-7 cells. However, AuNCs-D and AuNCs-S
evidenced a reduction in cancer cell viability. Remarkably, this activity was enhanced when we used
bi-functional nanoparticles (AuNCs-DS). This particular cytotoxic activity might be of interest to reduce
CSCs subpopulation, which is involved in metastasis and recurrences. The immunofluorescent studies
carried out suggest that the superior activity of the bi-functional nanostructure might be due to the
prominent DNA damage generated. Interestingly, our system is also active in the reduction of the size
and number of mammospheres, a model of CSC.
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Abstract: Strategies for the development of anticancer drug delivery systems have undergone a
dramatic transformation in the last few decades. Lipid-based drug delivery systems, such as a
nanostructured lipid carrier (NLC), are one of the systems emerging to improve the outcomes of
tumor treatments. However, NLC can act as an intruder and cause an immune response. To overcome
this limitation, biomimicry technology was introduced to decorate the surface of the nanoparticles
with various cell membrane proteins. Here, we designed paclitaxel (PT)-loaded nanostructured lipid
carrier (PT-NLC) with platelet (PLT) membrane protein because PLT is involved with angiogenesis and
interaction of circulating tumor cells. After PLT was isolated from blood using the gravity-gradient
method and it was used for coating PT-NLC. Spherical PT-NLC and platelet membrane coated
PT-NLC (P-PT-NLC) were successfully fabricated with high encapsulation efficiency (EE) (99.98%)
and small particle size (less than 200 nm). The successful coating of PT-NLC with a PLT membrane
was confirmed by the identification of CD41 based on transmission electron microscopy (TEM),
western blot assay and enzyme-linked immunosorbent assay (ELISA) data. Moreover, the stronger
affinity of P-PT-NLC than that of PT-NLC toward tumor cells was observed. In vitro cell study, the
PLT coated nanoparticles successfully displayed the anti-tumor effect to SK-OV-3 cells. In summary,
the biomimicry carrier system P-PT-NLC has an affinity and targeting ability for tumor cells.

Keywords: nanostructured lipid carrier; platelet membrane; biomimicry; paclitaxel

1. Introduction

Paclitaxel (PT) is a microtubule inhibitor that promotes polymerization and prohibits dissociation
of microtubules. PT has been widely used in the treatment of solid tumors, including breast, ovarian
and lung cancers. In particular, PT is the front-line pharmaceutical in ovarian cancer chemotherapy,
which is the seventh most common cancer worldwide, with an incidence estimated at around 6.3 per
100,000 women globally [1,2]. Patients with ovarian cancer have a low survival rate [3–5]. However,
platinum and PT combination chemotherapy is now considered the standard treatment for those with
newly diagnosed ovarian cancer, showing excellent response rates ranging from 60% to 70% [6,7].

Despite this, the low solubility of PT and efflux by p-glycoprotein impair its clinical efficacy [8–10].
In addition, its use has been limited by significant side effects, including myelosuppression, neutropenia
and hypersensitivity [2,11], with neutropenia becoming more profound at higher doses and over longer
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infusion times. Taxol®, the commercial formulation, includes the Cremophor® EL, which caused the
side effects. Hypersensitivity is characterized by dyspnea, hypotension and urticaria, all of which are
most likely caused by polyoxyl 35 castor oil (Cremophor® EL). During its development, the ortotaxel,
PT analogous, showed 50% oral bioavailability, but also had significant, toxic side effects [12]. Its clinical
use is limited by reasons of the low bioavailability and adverse effects caused by Cremophor® EL [13].

To overcome these side effects, the development of an alternative drug delivery system for PT is
needed. There have been several approaches to developing a PT delivery system, including liposome,
emulsion and nanoparticles [9,14,15]. Among these, solid lipid nanoparticles (SLNs) were developed
as an alternative drug delivery system (DDS) for liposome emulsion and polymeric nanoparticles [16].
SLNs for antitumor drugs improved the tumor-specific targeting and bioavailability, and showed
profound cytotoxicity to multidrug resistant cancer cells [17]. However, the issues such as low drug
loading capacity, crystallization of the lipid matrix and drug expulsion have limited the clinical use
of SLN.

Nanostructured lipid carrier (NLC) was introduced as an alternative carrier of SLNs [18]. NLC,
a type of nanoparticle, is a second-generation lipid nanoparticle composed of both solid and liquid
lipids. Using this mixture, NLC has an intense solid state but does not crystallize, allowing higher
drug loading [19]. Nanoparticles also possess several limitations to applied clinical use. They may be
acted on as a foreign substance, causing an immune response. Although these responses, including
immunostimulation and immunosuppression, may be either desirable or undesirable, they may also
cause safety concerns [20,21]. Consistent with this, nanoparticles have the potential for elimination by
the reticuloendothelial system (RES), which limits the effectiveness of drug delivery to target sites.
Further, non-targeted nanoparticles, which exhibit an enhanced permeability and retention (EPR)
effect, may cause the unwanted side effect. To overcome these limitations, biomimicry technology was
introduced to decorate the surface of the nanoparticles with various cell membrane proteins [22,23].

Platelets (PLTs) are anuclear fragments and small circulating cells in whole blood. They are
involved with thrombosis and hemostasis processes, responding to vascular damage and contributing
to clot formation. PLTs, also, are involved with angiogenesis and cancer triggers and interact
with circulating tumor cells. It has been recognized that the aggregation between PLT and tumor
cells correlates with the tumor metastasis. The mechanism of aggregation of platelets surrounding
tumor cells includes biomolecular binding such as P-selectin [24] and structure-based capture [25].
Recently, several investigations have shown that tumor-specific targeting can be attained through
biomimicry using PLT membrane proteins [22,25,26]. The camouflage using a PLT membrane
possesses versatile characteristics. It has been reported that PLT membrane-coated nanoparticles have
reduced macrophage cellular uptake and lack particle-induced complement activation [27]. Moreover,
the PLT membrane-coated nanoparticles showed a specific affinity to tumor tissues and damaged
vasculatures [28].

Therefore, the objective of this study was to fabricate a PT-loaded NLC (PT-NLC) coated with
PLTs to overcome the known limitations and increase the anticancer effects.

2. Results

2.1. Screening of Liquid Lipid, Solid Lipid and Surfactant

The solubility profile of PT in a lipid matrix plays a key role in encapsulation efficiency (EE)
and loading capacity (LC) of NLC. In this study, a solubility profile of PT in liquid, solid lipids and
surfactant solutions was evaluated.

PT is a lipophilic drug, which have poor water solubility, with a log P value of 3.0. Figure 1a displays
the solubility of PT in various liquid lipids. While semisynthetic modified oils (Capryols, Capmuls,
Lauroglycols, and Labrafils) showed high solubility, unmodified dietary oils such as oleic acid and olive
oil showed low solubility (0.42 ± 0.04 and 0.43 ± 0.06 mg/mL, respectively). In addition, nanoparticles
with unmodified dietary oils showed poor emulsification properties. Capryol 90 (propylene glycol
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monocaprylate) showed the highest solubility (75.72 ± 15.58 mg/mL). High solubility of PT in Capryol
90 might be due to its natural self-emulsifying property [29]; thus, Capryol 90 was selected as the liquid
lipid. Figure 1b displays the solubility of PT in various solid lipids. The solubility of PT was high in
the following order; Compritol 888 ATO, glyceryl monostearate (GMS) and Gelucire 44/14 (6.7 ± 1.1,
5.3 ± 1.1 and 5.0 ± 0.6 mg/gm, respectively), compared with other solid lipids. The solubility of PT
in 1% surfactants solutions is shown in Figure 1c. While tween 80 and poloxamer 188 showed low
solubility (3.5 ± 1.6 and 1.0 ± 0.9 μg/mL, respectively), Cremophor® EL, span 85 and transcutol-HP
showed high PT solubility (33.70 ± 5.38, 32.66 ± 9.22 and 31.69 ± 0.64 μg/mL, respectively) compared
with other surfactant solutions.

Figure 1. Solubility profiles of paclitaxel (PT) in lipids or surfactants. (a), liquid lipids; (b), solid
lipids; (c), 1% surfactant solutions. Black bar represents the liquid, solid lipids and surfactants for
PT-nanostructured lipid carrier (NLC).

2.2. Physicochemical Properties

2.2.1. Particle Size, Polydispersity Index (PDI), Zeta Potential (ZP), EE and LC

The various compositions of formulations of PT-NLC and their physicochemical properties,
including particle sizes, PDI, ZP, EE and LC are listed in Table 1a,b, respectively. The final concentration
of PT in formulations was fixed at 5 mg/10 mL. For changes in GMS and Capryol 90 ratio (Table 1b),
code 4 showed the smallest particle size (115.2 ± 3.9 nm). Code 1 showed a high LC value (3.44 ± 0.01%)
and the lowest ZP value (2.24 ± 0.5 mV) compared with the others. ZP is a key factor for characterizing
the surface charge of colloids and the stability of the colloidal system. Particles for which the ZP is
close to zero tend to be aggregated [30,31]. Based on the ZP values, code 1 was unstable compared
with code 4 (−15.00 ± 0.9 mV). In previous studies, nanoparticles with small size tend to accumulate in
tumors; this is known as the enhanced permeability and retention (EPR) effect [22,32]. It is expected
that small NLCs (particle size < 200 nm) will have increased target specificity for tumor sites. Thus,
the fixed ratio of GMS and Capryol 90 (2:1) was used. Next, the total lipid amount was altered and the
formulations characterized (Table 1b). The particle size was increased in proportion to the increase in
the total lipid amount. However, code 1 and 2 showed the particle size values above 200 nm despite
the low volume of total lipid. Thus, the fixed amount of total lipid (210 mg) was used for fabrication of
formulation. When the poloxamer 188 or Tween 80 was individually used as a surfactant, the particle
size of the formulation was 161.8 or 259.8 nm, respectively. Herein, the code 4 showed the smallest
particle size.
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Table 1. Various compositions for PT-NLCs (a) and their physicochemical properties (b) (n = 3).

(a) Various Compositions for PT-NLCs

Code GMS (mg) Capryol 90 (mg) PT (mg)
% of Poloxamer

188 in 10 mL
% of Tween 80

in 10 mL

1 70 70 5 0.5 1
2 120 60 5 0.5 1
3 140 70 5 1 0.5
4 140 70 5 0.5 1
5 160 80 5 0.5 1
6 180 90 5 0.5 1
7 210 70 5 0.5 1
8 280 70 5 0.5 1

(b) Physicochemical Properties

Code Particle Size (nm) PDI EE (%) LC (%) ZP (mV)

1 279.2 ± 10.4 0.308 ± 0.012 99.79 ± 0.18 3.44 ± 0.01 2.24 ± 0.51
2 266.5 ± 46.8 0.360 ± 0.011 99.94 ± 0.03 2.70 ± 0.03 −22.70 ± 1.46
3 161.3 ± 0.9 0.311 ± 0.301 99.62 ± 0.05 2.25 ± 0.01 −16.40 ± 0.82
4 115.2 ± 3.9 0.284 ± 0.015 99.98 ± 0.01 2.33 ± 0.01 −15.00 ± 0.93
5 123.0 ± 0.9 0.352 ± 0.022 99.95 ± 0.02 2.04 ± 0.01 −30.60 ± 0.31
6 164.4 ± 12.2 0.321 ± 0.017 99.94 ± 0.05 1.82 ± 0.02 −29.40 ± 1.59
7 158.6 ± 9.8 0.297 ± 0.012 99.96 ± 0.06 1.75 ± 0.01 −25.33 ± 0.62
8 2599.4 ± 392.7 0.220 ± 0.150 99.51 ± 0.03 1.40 ± 0.01 −31.43 ± 0.54

P-PT-NLC was fabricated via a sonication method. The particle size and ZP of P-PT-NLC were
171 ± 0.31 nm and −8.0 ± 0.77 mV, respectively. After the coating of the PLT membrane, the particle size
of P-PT-NLC increased compared with that of PT-NLC, but it was smaller than that of PLT fragments
(Figure 2a). In addition, when the PLT membrane protein was coated to PT-NLC, ZP decreased to
be similar to PLT fragments (Figure 2b). Changes in the particle size and ZP of P-PT-NLC indicated
successful coating with PLT membrane [33].

Figure 2. The physicochemical characterizations. (a), particle size and polydispersity index (PDI); (b),
zeta potential of PT-NLC, PLT and P-PT-NLC (n = 3, mean ± standard deviation (SD)).

2.2.2. Differential Scanning Calorimetry (DSC) and Powder X-ray Diffraction (PXRD) Analysis

In general, DSC analysis is used to evaluate the melting behavior or crystallization of
nanoparticles. [34,35]. Figure 3a shows the DSC diagram of excipients, PT, lyophilized NLC with or
without mannitol and physical mixture with or without mannitol. The melting point of mannitol,
poloxamer 188 and GMS were 167 ◦C, 58 ◦C and 60 ◦C, respectively. PT showed two different peaks:
endothermal (220 ◦C) and exothermal (240 ◦C). In thermograms of PT-NLC formulations, the peak of
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PT and excipients was decreased. The decreased PT peak of PT-NLC indicates the encapsulation of PT
in the lipid matrix [36].

Figure 3. Differential scanning calorimetry (a) and powder X-ray diffraction (b) analysis.

Figure 3b shows PXRD analysis of PT and NLC. PT powder showed a few diffraction peaks at 5.5◦,
7.8◦, 10.1◦ and 12.6◦. Many crystalline diffraction patterns of PT indicate that PT had crystallinity. Broad
peaks were displayed at 19.2◦ and 24.2◦ for poloxamer 188, and 19.8◦ and 24.1◦ for GMS. These patterns
were not displayed in lyophilized NLC without mannitol, but the physical mixture without mannitol
showed a PT peak, suggesting that PT was encapsulated in PT-NLC in an amorphous form [37].

2.2.3. Transmission Electron Microscopy (TEM) Analysis

To confirm the shape and PLT coating on nanoparticles, TEM analysis was conducted with
negative staining of uranyl acetate. PT-NLC and P-PT-NLC in Figure 4 show that the nanoparticle
morphology of PT-NLC (Figure 4a) and P-PT-NLC (Figure 4b) was spherical.

Figure 4. Transmission electron microscopy images of PT-NLC (a) and P-PT-NLC (b). scanning
transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) image (c), EDS
mapping image of uranium elements (d) and STEM-EDS line analysis (e) of P-PT-NLC.

To evaluate the elemental distribution and composition of P-PT-NLC, EDS mapping and spectra
were used (Figure 4). PLT membrane coating was confirmed using scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-EDS). Figure 4c,d shows the STEM image
and EDS mapping of uranium (U) for P-PT-NLC. P-PT-NLC showed a spherical shape with the shell
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stained by uranyl acetate. In addition, STEM-EDS line analysis showed PLT coating on P-PT-NLC
(Figure 4e), indicating that P-PT-NLC was successfully coated with PLT membrane [38,39].

2.3. Western Blot Assay and Enzyme-Linked Immunosorbent Assay (ELISA) of CD41

PLT, PLT fragment, blank-NLC, PT-NLC and P-PT-NLC were separated with 10% polyacrylamide
gel stained by coomassie brilliant blue (CBB), and then western blot assay was used to identify the CD41
on P-PT-NLC. CD41, a part of the integrin αIIb, plays a key role in PLT adhesion [40]. CD41 (131 kDa)
was detected in PLT, PLT fragment and P-PT-NLC, except for blank-NLC and PT-NLC (Figure 5a, More
details can be found in Figure S1), indicating that CD41 protein successfully coated P-PT-NLC.

Figure 5. Identification of integrin αIIb (CD41) on P-PT-NLC. (a), western blot analysis; (b), enzyme-
linked immunosorbent assay (ELISA) analysis (n = 3, mean ± SD). ND*, not detected. Black arrow
indicates the CD41 band (131 kDa).

To quantify CD41 in the formulations, rat PLT membrane glycoprotein 2B3A/CD41+CD61+ ELISA
kit was used. CD41 was detected and quantified in PLT and P-PT-NLC (Figure 5b). The amount of
CD41 in P-PT-NLC decreased compared to that in PLT. P-PT-NLC yields using two different analytical
methods were calculated and the yields of P-PT-NLC using western blot assay and ELISA were
81.72 ± 0.85 and 79.23 ± 1.08%, respectively.

2.4. In Vitro Cell Experiments

Following this, a confocal laser scanning microscopy (CLSM) study was performed to determine
the presence of CD41 on P-PT-NLC. To assess the attachment abilities of nanoparticles to tumor
cells, a CLSM study was conducted with PT-NLC and P-PT-NLC on SK-OV-3 cells. CLSM images of
PT-NLC and P-PT-NLC are shown in Figure 6. In Figure 6b, CD41 on the surface of P-PT-NLC was
detected on SK-OV-3 cells. By contrast, CD41 was not detected in PT-NLC (Figure 6a). In merging the
images of P-PT-NLC, CD41 (green fluorescence) was co-localized in 4′,6-diamidino-2-phenylindole
(DAPI) (blue fluorescence) and rhodamine–phalloidin (red fluorescence) staining sites. This indicates
that P-PT-NLC was attached to SK-OV-3 cancer cells and that CD41 on P-PT-NLC possesses a high
tumor-cell affinity [33,40,41].

The cytotoxic effects of PT, blank-NLC, PT-NLC and P-PT-NLC at 24 and 48 h were evaluated
with SK-OV-3 cells (Figure 7). Blank-NLC consisted of an equivalent lipid concentration of PT-NLC
and P-PT-NLC. In the 0.1–7.5 μg/mL concentration range, all formulations were more toxic compared
with blank-NLC after 24 h. The cell viability of blank-NLC at 10 μg/mL was 71.56 ± 10.12%; therefore,
the excipient of NLC showed cytotoxicity to SK-OV-3 cells (Figure 7a). At 10 μg/mL, the cell viability of
PT (, PT-NLC (47.52 ± 5.10%) and P-PT-NLC (47.07 ± 4.95%) were less than that of blank-NLC (79.07 ±
5.24%) at 48 h post-incubation. PT-NLC and P-PT-NLC were significantly more toxic than PT (p < 0.01)
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at all concentration ranges, but no significant difference was observed between PT-NLC and P-PT-NLC
(Figure 7b), indicating that the release profile of PT-NLC and P-PT-NLC was a sustained release.

Figure 6. Confocal fluorescent microscopy images. (a), PT-NLC; (b), P-PT-NLC. After treatment
with PT-NLC and P-PT-NLC, SK-OV-3 cell was stained with 4′,6-diamidino-2-phenylindole (DAPI),
rhodamine–phalloidin and integrin αIIb Alexa Fluor® 488 antibody (1:100) (blue= nuclear, red =
F-actin, green = CD41).
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Figure 7. Cytotoxicity assay of PT, PT-NLC and P-PT-NLC in SK-OV-3 cells after 24 h (a) and 48 h (b).
** p < 0.01 (multiple t-tests).

2.5. Biodistribution Study

Following administration of PT, PT-NLC and P-PT-NLC, PT concentration was continuously
eliminated in the kidney. However, in PT-NLC and P-PT-NLC, PT concentration increased to 8 h and
was eliminated at 24 h; therefore, it seems to accumulate in the kidney, while the PT concentration was
reduced at 24 h (Figure 8a). This indicates that PT-NLC and P-PT-NLC were sufficiently eliminated
from the kidney. PT-NLC and P-PT-NLC accumulated in the liver at higher levels compared to PT
(Figure 8b). This issue could be explained by the reticuloendothelial system (RES) or liver Kupffer cells
uptake [9,42]. When particle size is between 50 and 200 nm, nanoparticles tend to accumulate in the
liver by RES. This indicates that nanoparticles with a diameter of 50–200 nm were caught by the RES,
resulting in sustained release [23,43]. PT-NLC and P-PT-NLC tended to accumulate in the liver more
than PT, but PT-NLC and P-PT-NLC appeared to be eliminated from the liver over time. This means
that as the nanoparticles are taken up by the RES, they are slowly released over time. Moreover, it has
been reported that the liver was one of the major organs for the physiological clearance of PLT [44].
To clarify this issue, additional liver toxicity studies should be conducted for PT-NLC and P-PT-NLC.
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Figure 8. Biodistribution at the 10 mg/kg dose of PT, PT-NLC and P-PT-NLC in kidney (a) and liver (b)
at 1, 4, 8 and 24 h. Each column represents the mean ± SD (n = 2).

3. Discussion

In this study, PT-NLC was fabricated considering the EE and the particle size. Composition
of PT NLC with the highest EE value and the optimal particle size (less 200 nm) [45] was selected
for the fabrication of P-PT-NLC. Compritol 888ATO showed the highest solubility as a solid lipid;
however, PT-NLC with Compritol 888ATO showed the excessive solidification during the fabrication.
Thus, GMS was selected as the solid lipid. Surfactant, which has low drug solubility, affects the
association between the drug and lipid matrix and materializes drugs in the lipid core. Surfactant
use with NLC leads to drug distribution in the core rather than the exterior of the NLC [29,46]. Thus,
non-ionic surfactant provides the steric hindrance and static repulsion for particles [32]. Previously,
we successfully fabricated the NLC-loaded ticagrelor using the poloxamer 188 and Tween 80 as
surfactants [47]. In addition, the previous study suggested that using Poloxamer 188 (1%), a steric
stabilizer, with Tween 80 (2%) as a surfactant, in the manufacture of NLC could provide a stable NLC
with a particle size below 100 nm [48]. Thus, Tween 80 and poloxamer 188 were selected as surfactant
and co-surfactant with a ratio of 2:1, respectively.

To confirm whether PT was encapsulated in NLC, DSC and PXRD patterns were conducted with
NLC and its ingredients (Figure 3). When PT-NLC was freeze-dried with the lyophilizing agent,
mannitol, the PT peak decreased. However, the mannitol peak was still high; therefore, blank NLC
and PT-NLC were lyophilized without mannitol to remove its effect on the DSC and PXRD patterns.
The PT peak was decreased in freeze-dried PT-NLC. However, the physical mixture still had a PT peak,
indicating that the crystallites of PT were not detected in lyophilized PT-NLC without mannitol and
that PT was encapsulated successfully in the lipid matrix.

When P-PT-NLC was fabricated with PT-NLC and PLT by sonication, particle size increased by
around 50 nm and ZP was similar to PLT fragment. It is reported that the size of nanoparticles coated
with PLT was about 20 nm larger than the bare nanoparticles in previous studies [22,49,50]. Moreover,
it is stated that the ZP of nanoparticles coated with PLT was similar to that of the surface charge of PLT
in accordance with the previous investigation. P-PT-NLC with increased size and charged to the same
level as a PLT fragment means that P-PT-NLC was coated with PLT.

The shapes of PT-NLC and P-PT-NLC were inspected and confirmed by TEM (Figure 4).
Nanoparticles were spherical and the particle size was similar compared with electrophoretic light
scattering (ELS) data. In addition, PT-NLC and P-PT-NLC were negatively stained with uranyl acetate,
which can bind to surfaces of the phosphate moiety of lipid structures by ionic interaction [51]. The PLT
membrane was composed of phospholipid, so uranyl acetate could interact with the PLT membrane.
Using this interaction between the PLT membrane and uranyl acetate, STEM/EDS analysis was utilized
to confirm the PLT membrane coating in P-PT-NLC. In the STEM image (Figure 4c), PLT membrane on
P-PT-NLC was shown as a white line from uranyl acetate, indicating that uranium may be present on
the PLT membrane. The intensity of uranium was investigated using EDS mapping (Figure 4d) and
line analysis (Figure 4e), and PLT coating in P-PT-NLC was confirmed, with strong uranium intensity,
on the surface of P-PT-NLC.

452



Cancers 2019, 11, 807

Before the western blot assay, sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) was used to separate various proteins from PLT fragments and to identify PLT membranes
in P-PT-NLC. The SDS-PAGE patterns of PLT and PLT fragments were consistent with that reported in
a previous study [30]. In the western blot assay, the PLT marker (CD41) was detected in P-PT-NLC,
suggesting that PT-NLC was successfully coated with the PLT fragment. In summary, the PLT
membrane proteins were successfully translocated to PT-NLC. However, PLT pattern intensity in
P-PT-NLC was lower compared with PLT and PLT fragments, possibly due to the purification of
P-PT-NLC. Because of this step, PLT pattern intensity was decreased compared with PLT fragment.
Similar result was obtained by ELISA.

The affinity of P-PT-NLC for SK-OV-3 cells was confirmed by CLSM (Figure 6). It has been
reported that PLTs play a role in the survival, migration and growth of tumor cells [52,53]. In fact,
anticoagulants have been shown to reduce tumor growth, metastasis and angiogenesis [54,55]. In this
experiment, CD41 was used as a PLT maker. When P-PT-NLC was treated with SK-OV-3 cells, CD41
was observed on the surface of SK-OV-3 cells. However, no CD41 was detected with PT-NLC. CD41
was co-localized on the cytoplasm rather than the nuclei, indicating that P-PT-NLC was bound to the
surface of tumor cells and that PLT coated particles might be used to target tumor cells.

Cytotoxicity to ovarian cancer cells was confirmed by MTT assay (Figure 7). Blank NLC did not
show cytotoxicity at all concentrations because cell viability exceeded 80%. However, PT, PT-NLC and
P-PT-NLC showed cytotoxicity to SK-OV-3 cells. After 48 h of incubation, low doses of PT-NLC and
P-PT-NLC produced cytotoxic effects, while PT did not. In addition, the cytotoxic effects of PT-NLC
and P-PT-NLC were superior compared with PT, suggesting that PT-NLC and P-PT-NLC produce a
profound in vitro cytotoxic effect in ovarian cancer cells.

An in vivo biodistribution study of PTC-NLC and P-PT-NLC showed late elimination from the
kidney and liver (Figure 8). In the kidney, nanoparticles seemed to accumulate at an early stage
after i.v. injection. However, similar amounts of nanoparticles and PT remained in kidney at 24 h.
The nanoparticles coated with PLT were found to be distributed to the kidney at the similar level
of the bare nanoparticles after 24 h administrations, as has previously been investigated [50]. In the
liver, however, formulations accumulated up to 24 h after i.v. injection. It may be that nanoparticles
accumulate by RES in the liver causing hepatoxicity. However, nanoparticles were also excreted
from the liver over the study period, indicating that nanoparticles were slowly released into systemic
circulation. Therefore, hepatotoxicity analyses of PT-NLC and P-PT-NLC are needed to determine
liver toxicity.

4. Materials and Methods

4.1. Chemicals and Reagents

PT and docetaxel (internal standard, IS) were gifted by Korea United Pharm, Inc. (Seoul, Korea).
Isopropyl palmitate, palmitic, myristic and stearic acid were purchased from Daejung Chemical
(Cheongwon, Korea). Tween 80, Tween 20, GMS, oleic acid, Span 85 and 80, phosphoric acid and
mannitol were obtained Samchun Chemical (Pyungtaek, Korea). Capmul® MCM-NF and -EP were
purchased from Abitec Corporation (Columbus, OH, USA). Gelucire 44/14, 33/01, 43/01, 50/13, Capryol™
PGMC, Compritol® 888 ATO, Capryol 90, Labrafac™WL 1349 and CC, Labrasol, Cremophor® EL,
Labrafil® M 2125 CS, Peceol, Lauroglycol 90, Transcutol® HP, Lauroglycol™ FCC, precirol ATO, and
Labrafil® M 1944 CS were obtained by Gattefossé (Saint Priest, Cedex, France). Poloxamer 188, 407 and
Solutol®HS-15 were obtained from BASF (Ludwigshafen, Germany). Dimethyl sulfoxide (DMSO), DAPI,
3-(4,5-dimethylthoazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and rhodamine–phalloidin
were obtained from Sigma-Aldrich (St. Louis, MO, USA). SK-OV-3 cells, an ovarian cancer cell line, were
obtained from the Korean Cell Line Bank (Seoul, Korea). High-performance liquid chromatography
(HPLC)-grade methanol (MeOH) and acetonitrile (ACN) were obtained from JT Baker (Phillipsburg,
NJ, USA).
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4.2. Screening of Liquid Lipid, Solid Lipid and Surfactant

PT solubility in liquid lipids, solid lipids and surfactant solutions was evaluated for screening of
liquid, solid lipid and surfactant. To evaluate the PT solubility in solid lipids, briefly, 1 g of various
solid lipids was weighed to glass vials and boiled in a water. PT was added until the saturation of PT
in the solid lipid. The amount of PT dissolved in solid lipids was considered as its solid lipid solubility.
To evaluate the PT solubilities in liquid lipids and surfactants, excess amount of PT was added to
0.5 mL of various oils and 1% (w/v) surfactants and mixed at 1000 rpm for 72 h. After the centrifugation
(15,000× g for 10 min), the supernatant was diluted with ACN and PT solubility was evaluated using a
HPLC with an ultraviolet (UV) detector. All samples were performed in triplicate.

4.3. PT-NLC Preparation

PT-NLC was fabricated using the hot melt emulsification and sonication methods. In each
experiment, liquid (Capryol 90®) and solid lipid (GMS) were mixed in a 75 ◦C water bath. Five
milligrams of PT were added to the melted lipids and mixed. Heated Tween 80 and poloxamer 188
were added and homogenized at 15,000 rpm for 1 min. They were sonicated with 108 W of amplitude
for 10 min. After the cooling, formulations were freeze-dried with or without mannitol by lyophilizer
(FD-1000, EYELA, Tokyo, Japan). Blank-NLC was fabricated without PT.

4.4. P-PT-NLC Preparation

PLTs were isolated using the gravity-gradient method as previously described [26], with slight
modification. Briefly, whole blood was collected in anticoagulated tubes with sodium citrate from
rat jugular veins. PLTs with the number of 108–109 cell/mL were used and the number of PLTs was
measured by an automated blood counter. Whole blood samples were centrifuged at 200 g for 10 min
and supernatant was collected, and this was centrifuged at 110× g for 6 min to discard red and white
blood cells, after which the supernatants were collected in a tube. This was centrifuged at 1500× g for
15 min to separate the PLT pellet. Pellet was washed three times with phosphate-buffered saline (PBS)
containing protease inhibitor (Thermo Scientific, Waltham, MA, USA). The final number of PLT was
103–104 cell/mL for P-PT-NLC fabrication.

A preselected PT-NLC formulation was used to prepare P-PT-NLC. Two hundred microliters
of PLT concentrate were added to 10 mL of PT-NLC, which was then sonicated using Vibra-Cell
(amplitude 80 W, 3 min, turned on for 5 s and off for 2 s per cycle). P-PT-NLC was then placed in an ice
bath for cooling and used for the characterization study.

4.5. Physicochemical Properties of Formulations

4.5.1. Evaluation of Particle Size, PDI and ZP

Various formulations (code 1–8) were prepared by increasing the solid lipid (GMS) amount in
fixing liquid lipid, increasing the total lipid amount in fixing the ratio between solid lipid and liquid
lipid, and changing the surfactant ratio.

Physiochemical parameters, including the particle sizes and PDIs of various PT-NLC formulations
were measured using a laser scattering analyzer (ELS-8000, Otsuka Electronics, Osaka, Japan). ZPs of
different PT-NLC nanoparticles were assessed using a Zetasizer Nano Z (Malvern Panalytical Ltd.,
Malvern, UK).

4.5.2. DSC and PXRD Analysis

To evaluate the thermal characteristics of formulations and change of crystallinity of ingredients in
PT-NLC, DSC and PXRD analysis were performed using a DSC N-650 thermal analyzer (Scinco, Seoul,
Korea) and D/Max-2200 Ultima/PC (Rigaku, Tokyo, Japan) with Ni filtered Cu-Kα (40 kV, 40 mA).
For DSC analysis, briefly, samples were heated from 25 ◦C to 300 ◦C at a heating rate of 10 ◦C/min
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using an aluminum pan under nitrogen gas flow. PXRD analysis was conducted from 5◦ to 60◦ with a
step size of 0.02 ◦/s.

4.5.3. TEM Analysis

Morphology of PT-NLC and P-PT-NLC were evaluated using a JEM 2100F field emission electron
microscope (JEOL Ltd., Tokyo, Japan) at 200 kV. In addition, STEM-EDS analysis was performed.
Samples were placed on a 200 mesh copper grid and washed with distilled water. Then, they were
negatively stained with 2% uranyl acetate (Agar Scientific Ltd., Stansted, UK).

4.5.4. EE and LC Determination

The PT content of samples was diluted with ACN and determined by HPLC. Sample EE and LC
were evaluated using an ultrafiltration method. Two hundred microliters of sample were added to the
chambers of the centrifuge tube in an Amicon filter (10 kDA, Millipore, Billerica, MA, USA), which
was centrifuged at 14,000× g for 30 min at 4 ◦C. The pellet was diluted with ACN to measure the free
PT of formulations by the HPLC system. EE and LC were determined as follows:

EE (%) =
Total amount of PT − Amount of free PT

Total amount of PT
× 100 (1)

LC (%) =
Total amount of PT in NLC

Total amount of lipids + Total amount of PT in NLC
× 100 (2)

4.6. Characterization of PLT Membrane Protein Coated NLC (P-PT-NLC)

To evaluate the PLT coating, PLT membrane protein integrin αIIb (CD41) was identified and
quantified using electrophoresis, western blot and enzyme-linked immunosorbent assay (ELISA).
For all methods, the degree of PLT coating was assessed as relative intensity:

Relative intensity (%) =
Intensity of P− PT−NLC

Intensity of PLT
× 100 (3)

4.6.1. Western Blot

Samples were added in loading buffer (Biosesang Inc., Sungnam, Korea) and heated to 100
◦C for 10 min. Samples were loaded on 10% polyacrylamide gel and separated at 100 V for 120
min. Samples on gels were transferred to a polyvinylidene difluoride (PVDF) membrane at 80 V for
180 min. Membranes were blocked with 5% bovine serum albumin at room temperature for 1 h. Then,
membranes were incubated with integrin αIIb horseradish peroxidase (HRP) antibody (1:1000 dilution;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature overnight. They were treated
with ECL® prime western blotting detection reagent (GE Healthcare Bio-Sciences, Pittsburgh, PA,
USA). CD41 (131k Da) band was detected using the Fusion SL2 chemiluminescent imaging system
(Vilber Lourmat, Marne-la-Vallée Cedex, France). P-PT-NLC yield was measured by comparing the
CD41 band intensity of PLT fragment and P-PT-NLC.

4.6.2. ELISA

To quantify CD41, rat PLT membrane glycoprotein 2B3A/CD41+CD61+ELISA kit was used
(MyBioSource, Inc., San Diego, CA, USA). Briefly, 50 μL of sample were placed in each well and 100 μL
of HRP-conjugate reagent were added. After the incubation at 37 ◦C for 60 min under dark conditions,
plate was washed three times with wash solution. Each 50 μL of chromogen solution A and B was
added to each well. The plate was incubated under dark conditions at 37 ◦C for 15 min. After the
addition of stop solution, the optical density was measured using a microplate reader (Sunrise, Tecan,
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Männedorf, Switzerland) at 450 nm within 15 min. P-PT-NLC yield was measured by comparing the
CD41 value of PLT fragment and P-PT-NLC.

4.6.3. CLSM Analysis

SK-OV-3 (106 cell) was preincubated overnight and samples was added to the cells. Integrin αIIb
Alexa Fluor® 488 antibody (1:100 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) was treated for
3 h. Then, cells were washed three times with PBS and stained with DAPI and rhodamine–phalloidin.
Fluorescence images were analyzed using a super resolution confocal laser scanning microscope
(LSM880 with Airyscan; Carl Zeiss, Oberkochen, Germany)

4.7. Cytotoxicity Study

Human ovarian cancer cell line SK-OV-3 was cultured with Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 μg/mL of streptomycin and 100 U/mL
of penicillin at 37 ◦C in a humidified incubator supplied with 5% CO2 atmosphere.

The cytotoxicity of formulations against SK-OV-3 cells was determined using MTT assay. Cells
(5 × 104 cells/well) were prepared and various concentrations of PT, blank-NLC, PT-NLC and P-PT-NLC
(0.01–10 μg/mL) were added to cells. Blank-NLC consisted of an equivalent lipid concentration of
PT-NLC and P-PT-NLC. At 24 and 48 h post-incubation, 30 μL of MTT solution (5 mg/mL) was added
and the plate was incubated for 3 h. Mediums on the plate were discarded and DMSO was added to
each well. The absorbance was measured with a microplate reader (Sunrise, Tecan, Austria) at 560 nm.
Cell viability was calculated as:

Cell viability (%) =
ODtest

ODcontrol
× 100 (4)

where ODtest is the absorbance of the cells treated with PT and ODcontrol is the absorbance intensity of
the cells incubated with 0.1% DMSO in DMEM medium.

4.8. Biodistribution Study

Male Sprague–Dawley rats (age: 7–8 weeks; body weight: 400–420 g) were provided by Samtako
(Osan, Korea) for the biodistribution study. Rats were housed at 22 ◦C with a 12-h light–dark cycle
and given free access to food and water. The rats were acclimated for 1 week prior to the experiments.
All procedures were approved by the Local Ethical Committee of Chungnam National University
(Protocol No. CNU-00911).

Animals were randomly divided into three groups (8 animals for each group): group A (PT),
group B (PT-NLC) or group C (P-PT-NLC). Before the injection of formulations, animals were fasted for
12 h. PT as a control was dissolved in Cremophor® EL and ethanol (1:1, w/w) and diluted with normal
saline. Freeze-dried PT-NLC and P-PT-NLC were prepared to dilute with normal saline. Animals in
groups A, B and C received PT, PT-NLC or P-PT-NLC, respectively, via IV to the tail vein at a dose of
10 mg/kg. After the injection, animals were killed by CO2 at 1, 4, 8 or 24 h (2 animals for each time
point), and organs (kidneys and livers) were collected.

For the preparations of samples, 2 mL of 0.15 M NaCl solution and 2 g of kidney were homogenized
at 15,000 rpm for 10 min using a homogenizer. For liver samples, 5 g of liver and 5 mL of distilled
water were homogenized at 15,000 rpm for 10 min. Then, 25 μL of IS solution (5 μg/mL of docetaxel in
ACN) was added to 100 μL of tissue sample. After the addition of 1 mL ACN, samples were vortexed
and shaken for 2 min. Samples were centrifuged for 10 min at 15,000× g and 900 μL of organic layer
was collected and evaporated with nitrogen gas. Evaporated samples were reconstituted with 50 μL
of distilled water and ACN mixture (1:1). After the centrifugation (15,000× g for 10 min), 40 μL of
supernatant was injected into the HPLC system.
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4.9. HPLC Condition

Agilent 1100 HPLC system (Santa Clara, CA, USA) with a UV detector was used for HPLC analysis
of PT. Kinetex® C18 column (4.6 × 250 mm, 100 Å, 5 μm; Phenomenex, Torrance, CA, USA) was used
and the mobile phase was consisted of ACN and 0.1% phosphoric acid buffer (45:55%, v/v). The flow
rate and column temperature were 1.3 mL/min and 30 ◦C. The injection volume was 20 μL and UV
detection of PT was performed at 227 nm.

For the biodistribution study, the mobile phase of ACN and 0.1% phosphoric acid buffer (55:45%,
v/v) was used and the injection volume was 40 μL.

4.10. Data and Statistical Analysis

Data was evaluated using a t-test to determine the significant differences among groups. Data was
expressed as mean ± standard deviation (SD). All analysis was conducted using a GraphPad Prism
(Graph-Pad Software, CA, USA). Western blot data were evaluated using Image J software (National
Institutes of Health, Bethesda, MD, USA).

5. Conclusions

Herein, the P-PT-NLC was fabricated to avoid an immune response and target tumor cells.
PT-NLC was successfully fabricated using hot melt emulsification and sonication methods. In addition,
the PLT membrane protein was successfully coated using a sonication method. Spherical PT-NLC
and P-PT-NLC were fabricated with high EE (99.98%) and small particle size (less than 200 nm).
Based on TEM, western blot assay and ELISA data, the P-PT-NLC was enclosed by CD41, a PLT
membrane protein. Moreover, we confirmed the affinity of P-PT-NLC for tumor cells. PT-NLC and
P-PT-NLC showed the cytotoxic effect to SK-OV-3 cells. In a biodistribution study, NLC formulation
was distributed to both the liver and kidney. In summary, P-PT-NLC has an affinity and targeting
ability for tumor cells. This might be due to PLTs, which play a key role in various physiologic and
pathologic processes. Biomimicry carrier systems, especially PLT membrane coating, promise new
drug delivery platforms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/807/s1,
Figure S1: The whole membrane with all molecular weight markers on the western blot.
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Abstract: Diagnosis of oncological diseases remains at the forefront of current medical research.
Carbonic Anhydrase IX (CA IX) is a cell surface hypoxia-inducible enzyme functionally involved
in adaptation to acidosis that is expressed in aggressive tumors; hence, it can be used as a tumor
biomarker. Herein, we propose a nanoscale graphene oxide (GO) platform functionalized with
magnetic nanoparticles and a monoclonal antibody specific to the CA IX marker. The GO platforms
were prepared by a modified Hummers and Offeman method from exfoliated graphite after several
centrifugation and ultrasonication cycles. The magnetic nanoparticles were prepared by a chemical
precipitation method and subsequently modified. Basic characterization of GO, such as the degree
of oxidation, nanoparticle size and exfoliation, were determined by physical and chemical analysis,
including X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), energy
dispersive X-ray analysis (EDX), and atomic force microscopy (AFM). In addition, the size and
properties of the poly-L-lysine-modified magnetic nanoparticles were characterized. The antibody
specific to CA IX was linked via an amidic bond to the poly-L-lysine modified magnetic nanoparticles,
which were conjugated to GO platform again via an amidic bond. The prepared GO-based platform
with magnetic nanoparticles combined with a biosensing antibody element was used for a hypoxic
cancer cell targeting study based on immunofluorescence.

Keywords: graphene oxide; magnetic nanoparticles; monoclonal antibodies; tumor targeting

1. Introduction

Recently, carbon-based nanoparticles have attracted a great amount of attention due to their
interesting surface properties and ability to act as a platform for modification with various substances,
including inorganic nanoparticles, drugs and ligands. Carbon nanotubes, quantum dots [1], nanoporous
graphene [2], but mainly graphene and derivative graphene oxide [3], have frequently been used
as new tools for targeting cancer. Graphene, with its numerous exceptional properties, has a wide
range of applications in different fields, as has been described by a number of research groups [4–9].
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Graphene, as a single atomic layer of graphite, was the first available two-dimensional crystal, with
a large surface area and delocalized π electrons, and is hydrophobic, lipophilic [10] and a good
electrical and thermal conductor [3,11,12]. Oxidized graphene, i.e., graphene oxide (GO), can be
prepared in large quantities [13] through oxidation and exfoliation of bulk graphite, e.g., by a modified
Hummers method [14]. GO, which is covered by oxygen functional groups, is hydrophilic, and
the oxygen functional groups ensure its reactivity and covalent surface modification. GO contains
oxygenated aliphatic regions (–OH) and (–O–) located above and below each layer, while the carboxylic
groups are usually located at the edges of GO sheets. The hydrophilicity of GO is a useful property
in bioapplications, and numerous different functionalizations with various molecules have been
reported [15,16] for the use of modified GO in biosensors, drug carriers or tissue engineering. However,
we should not forget about the possible cytotoxicity of GO, which was mentioned in vivo [17] and
somewhat more in in vitro applications. Factors affecting the cytotoxic effects of GO have been
described, such as the lateral dimension, the thickness of the nanolayers, the functional group, and
especially the concentration [7,18–20].

In particular, the hydrophilic character of GO permits the production of reliable, highly sensitive
and ultrafast targeted platforms. The size tunability of GO nanosheets from several microns down to
less than 100 nm is also important for preparing GO nanosheets that are small enough to penetrate
biological barriers, including those of tumor tissue [18,21]. This type of nanoparticle also enables
the combination of diagnosis with therapy (theranostics) [22–24]. Photothermal therapy with a
combination of treatments has resulted from the functionalization of GO with inorganic nanoparticles,
other nanostructures or polymers to create composites [25,26]. The most widespread and facile
method of functionalization is amidation. Shan et al. prepared modified GO with poly-L-lysine (PLL)
through a covalent amide bond. The same bond used for functionalization of the gold electrode by
PLL-functionalized GO [27]. The carboxylic acid groups (–COOH) of GO can interact with the amine
groups of the nanostructures or nanoparticles that are being attached to create amide bonds. This process
occurs in two steps in the presence of activators, namely, either 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) or N–ethyl–N’–(3–dimethylaminopropyl) carbodiimide hydrochloride (EDAC)
and N–hydroxysuccinimide (NHS) [27–29]. The first step involves activation of the carboxyl group of
GO and the formation of a stable active ester. The second step is a reaction between the active ester
and an amine group on the attaching nanostructure, forming a covalent bond between GO and the
nanoparticle [30]. Another important modification method is esterification. The esterification reaction
involves a reaction between the –COOH groups localized on the edges of GO and CH2OH–terminated
functional groups. For example, the grafting of poly(3-hexylthiophene) (P3HT) onto the GO surface
was performed by esterification [31].

The key role of a GO-linked modifier is its selective transportation to the target cell or tissue, where
the compound can be preferentially administered. Spherical magnetite nanoparticles (MNps) prepared
by a coprecipitation method with ferric and ferrous salts in an alkaline aqueous medium [32] have great
potential for use in oncological medicine due to their biocompatibility and facile synthesis. They can
easily be tuned and functionalized for specific applications [30,33–35]. MNps have been coated by an
amino acid polymer, poly-L-lysine, to improve their biocompatibility [36,37]. The importance of the
amino acid L-lysine lies in the fact that it helps in the production of antibodies, is utilized by numerous
hormones and enzymes and is necessary for tissue repair.

The bioconjugation of nanoparticles to proteins is critically important for a number of applications
in life science research, diagnostics, and therapeutics [38]. Antibody molecules possess a number of
functional groups suitable for modification or conjugation purposes. Monoclonal antibodies (MAb),
antibodies made by identical immune cells that are all clones of a unique parent cell, are able to react
specifically with tumor-associated antigens [39]. Consequently, the presence of MAb can increase the
targeting properties of graphene oxide platforms. In particular, MAb M75 recognizes a linear epitope
region of the enzyme carbonic anhydrase IX (CA IX). This enzyme is frequently expressed in human
carcinomas because of its strong induction by tumor hypoxia, and it is absent from the corresponding
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normal tissue [40,41]. CA IX facilitates survival of cancer cells in hostile tumor microenvironment and
contributes to their metastatic propensity. Due to its epitope specificity to CA IX, MAb M75 does not
exhibit any cross-reactivity with other known members of the carbonic anhydrase family, which all lack
similar regions [42]. Antibody-labeled GO has been used to detect cancer or, more generally, to detect
proteins. An antibody-GO complex was used as a recognition element, which enabled rapid screening
of aflatoxin B1 (AFB1) in a lateral flow system; the anti-AFB1 monoclonal antibody was prepared by
Yu et al. [43]. Another study demonstrated the modification of screen-printed carbon electrodes by
assembling graphene oxide to obtain electrochemical immunosensors with immobilized antibodies
specific to mucin 1, which is a well-known tumor marker for a variety of malignant tumors [44]. Efforts
to detect or target CA IX have been mostly focused on development of diverse nanoparticles decorated
by inhibitors of Carbonic anhydrases with modifications conferring selectivity towards CA IX and/or
other cell surface isoforms [45–48]. These approaches require access to active site of the enzyme,
whereas the antibodies can bind CA IX even in an inactive state. In vitro tests were conducted at this
stage of the research. Here we demonstrate that our approach, based on GO platforms decorated with
MNps and M75 MAb can selectively bind cells expressing CA IX and thus can represent a promising
tool for cancer imaging.

In this work, the preparation of a new type of GO-based platform containing magnetic nanoparticles
and monoclonal antibodies is reported, with the aim of creating nanocarriers that are able to target
hypoxia-inducing cancer cells. The combination of a MAb specific to CA IX and GO as a nanocarrier
combined with magnetic nanoparticles is a novel and original approach for targeting CA IX-positive
cancer cells. Magnetic nanoparticles immobilized with the MAb M75 were used and bound to the
GO platform. These antibodies, which are specific to the hypoxia-induced extracellular enzyme CA
IX, are one of the best intrinsic markers. The topology of the produced GO platform was examined
using transmission electron microscopy (TEM) and atomic force microscopy (AFM), while its structure
and surface properties were confirmed by X-ray photoelectron spectroscopy (XPS). AFM is a suitable
technique rapidly screening the attached nanoparticles. As a result, the GO functionalization with
poly-L-lysine-modified magnetic nanoparticles functionalized with MAb was validated by AFM.
Additionally, TEM, immunofluorescence, viability, and flow cytometry tests were performed on the
functionalized GO platforms.

2. Results

For our study, it was necessary to prepare GO platforms in the form of monolayers with particle
sizes below 500 nm for further functionalization. The GO platforms were prepared by a modified
Hummer and Offerman reaction. Obtained GO particles were washed with deionized water and
hydrogen peroxide led to a brown suspension, and multiple cycles alternating between centrifugation
and sonication were utilized. The centrifugation speed, duration, and number of cycles enabled the
selection of different size distributions of the GO platforms. The purity and degree of GO oxidation
were characterized by XPS method, while the morphologies and particle size of the GO platforms were
examined by AFM and TEM.

2.1. Preparation and Functionalization of Graphene Oxide

X-ray photoelectron spectroscopy (XPS) was used to confirm the structural and chemical
composition of the prepared graphene oxide platforms. First, the original graphite powder (G5) used
for GO production was characterized. G5 showed only slight oxidation with no other contaminates on
its surface (Table 1). GO product showed some traces of surface contamination by sulfur, potassium
and chloride from the reaction procedure. Aluminum from the substrates was also detected since
the samples for XPS measurements were prepared by drop casting a GO solution onto aluminum
foil. Figure 1b clearly demonstrates the formation of carbon-oxygen bonds (C–O at ca 287 eV, C = O
at ca 288 eV and OC = O at ca 289 eV) on the surface of the prepared GO, which was accessible for
further modification. After modification with MNps and MAb C1s spectra of GO-MNps-MAb and
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GO-EDC-MNps-MAb are not differ much from the original GO, which indicates that the surface of GO
is not fully covered. This could be very important for further potential application as drug delivery
since there is still space to attach various active substances on the GO platform.

Table 1. X-ray photoelectron spectroscopy analysis of graphite, GO and purified GO.

Sample
Surface Chemical Composition [at. %]

C1s O1s S2p N1s Fe2p K 2s/Cl2p/Al2p/P2p/Si2s/Na1s/Br3d

Graphite G5 90.2 9.8 — — — —/—/—/—/—/—/—
GO 61.7 33.7 1.9 0.9 — 0.5/0.4/1.0/—/—/—/—

MNPs 29.6 41.2 0.8 6.8 19.7 —/—/——/—/1.0/1.0
MNps-MAb 32.7 39.7 — 4.3 12.0 0.1/3.4/—/2.2/0.3/5.3/—

GO-MNps-MAb 69.2 26.6 0.6 1.0 0.2 —/0.6/1.4/—/0.1/0.3/—
GO-MNps-EDC-MAb 62.5 32.8 0.8 0.7 0.2 —/0.6/2.4/—/—/0.1/—

Purified GO 70.8 28.2 0.2 0.1 — —/—/0.9/—/—/—/—

*XPS = X-ray photoelectron spectroscopy; G5 = Graphite powder; GO = graphene oxide; MNps = magnetic
nanoparticles; MNps-MAb = magnetic nanoparticles modified antibodies; GO-MNps-MAb = graphene oxide
platforms with magnetic nanoparticles modified antibodies; GO-MNps-EDC-MAb = graphene oxide platforms with
magnetic nanoparticles modified antibodies in the presence of 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide.

Figure 1. X-ray photoelectron spectroscopy C1s region spectra of (a) graphite powder; (b) graphene
oxide; (c) graphene oxide platforms with magnetic nanoparticles modified antibodies (GO-MNps-MAb)
and (d) graphene oxide platforms with magnetic nanoparticles modified antibodies in the presence of
1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (GO-MNps-EDC-MAb).

We have discussed the surface chemistry of modified iron nanoparticles in a previous paper [36].
Fe3O4 can be written as Fe2O3:FeO (Fe III: Fe II) in a 2:1 ratio and exhibits contributions of these
two iron valence states [49]. Fe2O3 possesses satellite features at ca. 719 eV and FeO at ca. 716 eV.
In Fe3O4 the satellite feature is not visibly resolved because of the contributions of both of them (Fe III,
Fe II) [50]. Figure 2a shows the comparison of the Fe2p region of MNps (Fe3O4-PLL), MNps-MAb,
GO-MNps-MAb and GO-EDC-MNps-MAb. In the case of MNps there is a clearly visible Fe III satellite
peak at ca. 719 eV, what indicates a Fe3+-rich surface. After MAb modification the Fe2p spectrum
remained almost the same, with a similar Fe3+-rich surface. This implies that the MAb is binding
through the PLL on the surface of MNps. When attached to the surface of GO, Fe2p peaks exhibit in
both cases (GO-MNps-MAb and GO-EDC-MNps-MAb) a strong signal at ca. 716 eV corresponding
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to the Fe II satellite. This indicates that MNps interact with GO platform through the iron oxide
nanoparticles and that Fe3+ is interacting with GO resulting in a partial reduction of iron. As it was
shown in [36] iron oxide nanoparticles are most probably interacting with the carboxylate groups of
GO leading to the chemisorption of MNps onto the GO surface.

Figure 2. X-ray photoelectron spectroscopy of (a) Fe2p region and (b) of N1s region
of magnetic nanoparticles (MNps), magnetic nanoparticles modified antibodies (MNps-MAb),
graphene oxide platforms with magnetic nanoparticles modified antibodies (GO-MNps-MAb) and
graphene oxide platforms with magnetic nanoparticles modified antibodies in the presence of
1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (GO-MNps-EDC-MAb) (spectra are autoscaled).

In Figure 2b showing the N1s spectra, the detected signal at ca. 400 eV corresponds to C-N bonds
like C-N-, C-NH-, C-NH2 and the one at ca. 402 eV it corresponds to some quaternized nitrogen labeled
as N+ (XPS knowledge database of Avantage 5.9911, Thermo Fisher Scientific, Loughborough, UK).
In the case of MNps it is a confirmation of PLL on the surface, there is almost no change after MAb
attachment, but after attachment to the GO platform C–N and N+ with some proportional increase of
N+ is still detected, indicating that the active NH3

+ group of M75 is accessible on the surface.
After this surface chemistry study, we decided to try additional purification of the initial GO

platform and get rid of the relatively high (ca 2 at. %) amount of sulfur (S2p peak centered at
168.9 eV corresponding to SO3). This contamination comes from the sulfuric acid used during the GO
preparation process. The presence of SO3 could be detrimental for the biocompatibility [10]; therefore,
in the next step, this contaminant was successfully removed. After further purification with H2O2

and deionized water, the sulfur content decreased from 1.9 to 0.2 at. % (Table 1), as is obvious from
comparison of the S2p peaks in Figure 3. For further reactions this purified GO was used.

Figure 3. X-ray photoelectron spectroscopy S2p region spectra of graphene oxide (red) and purified
graphene oxide (blue).

465



Cancers 2019, 11, 753

The samples for AFM measurements were deposited by a modified Langmuir–Schaefer deposition
method to obtain a thin monolayer film suitable for imaging. The preparation of a GO monolayer
was described in our previous article [51,52]. A representative AFM image of the GO monolayer
deposited on the Si substrate and the corresponding size distribution of the GO platforms are shown
in Figure 4a,b, respectively. The prepared solution of GO was composed of approximately 90% GO
monolayer platforms. The size distribution confirmed that 90% of all GO platforms had a lateral size
smaller than 500 nm. The average lateral size of the GO platforms was 302 ± 183 nm. The heights
analyzing of the AFM scan in Figure 4a is depicted in Figure 4c, showing the amount of monolayers and
multilayers. The first peak at 1.81 nm with a peak width 0.67 nm corresponds to the substrate roughness
value. The peak of monolayers is located at 2.95 nm with a peak width of 0.78 nm. The bilayers are
detected at 4 nm with a width of 0.82 nm, so they are again 1 nm higher. The amount of trilayers
is very small. Peak area for monolayers is 0.67863 nm2 and 0.05997 nm2 for bilayers, respectively.
This analysis indicated that monolayers represent 91.8% in the prepared unmodified GO solution.

Figure 4. Purified graphene oxide: (a) atomic force microscopy (AFM) image, (b) size distribution of
the graphene oxide platforms and (c) height analysis of AFM scan. The analysis of AFM scans was
done by program Gwyddion [52] The size distribution was obtained manually.

The stability of purified GO was examined by Zeta potential, with the results shown in Table 2.
The general dividing line between a stable and non-stable suspension is usually taken as 30 or −30 mV
and particles that have zeta potentials outside these limits are normally considered stable. According
to values above ±30 mV, the sample is considered stable [53,54]. In the case of GO prepared by us, it is
stable in the pH range of 4–11.

Table 2. Zeta potential analysis of purified graphene oxide.

pH 2 3 4 5 6,5 8 9 10 11

GO −12 −15.8 −39.3 −35.3 −41.3 −46.3 −44.4 −42.8 −44.9
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The GO prepared and purified of the sulfur residues was modified by MNps in the next step.
The reaction described in the experimental section formed amide bonds between the hydroxyl groups
of the GO surface and the amine groups of the poly-L-lysine shell on the MNps in the presence
of EDC and sulfo-NHS. Hermanson has extensively reviewed the use of zero-length cross-linkers,
to which EDC, NHS, and sulfo-NHS belong [55]. Their universal application to the conjugation of
nanoparticles and biological substances has widely been used in a variety of systems. The conjugation
of the GO platforms containing carboxylate groups with the MNps containing amine groups was
thoroughly examined. Several reaction pathways were followed to determine the optimum ratio of
GO, MNps, EDC and sulfo-NHS. Generally, EDC reacts with the carboxylates on the GO surface to
form O-acylisourea as an intermediate reactive ester. The active EDC ester reacts with sulfo-NHS
to form a sulfo-NHS ester intermediate, which rapidly reacts with the amines located on the MNps.
We chose sulfo-NHS due to its hydrophilic properties and better reaction yield compared to that for
the EDC linker alone [55].

Initial reactions to verify the correct ratio of the binding linkers to GO as well as the ratio of GO to
nanoparticles were performed on poly-L-lysine modified MNps. The ratio of GO:MNps was varied
from 1:1 to 10:1. The formation of amide bonds between the hydroxyl groups of GO and the amino
groups of poly-L-lysine on the MNps ensured that only unbound platforms were removed by washing
with deionized water, while a magnet was set up. Bound MNps on the GO remained loosely dispersed
in solution after washing. AFM was used for screening the GO surface modification with the MNps.
At a high 1:1 ratio of GO:MNps, large MNps agglomerates were found on the GO surface. At a ratio of
10:1, a number of the GO platforms remained unmodified in suspension. Experimentally, the optimal
ratio was 3:1. Figure 5 shows the evidence for the MNps on the GO platforms on the Si substrate for
the abovementioned ratio of 3:1. The same ratio of 3:1 was used to functionalize the GO platform
with MNps modified with MAb. The MNps modified with MAb were prepared in solution with and
without the EDC binding agent.

Figure 5. Modified graphene oxide platforms by magnetic nanoparticles: (a) atomic force microscopy
(AFM) image, and (b) selected height profiles across the magnetic nanoparticles.

2.2. Synthesis of Modified GO with MNps and MAb

The GO functionalized platform was studied by TEM, but the initial elemental composition and
crystalline structure of the prepared MNps were verified by the same method. The particles were
visualized by bright field imaging (Figure 6a). Their selected area electron diffraction pattern (SAED,
Figure 6a, upper left corner) was converted into a 1D-pattern and compared with the calculated
powder X-ray diffraction pattern of magnetite (PXRD, Figure 6b). The perfect agreement between the
experimental SAED pattern and the theoretical magnetite PXRD pattern proved that the prepared
nanoparticles exhibited a magnetite structure (Figure 6b). This was further confirmed by the energy
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dispersive X-ray analysis (EDX) spectra (Figure 6c), which contained only the peaks corresponding to
the supporting carbon-coated copper grid (peaks of C and Cu) and the peaks corresponding to the
prepared iron oxide nanoparticles (peaks of Fe and O).

Figure 6. Transmission electron microscopy (TEM) analysis of the prepared magnetic nanoparticles
(MNps): (a) TEM micrograph with corresponding selected area electron diffraction pattern (TEM/SAED)
diffraction pattern, (b) comparison of the experimental TEM/SAED diffraction pattern with the
theoretically calculated diffraction pattern of magnetite and (c) the energy dispersive X-ray analysis
(TEM/EDX) spectrum of the MNps.

The morphology of purified GO was examined by transmission electron microscopy (TEM).
The representative micrographs of the purified GO in Figure 7a,b show a smooth platform surface
with occasional folds. Functionalization of the platforms by magnetic nanoparticles could be clearly
observed in the TEM images due to the high contrast of the attached nanoparticles, as illustrated
in Figure 7c,d. Notably, some of the visualized platforms were quite large, with sizes >500 nm.
The existence of these large platforms was in agreement with the AFM results (Figure 4). However,
the majority of the nanoparticles exhibited dimensions well below 500 nm.
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Figure 7. Transmission electron microscopy (TEM) micrographs of the (a,b) pure GO platforms;
(c) graphene oxide platforms with magnetic nanoparticles modified antibodies (GO-MNps-MAb), and
(d) graphene oxide platforms with magnetic nanoparticles modified antibodies in the presence of
1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (GO-MNps-EDC-MAb).

Magnetic nanoparticles with MAbs were prepared with and without the EDC coupling agent.
The sample of conjugated nanoparticles prepared by reaction with EDC was labeled MNps-EDC-MAb,
and the sample without the EDC binding agent was labeled MNps-MAb. The hydrodynamic size
(100 nm) of the MNps without the MAbs can serve as a guide for locating the MNps. During GO
modification, aggregates of the MNps were formed. In Figure 6c, comparatively more aggregates were
present when compared with the platform shown in Figure 6d. Spherical MNps with a diameter of
approximately 30–40 nm after being coating with poly-L-lysine resulted in smaller aggregates with
fewer particles only in the case of GO-MNps-EDC-MAb. Notably, the MNps with MAbs were bound
to the GO surface and remained attached to the surface even after several purification reactions.

2.3. Cell Viability Assay

Before all experiments with conjugation of magnetic nanoparticles and monoclonal antibodies to
GO were done, a viability assay of cell lines in the environment with GO was performed during 5 days,
as described in previous work [56], where application of GO as a low-toxicity platform for the next
functionalization and was demonstrated.

To control the toxicity of the prepared GO-platform functionalized with MNps and MAbs specific
to CA IX, viability tests were performed to estimate the cytotoxicity or cytostatic effects. Pure medium
without GO-MNps-MAb and GO-MNps-EDC-MAb was used as a control for both cell type and each
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sample type. The cell line B16 CA IX was B16-F0 mouse melanoma cells permanently transfected
with the full-length CA IX cDNA. The mock-transfected cells, meaning without the CA IX enzyme,
is labelled as B16-neo. The charts in Figure 8 show the results obtained during the five-day toxicity
measurement with standard deviations. All experiments were performed in triplicates. Effect of
the GO-MNps-MAb and GO-MNps-EDC-MAb on cell viability of cancer cell line B16-F0 at various
periods of incubation was evaluated by CellTiter-Blue assay (CTB, Promega, Madison, WI, USA).
First measurement was performed immediately after the establishment of the cell culture. The CTB
fluorescence value of the control cells measured at the start of the experiment was set as 1. The CTB
values of treated B16-neo and B16 CA IX cells were normalized to the non-treated control. Fluorescence
measurement was performed after incubating for 24, 48, 72, and 120 h.

Figure 8. Viability testing of graphene oxide platforms with magnetic nanoparticles modified antibodies
(GO-MNps-MAb) and graphene oxide platforms with magnetic nanoparticles modified antibodies
in the presence of 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (GO-MNps-EDC-MAb) was
performed on mouse melanoma cells (B16). Cell line was permanently transfected with full-length
carbonic anhydrase IX (CA IX) cDNA. Control cell line was used (neo) without transfected CA IX
cDNA. A significant difference in viability of B16 CA IX cells between the control and samples after
48 h cultivation is marked by *.

According to the trends indicated by the controls in B16-neo cell line, there was no cytotoxicity from
the GO-MNps-MAb and GO-MNps-EDC-MAb in comparison to the control sample. The apparent
behavior similarity of B16-F0 cells with CA IX and B16-neo cells without CA IX enzyme is the
implication that both cell types come from a single cell line. But there is slight cytostatic effect specific
only to B16 cells with CA IX (B16 CA IX) from both functionalized GO platforms (GO-MNps-MAb
and GO-MNps-EDC-MAb), detected with the reduced trend at the graph in comparison to the control
sample. This was also confirmed by statistical analysis using the Student’s t-test, where a significant
difference between control and samples was obtained for a B16 CA IX cells after 48 h. However,
this finding can be seen as a positive result or added value. Prepared platforms have the task of
specifically targeting cells, which is also indirectly confirmed in this case. By looking at the significant
difference in cells with CA IX enzyme and we do not observe this difference for neo cells, it is possible
to speak about specific uptake/binding of functionalized platform to cells even in viability assay.

2.4. Immunofluorescence Assay

The immunofluorescence assay can confirm the presence of modified GO platforms and bound
magnetic nanoparticles with antibodies in cells. Besides that, the immunofluorescence indirectly
validated the binding of the MNps with MAbs onto the GO. The GO itself is not able to produce the green
fluorescence of a positive response. The positive signal was due to the secondary anti-mouse Alexa
Fluor® 488 antibody (Thermo Fisher Scientific, Loughborough, UK) bound to MAb M75. The MAb is
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specific to extracellular antigen CA IX, and free antibody M75 is not able to internalize into the cells at
37 ◦C [40].

In order to verify the specific binding of the modified GO platform, the B16 CA IX cells and no
enzyme B16-neo were used for the assay. Cells without enzyme CA IX represent the negative control.
There were differences between the neo cells and the cells expressing CA IX. In the negative control
(B16-neo cells) in either case of exposure to samples (GO-MNps-MAb and GO-MNps-EDC-MAb)
with secondary antibody, no or only a minimal signal at 488 nm was observed. In contrast, B16
CA IX cells, contain sufficient secondary antibody signal in both cases (Figure 9a,c) around their
nuclei. This signifies a specific binding of the primary antibody with magnetic nanoparticles bound
to GO platform to cells with CA IX. For cells exposed to the GO-MNps-MAb sample in Figure 9a,
green signal aggregates were observed at multiple places. In the case of the GO-MNps-EDC-MAb
sample, smaller aggregates were observed and also smaller points characterizing individual modified
GO platforms could be identified. For this reason, the GO-MNps-EDC-MAb sample is presented
with a two-fold approach as shown in Figure 9c,d. The GO-MNps-EDC-MAb sample, which was
prepared in solution with the binding agent EDC, showed more intense fluorescence. These results
were supported by another experiment that quantified the binding of functionalized GO platforms to
live cells with CA IX enzyme. Figure 9 shows a positive signal detected on the surface of as well as in
the cells. This evidence for cellular internalization of functionalized GO platforms (GO-MNps-MAb
and GO-MNps-EDC-MAb) indicated an interesting phenomenon. While the free antibodies could not
penetrate the cell membranes, the antibodies conjugated to the MNps and GO could pass through the
membranes and accumulate within the cells. The described phenomenon would be helpful in later
studies on drug uptake in certain cell types and intracellular localization.

Figure 9. Immunofluorescence of graphene oxide platforms with magnetic nanoparticles modified
antibodies (GO-MNps-MAb) into the B16 cells. Sample GO-MNps-MAb was examined in (a) B16 cells
with carbonic anhydrase IX (CA IX) and (b) B16-neo cells without CA IX. Sample with the binding
agent graphene oxide platforms with magnetic nanoparticles modified antibodies in the presence of
1–ethyl–3–(3–dimethylaminopropyl) carbodiimide (GO-MNps-EDC-MAb) were examined in the same
cell types: (c) B16 CA IX and (d) B16-neo cells.
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2.5. Flow Cytometry

Using flow cytometry it is possible to quantify the specific binding of functionalized GO platform
to carbonic anhydrase IX. The measured cell line was MDCK line with (MDCK CA IX) and without
(MDCK neo) CA IX enzyme. Table 3 presents results of binding for negative controls and samples.
There were done two negative controls. Unmodified GO platforms in the first row and cells labeled
only with secondary antibody anti-mouse Alexa Fluor® 488 (marked as A488, Thermo Fisher Scientific,
Loughborough, UK) in the second row of the table.

Table 3. Flow cytometry analysis of specific binding to CA IX cells.

No. Sample
MDCK Cell Line

CA IX [%] Neo [%]

1 GO, neg. control 1.12 1.43
2 A488, neg. control 0.10 0.03
3 GO-MNps-MAb 22.16 6.07
4 GO-MNps-EDC-MAb 48.63 6.01

MDCK =Madin-Darby Canine Kidney cells; CA IX = cells with carbonic anhydrase IX; Neo = cells without carbonic
anhydrase IX; GO = graphene oxide; A488 = Alexa Fluor® 488; GO-MNps-MAb = graphene oxide platforms with
magnetic nanoparticles modified antibodies; GO-MNps-EDC-MAb = graphene oxide platforms with magnetic
nanoparticles modified antibodies in the presence of 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide.

As shown in line 2 in Table 3, the anti-mouse antibody alone did not demonstrate cell binding.
From the results in row 1 in Table 3, there is proof of interaction between GO and fluorescent labeled
anti-mouse antibody. If there is some low interaction between GO and secondary anti-mouse antibody
Alexa Fluor® 488, nevertheless it is not able to produce non-specific binding to any cell line, what is
shown by low presence of GO as negative control in cells. The examined samples were functionalized
GO platforms with magnetic nanoparticles modified antibodies, designated GO-MNps-MAb and
GO-MNps-EDC-MAb. The difference between these samples is in the preparation of modified
nanoparticles with monoclonal antibodies. In the GO-MNps-MAb sample, the EDC binding agent was
not used for modification, as opposed to the GO-MNps-EDC-MAb sample, which has so far shown
better results. Otherwise, it was not even after a cytometric analysis that confirmed these findings.
In Figure 10, graphs comparing both samples. The GO-MNps-EDC-MAb sample is more positive for
MDCK CA IX cells, which corresponds to the shift to right on x-axis of the magenta-stained peak for
MDCK CA IX cells. Also, the 4th row of the table correlates with the graph where 48% of all living
cells in population contained at least one functionalized platform. In the case of MDCK neo cells, only
6% of the live cells were positive and contained at least one platform. This corresponds to the specific
binding of the functionalized GO to CA IX-positive cells.

Figure 10. Cytometric analysis of (a) graphene oxide platforms with magnetic nanoparticles
modified antibodies (GO-MNps-MAb) and (b) graphene oxide platforms with magnetic
nanoparticles modified antibodies in the presence of 1–ethyl–3–(3–dimethylaminopropyl) carbodiimide
(GO-MNps-EDC-MAb) samples.
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The hydrophilic character and better reactivity caused by the oxygen-containing functional groups
indicated the potential biological and medical use of GO in targeted therapy. Our study demonstrated
the functionality of the prepared multifunctional GO platforms conjugated with MNps and MAb.
The specificity of MAb to CA IX remained unchanged even after conjugation to the MNps, and the GO
platform was targeted into the cancer cells. The results present a new possibility for the use of GO in
cancer therapy with minimal side effects.

3. Discussion

Recent technological advances and new possibilities for the application of graphene-based sensors
in biomedicine open up new possibilities for cancer detection. The intention was to use graphene
oxide (GO) as a platform for developing a new type of a promising tool for cancer imaging. With the
purpose of such functionalization, we have prepared GO platforms using a modified Hummer and
Offerman reaction. A modified Hummer’s method was used for example, for the preparation of
nanographene, which was after PEGylation was used for the delivery of the insoluble camptothecin
(CPT) analogue, SN38 [19,57]. Graphene oxide platforms were modified by magnetic nanoparticles
and monoclonal antibodies. For this study, it was necessary to prepare GO platforms in the form of
monolayers with particle sizes below 500 nm for further functionalization. Seabra et al. have reviewed
the behaviour of GO in terms of cytotoxicity [19]. They described the relationship with its thickness
(number of layers), size, concentration, time of exposure, method of functionalization, and it also
depends on the cell line on which the GO toxicity is investigated. More times the comparison of
graphene, GO and reduced GO is mentioned, when GO has the least toxicity due to its hydrophilic
character caused by functional groups [17,19]. Likewise, GO with a surface containing COOH groups
and NH2 groups [58,59] have shown less toxicity than non-functionalized [19,57]. However, the GO
toxicity phenomenon is still not sufficiently investigated and therefore the claims cannot be generalized.
For this reason, we performed cytotoxicity tests on the B16-F0 cell line after functionalization, with
no toxicity. GO modification with magnetic nanoparticles and a monoclonal antibody specific to the
CA IX marker is new approach and combination of nanomaterials and antibody. The specificity of
this MAbs for tumor cells plays an essential role in the preparation of a nanoparticle modified by
magnetic nanoparticles and monoclonal antibodies. Differences between B16 CA IX cells and neo cells
without CA IX enzyme confirm specific binding of functionalized GO platform to cancer marker cells.
Targeting functionalized GO nanoparticles to tumor cells at this stage of research represents a vision of
possibilities to visualize cancer cells in vitro for now and in vivo at later stages of research.

Rationale for the exploitation of CA IX as a target for cancer imaging stems from an increasing
number of studies demonstrating that its expression pattern is tightly related to cancer. Meta-analysis
of studies encompassing more than 24,000 patients revealed strongly significant associations between
CA IX expression evaluated by immunohistochemistry and all endpoints: overall survival, disease-free
survival, loco-regional control, disease-specific survival, metastasis-free survival, and progression-free
survival [60]. Subgroup analyses showed similar associations in the majority of tumor sites and types.
The results showed that patients having tumors with high CA IX expression have higher risk of disease
progression, and development of metastases, independent of tumor type or site.

Actually, transcription of CA IX is strongly induced by hypoxia and the protein is also functionally
involved in cancer progression due to regulation of pH, control of cell adhesion and invasion, facilitation
of glycolytic metabolism and metastatic dissemination as supported by data from suppression of CA IX
in diverse cancer models [61]. Since hypoxia as well as acidosis are microenvironmental stresses linked
to aggressive cancer behavior, visualization of regions where cancer cells are exposed and adapted
to these stresses offers opportunity to predict prognosis and therapy outcome. In this context, it is
meaningful to use CA IX for targeting cancer via detection of hypoxic/acidic tumors. In addition to
classical means of imaging tumors with CA IX via radiolabeled antibodies, the literature describes
several nanoparticle-based approaches. Except one study using silica nanoparticles coated with the
anti-CA IX MAb M75 [62], all other studies exploited carbonic anhydrase inhibitors. As CA inhibitors
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are principally acting towards diverse CA isoforms due to similarities in their active sites, selectivity to
CA IX was conferred by diverse carriers [45], gold nanoparticles [46], pH-responsive nanoparticles [47],
polymer-based photodynamic nanoinhibitor particles [48]. However, the approaches using inhibitors
principally differ from the approach using monoclonal antibodies. Inhibitors are expected to access
and bind to the catalytic site of the enzymatically active CA IX, whereas the MAb directed to the
N-terminal region of CA IX, such as M75, can access and bind CA IX outside of the catalytic site and
thus the binding does not depend on the activity of the enzyme and is highly specific. This might
be particularly important in tumor tissues where CA IX is present on the surface of acutely hypoxic
cells (due to induction by hypoxia) as well as of post-hypoxic and/or acidic cells (due to high protein
stability) that already underwent adaptation to hypoxia and acidosis and have aggressive properties,
thus broadening the clinically meaningful area of tumor targeting. The data presented here suggest
that this approach is viable and deserves further development.

4. Experimental Section

4.1. Materials

Graphite (particle size 5 μm, SGL Carbon GmbH, Meitingen, Germany), 1–ethyl–3–
(3–dimethylaminopropyl) carbodiimide (EDC, 98+%, ACROS Organics part of Thermo Fisher Scientific,
Geel, Belgium), sulfo-NHS (N-hydroxysulfosuccinimide, 98+%, ACROS Organics part of Thermo Fisher
Scientific, Geel, Belgium), phosphate buffered saline (PBS) tablets (100 mL, Biotechnology grade, VWR™,
part of Avantor, Bridgeport, NJ, USA) and TWEEN® 20 (Sigma-Aldrich Co., St. Louis, MO, USA) were
used as received. All chemicals used for graphite oxidation were of 97% analytical grade purity and were
used as received. Magnetic nanoparticles coated with poly-L-lysine (MNps), with a hydrodynamic size
of 27–33 nm, and magnetic nanoparticles coated with poly-L-lysine and conjugated with monoclonal
antibody M75 (MNps-MAb and MNps-EDC-MAb) were prepared and synthesized as described in a
previous report [37].

4.2. Preparation of Graphene Oxide

Graphene oxide (GO) was prepared from graphite by a modified Hummers and Offeman
method [14]. The exfoliation was performed by numerous repetitions of mixing, sonication and
centrifugation with a Sigma 3–30 K centrifuge (Sigma Centrifuges, Newtown, UK) at 10,000× g for
40 min. The prepared solution had a GO concentration of approximately 10 mg/mL.

4.3. Modification of the Graphene Oxide Surface with Magnetic Nanoparticles

A PBS solution and TWEEN® 20 (Sigma-Aldrich Co., St. Louis, MO, USA) were mixed with the
GO solution. A solution of EDC and sulfo-NHS was added to the GO solution at a weight ratio of 1:1.
A suspension of the magnetic nanoparticles coated with poly-L-lysine was added dropwise into the
reaction mixture. The weight ratio of GO to MNps was 3:1. The reaction mixture was placed in an
ultrasound bath for two hours. The GO platforms modified with MNps were separated in the reaction
vessel with a magnet and purified several times with deionized water. The prepared platform was
labelled GO-MNps.

4.4. Synthesis of GO-MNps-MAb and GO-MNps-EDC-MAb

Two kinds of MNps conjugated with MAb were employed for GO modification. The first one was
prepared by reaction with a binding agent, EDC, and labeled MNps-EDC-MAb, the second, without
the EDC binding agent, was labeled MNps-MAb. The detailed preparation procedure was described
in a previous report [37].

In brief, magnetite nanoparticles were precipitated from an aqueous solution of Fe2+ and Fe3+
ions upon gradual addition of ammonium hydroxide. The formed precipitate was washed with
ultrapure water and agitated with an immersed sonicator probe (Model 450, BRANSON, Danbury, CT,
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USA) for 5 min at a power of 280 W in a water bath. Then, the suspension of nanoparticles was mixed
with a PLL solution (0.1%) at the theoretical PLL: Fe3O4 weight ratio of 1 and again sonicated in an ice
bath. Next, the samples were ultracentrifuged at 44,000 g for 2 h at 4 ◦C. The sediment was carefully
redispersed in ultrapure water and collected to form the PLL-MNps sample with magnetite and PLL
concentrations of 18.5 and 3.6 mg/mL, respectively. The modified nanoparticles were subsequently
incubated with an added MAb solution, with and without EDC, in PBS. After incubating for 24 h,
the nanoparticles were centrifuged and washed to ensure that the unbound MAb was removed. The GO
particles were later modified with both types of MNps as described in Section 2.3, and the samples
were labeled GO-MNps-MAb and GO-MNps-EDC-MAb.

4.5. Characterization Techniques

AFM images of the GO platforms were obtained with a MultiMode 8 microscope (Bruker, Billerica,
MA, USA). The measurements were performed in the ScanAsyst mode in air. The AFM tips used for the
measurements were ScanAsyst-Air probes (Bruker, Billerica, MA, USA). The XPS measurements were
performed using a Thermo Scientific K-Alpha XPS system (Thermo Fisher Scientific, Loughborough,
UK) equipped with a microfocused monochromatic Al Kα X-ray source (1 486.6 eV). The Zeta potential
(Malvern, Houston, TX USA) was measured at Zetasizer Nano-ZS for purified G0 in the pH range
from 2 to 11. pH was adjusted with KOH solution and controlled by pH/mV/Temperature BENCH
METER (Hanna Instruments Czech s.r.o., Prague, Czech Republic). TEM micrographs of the platforms
were obtained with a Tecnai G2 Spirit Twin 12 transmission electron microscope (FEI, Prague, Czech
Republic). A small droplet (2 μL) of a suspension containing the magnetic nanoparticles (concentration
ca. 5 mg/mL) or the platforms with and/or without the nanoparticles (concentration ca. 1 mg/mL)
was deposited onto a commercial carbon-coated copper grid for TEM and left to equilibrate (8 min).
Then, the excess solution was removed by touching the bottom of the grid to a small piece of filter
paper (the fast drying method, which minimizes possible drying artifacts). The dried samples were
observed in the transmission electron microscope using bright field imaging at 120 kV. Moreover,
the magnetic nanoparticles were also analyzed by energy dispersive analysis of X-rays (EDX, to confirm
their elemental composition) and by selected area electron diffraction (SAED, to confirm their expected
magnetite crystalline structure). The SAED diffraction pattern was compared with the calculated
powder X-ray diffraction pattern (PXRD) of magnetite, as described in a previous report [63].

4.6. Cell Viability Assay

The cytotoxicity or cytostatic effect evaluation of the modified GO-MNps-MAb and
GO-MNps-EDC-MAb was performed on B16 mouse melanoma cells permanently transfected with
the full-length CA IX cDNA (B16 CA IX), and mock-transfected cells B16-neo. The CellTiter-Blue
(CTB) viability assay (Promega, Madison, WI, USA) was used. Testing was performed according to the
instructions provided by the manufacturer. The cells were incubated in 96-well plates for 24 h cell
at 37 ◦C. The measurements were performed immediately after the establishment of the cell culture,
and the following values were measured after 24, 48, 72 and 120 h. The CTB fluorescence value of the
control cells measured at the start of the experiment was set as 1. The CTB values of treated cells were
normalized to their non-treated control. Each measurement was performed after the direct addition
of 20 μL of the CellTiter-Blue solution to the wells and incubation for 4 h at 37 ◦C. The fluorescence
was recorded with a 530 nm/590 nm (excitation/emission) filter set using a Synergy HT microplate
reader (Bio-Tek, Winooski, VT, USA). The samples were run in triplicate for each concentration of the
GO-MNps-MAb and GO-MNps-EDC-MAb.

4.7. Immunofluorescence Assay

The B16 mouse melanoma cell line with (B16 CA IX) and without (B16-neo) CA IX was plated
(300,000 cells per Petri dish) on sterile glass coverslips 24 h before the experiment. The live cells
were incubated at 4 ◦C for 30 min with GO-MNps-MAb and GO-MNps-EDC-MAb diluted in culture
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medium to characterize the uptake of MAb by the extracellular enzyme CA IX. The cells were then
washed to remove unbound platforms and transferred to incubate at 37 ◦C for 3 h to allow endocytosis.
The washing was repeated again to remove unbound GO nanoparticles and antibodies. The presence
of conjugated M75 was visualized in cells fixed in ice-cold methanol at −20 ◦C for 5 min using an
anti-mouse Alexa Fluor® 488 (Thermo Fisher Scientific, Loughborough, UK) conjugated secondary
antibody. Finally, the cells were mounted onto slides and analyzed by confocal laser-scanning
microscopy (CLSM) on a Zeiss LSM 510 Meta instrument (Heidelberg, Germany).

4.8. Flow Cytometry Assay

Madin-Darby Canine Kidney cells with CAIX (MDCK CAIX) and without enzyme (MDCK
neo) were used for cytometric analysis of the functionalized GO platform by magnetic nanoparticles
and conjugated M75 antibodies. Cells were established at 35,000/cm2. GO platform samples were
pre-incubated with anti-mouse Alexa Fluor® 488 antibody diluted 1:1000, 1 h at 37 ◦C on an orbital
stirrer. After the cells adhered to the surface of the plate, preincubated 1:4 GO platforms samples
were added to the culture media. The cells were then incubated overnight at 37 ◦C. Subsequently,
the culture media were removed; the cells were washed three times with PBS solution and released
with trypsin. The cell suspensions were then washed with Verzene (cell centrifugation was 5 min at
400 g) and analyzed by Guava EasyCyte plus flow cytometry (Millipore, Burlington, MA, USA) using
a 525/30 nm filter. Data was evaluated using Cytosoft 5.2 software (Millipore, Burlington, MA, USA)
with Guava ExpressPro.

5. Conclusions

Graphene oxide platforms were prepared with a mean size of 302 ± 183 nm, as determined
by AFM. The GO was purified to remove sulfur. The surface composition of the prepared GO was
characterized by XPS; additionally, the oxidation state and ratio of C:O were determined by XPS. TEM
micrographs that confirmed the smooth surface of the GO platforms and the attachment of the magnetic
nanoparticle onto the GO surface. A ratio of 3:1 for GO:MNps was chosen for further functionalization
of the GO by MAb. After performing toxicological assays at B16-F0 cell line, no cytotoxicity effect
of the multifunctional GO platforms were ascertained. However, there was a significant cytostatic
effect for B16 CA IX cells after 48 h. The immunofluorescence test indirectly confirmed the bonding
between graphene oxide and the magnetic nanoparticles conjugated to the monoclonal antibody.
The selectivity of the GO-MNps-MAb and GO-MNps-EDC-MAb platforms toward tumor cell targeting
was demonstrated; therefore, the potential use of GO-MNps-EDC-MAb in tumor treatment was
indicated. The GO-MNps-EDC-MAb sample prepared with an EDC binding agent showed better
results in the immunofluorescence assay. As an initial step, this study provides promising evidence of
tumor targeting with broad potential for visualization and future tumor treatment.
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41. Pastoreková, S.; Zat’ovičová, M.; Pastorek, J. Cancer-associated carbonic anhydrases and their inhibition.
Curr. Pharm. Des. 2008, 14, 685–698. [CrossRef]

42. Chrastina, A.; Závada, J.; Parkkila, S.; Kaluz, Š.; Kaluzová, M.; Rajčáni, J.; Pastorek, J.; Pastoreková, S.
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targeting using the antigen-antibody interaction. Nanoscale 2013, 5, 11490–11498. [CrossRef] [PubMed]

63. Kostiv, U.; Patsula, V.; Šlouf, M.; Pongrac, I.M.; Škokić, S.; Radmilović, M.D.; Pavičić, I.; Vrček, I.V.; Gajović, S.;
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Abstract: A synergistic combination of paclitaxel (PTX) and everolimus (EVER) can allow for lower
drug doses, reducing the toxicities associated with PTX, while maintaining therapeutic efficacy.
Polymeric nanoparticles (NPs) of high stability provide opportunities to modify the toxicity profile
of the drugs by ensuring their delivery to the tumor site at the synergistic ratio while limiting
systemic drug exposure and the toxicities that result. The goal of the current study is to evaluate
the in vivo fate of human epidermal factor receptor 2 (HER2) and epidermal growth factor receptor
(EGFR) dual-targeted PTX+EVER-loaded NPs (Dual-NPs) in an MDA-MB-231-H2N breast cancer
(BC) tumor-bearing mouse model. The pharmacokinetic parameters, plasma area under the curve
(AUC) and half-life (t1/2z) were found to be 20-fold and 3 to 4-fold higher, respectively, for the drugs
when administered in the Dual-NPs in comparison to the free-drug combination (i.e., PTX+EVER) at
an equivalent dose of PTX. While maintaining anti-tumor efficacy, the levels of body weight loss were
significantly lower (p < 0.0001) and the overall degree of neurotoxicity was reduced with Dual-NPs
treatment in comparison to the free-drug combination when administered at an equivalent dose of
PTX. This study suggests that Dual-NPs present a promising platform for the delivery of the PTX and
EVER combination with the potential to reduce severe PTX-induced toxicities and in turn, improve
quality of life for patients with BC.

Keywords: nanoparticles; drug combination; paclitaxel; everolimus; dual-targeting; breast cancer

1. Introduction

Paclitaxel (PTX)-induced toxicities continue to be one of the main challenges associated with
the use of this agent. PTX has several dose-limiting adverse effects including neutropenia and
neurotoxicity. Additionally, the commercial formulation of PTX (Taxol) has been associated with severe
hypersensitivity reactions, mainly caused by the excipients used for drug solubilization (i.e., ethanol
and Cremophor EL) [1].

Over the years, drug-combinations have emerged as one promising avenue for the treatment of
cancer. We can take advantage of the synergistic effects of drug-combinations with the administration
of doses that are much lower than the maximum tolerated doses (MTDs) of the drugs. This can lead
to a reduction in systemic toxicity, while improving or at least maintaining the desired therapeutic
effect [2–5].

The combination of the chemotherapeutic agent PTX, and the mammalian target of rapamycin
(mTOR) inhibitor everolimus (EVER) has previously been shown to have pronounced synergistic effects
in breast cancer (BC) cells in vitro [6]. Despite the potential of this drug combination, only modest
efficacy was seen in clinical studies conducted to date—with no significant improvements with respect
to toxicity (e.g., NCT00876395 and NCT00915603) [7,8]. This outcome may be attributed to the distinct
pharmacokinetic profiles of the drugs, and the administration of agents at their MTDs or standard
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doses, thereby preventing the delivery of the drugs to the tumor at the optimal synergistic ratio, which
hampers the potential synergistic effects.

Recent advances in cancer nanomedicines provide unique opportunities to modify the toxicity
profile of the drugs by increasing their delivery to the target site while limiting systemic drug
exposure and the toxicities that result. Vyxeos® (Jazz Pharmaceuticals, Dublin, Ireland) is a promising
“two-in-one” formulation that includes liposomes that co-encapsulate the combination of cytarabine
and daunorubicin at a synergistic molar ratio of 5:1. Vyxeos was approved in 2017 by the FDA
for treating patients with high risk acute myeloid leukemia (AML) [9]. In a Phase III clinical trial
(NCT01696084), Vyxeos demonstrated good tolerability and significant improvements in the overall
survival of patients compared to the free-drug combination in patients with AML [10].

We have developed and characterized PTX+EVER-loaded NPs composed of poly (ethylene
glycol)-b-poly(lactide-co-glycolide) copolymer (mPEG5000-b-PLGA15,800, 50:50 LA/GA). The NPs are
actively targeted to human epidermal factor receptor 2 (HER2) and epidermal growth factor receptor
(EGFR), using HER2-targeted trastuzumab (TmAb) and EGFR-targeted Panitumumab (PmAb) Fab
fragments, to deliver the drug combination to BC cells (Scheme 1, Table 1) [11].

Scheme 1. Graphical schematic depicting the composition of dual-targeted paclitaxel (PTX)+everolimus
(EVER)-loaded nanoparticles (Dual-NPs). Adapted with permission from “Loujin Houdaihed, James C.
Evans, Christine Allen. Codelivery of Paclitaxel and Everolimus at the Optimal Synergistic Ratio: A
Promising Solution for the Treatment of Breast Cancer. Molecular Pharmaceutics. 2018, 15(9): 3672-3681”.
Copyright© (2018), American Chemical Society.

Table 1. Drug loading, size, and surface charge of dual-targeted paclitaxel (PTX)+everolimus
(EVER)-loaded nanoparticles (Dual-NPs).

Formulation PTX:EVER LC (wt%) a PTX (mg/mL) EVER (mg/mL) PTX:EVER Molar Ratio Size (nm) Zeta Potential (mV)

Dual-NPs 5.6 ± 1.1 1.2 ± 0.2 0.5 ± 0.1 1:0.37 101.3 ± 6.3 −11.3 ± 2.1

a LC% = Loading content.

Active targeting has been widely utilized to increase the cellular internalization of anticancer
therapies into cancer cells, with a goal towards improving therapeutic effects [12]. HER2 is
overexpressed in 15–25% of breast cancer (BC) [13], whereas EGFR is found in 15–20% of BC and in
up to 60% of basal triple-negative BC. Importantly, up to 35% of HER2+ BC co-expresses EGFR [14].
In addition, patients with tumors co-expressing both receptors demonstrate the shortest survival times
when compared to those with tumors positive for only one of the receptors [14]. Taken together,
HER2 and EGFR represent two attractive complementary targets for the design of a therapy against
HER2+/EGFR+ BC.

The current study builds on the promising results seen with Dual-NPs in vitro and examines
the pharmacokinetics and biodistribution profiles of PTX and EVER when administered in the
Dual-NPs compared with the free-drug combination in a relevant animal model of BC. Furthermore,
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the therapeutic effect of PTX and EVER administered in Dual-NPs was evaluated in mice bearing
MDA-MB-231-H2N BC tumors which co-express HER2 and EGFR (HER2mod/EGFRmod). Additionally,
the safety profile of Dual-NPs relative to the free-drug combination was evaluated by examining
neurotoxicity and hemotoxicity post administration. This study demonstrates that Dual-NPs have high
stability in vivo and, subsequently, result in significant improvements with regard to safety compared
to the free-drug combination in the MDA-MB-231-H2N BC tumor-bearing mouse model.

2. Results

2.1. Preparation and Characterization of Dual-NPs

PTX and EVER were co-encapsulated at the optimal synergistic ratio within poly(ethylene
glycol)-b-poly(lactide-co-glycolide) (mPEG5000-b-PLGA15,800, 50:50 LA/GA) polymeric nanoparticles.
TmAb(Fab) and PmAb(Fab) were prepared, purified and conjugated to the surface of PTX+EVER-loaded
NPs via amine coupling. The physicochemical characteristics of the Dual-NP are summarized in
Table 1.

2.2. Pharmacokinetic Study

Healthy BALB/c female mice were given a single intravenous injection of either the free PTX+EVER
combination or Dual-NPs at a PTX-equivalent dose of 15 mg/kg and EVER-equivalent dose of 7.5 mg/kg
(at a molar ratio of 1:0.5). The levels of PTX and EVER were measured in the plasma at various
timepoints (Figure 1A) and the pharmacokinetic parameters of each group were calculated using
non-compartmental analysis (Table 2). Both, PTX and EVER encapsulated in Dual-NPs exhibited
slower clearance from the plasma compared to the free-drug combination. While PTX and EVER in
Dual-NPs were detectable in the plasma for up to 48 h and 24 h post-administration, respectively,
free PTX and EVER were last detected in the plasma 12 h and 6 h post-administration, respectively.
The area under the curve (AUC) for both PTX and EVER in Dual-NPs was approximately 20-fold higher
than that of the free drug. The maximum plasma concentrations (Cmax) of PTX and EVER were 7-fold
and 9-fold higher for Dual-NPs than for the free drugs, respectively. Furthermore, the half-life (t1/2z)
was approximately 3 and 4 times greater for PTX and EVER, respectively, in Dual-NPs than for the free
drugs. Analysis of the PTX:EVER molar ratio in the plasma revealed that Dual-NPs maintained the
ratio of 1:0.5 for 24 h after administration (Figure 1B). This molar ratio had been found to be synergistic
in in vitro studies conducted by our group [6]. The total drug concentrations found in plasma for mice
administered the Dual-NPs reflect NP encapsulated and released drug. However, the rapid elimination
of the free drugs from the circulation indicates that the majority of the PTX and EVER measured in the
plasma are likely encapsulated within the NPs.
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Figure 1. (A) Plasma concentrations of paclitaxel (PTX) and everolimus (EVER) after single intravenous
administration of dual-targeted PTX+EVER-loaded nanoparticles (Dual-NPs) or free PTX+EVER
combination to healthy BALB/c female mice at a PTX-equivalent dose of 15 mg/kg and EVER-equivalent
dose of 7.5 mg/kg. (B) EVER:PTX molar ratio of drugs released from Dual-NPs in the plasma. (n = 5).

Table 2. Pharmacokinetics parameters for the plasma concentrations of paclitaxel (PTX) and everolimus
(EVER) after a single intravenous administration of dual-targeted PTX+EVER-loaded nanoparticles
(Dual-NPs) versus free PTX+EVER combination to healthy BALB/c female mice.

Treatment Cmax (μg/mL) T1/2z (h) AUC0–t (μg h mL−1) AUC0–inf. (μg h mL−1) CLtot (mL h kg−1) Vd (mL kg−1)

Free
Combination

PTX 64.91 1.88 170.49 a 172.09 81.35 222.52
EVER 38.41 1.02 83.6 b 84.88 88.35 131.73

Dual-NPs
PTX 458.03 5.17 3666.65 c 3671.59 3.81 28.47

EVER 351.25 3.78 1792.52 d 1814.83 4.13 22.85

Cmax = the maximum plasma concentration; t1/2z = half-life at the terminal phase; AUC = area under the curve;
CLtot = total body clearance; Vd = volume of distribution. a AUC0–12 h, b AUC0–6 h, c AUC0–48 h, d AUC0–24 h. (n = 5).

2.3. Biodistribution Study

Evaluation of the biodistribution of PTX+EVER (as a free-drug combination versus encapsulated
within Dual-NPs) in tumor-bearing mice was performed at 2, 6, 24 and 48 h after administration.
At 24 h post-administration, the Dual-NPs group showed a 2-fold increase in the tumor PTX
accumulation compared to the levels detected in the free PTX+EVER group (p = 0.27, Figure 2).
At 48 h post-administration, PTX was still detected in the tumor in the Dual-NPs group, however, PTX
levels were below the limit of detection in the tumor in the free PTX+EVER group.

484



Cancers 2019, 11, 752

2h 6h 24h 48h
0

10

20

30

PT
X 

(μ
g/

g 
Ti

ss
ue

)

Dual-NPs

2h 6h 24h 48h
0

10

20

30

PT
X 

(μ
g/

g 
Ti

ss
ue

)

Free PTX+EVER

2h 6h 24h 48h
0

5

10

15

EV
ER

 (μ
g/

g 
Ti

ss
ue

)

Heart
Kidneys
Spleen

Tumor

Dual-NPs

Liver

2h 6h 24h 48h
0

5

10

15

EV
ER

 (μ
g/

g 
Ti

ss
ue

)

Free PTX+EVER
Heart
Kidneys
Spleen
Liver
Tumor

A) B)

Figure 2. Tissue distribution of (A) paclitaxel (PTX) and (B) everolimus (EVER) in female
Nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice bearing MDA-MB-231-H2N
BC xenografts (HER2mod/EGFRmod) after single intravenous administration of dual-targeted
PTX+EVER-loaded nanoparticles (Dual-NPs) or free PTX+EVER combination at a PTX-equivalent dose
of 15 mg/kg and EVER-equivalent dose of 7.5 mg/kg. (n = 5).

EVER accumulated in the tumor in the Dual-NPs group in a time dependent manner, achieving
peak concentrations at 24 h, with values decreasing by 48 h. For EVER in the free PTX+EVER group,
the drug levels in the tumor were below the limit of detection at 24 h and 48 h after administration.
Importantly, the molar ratio of PTX:EVER that accumulated in the tumor in the Dual-NPs group at 24 h
was 1:0.38 which remains close to the optimal synergistic ratio (1:0.5) found in vitro [6]. On the other
hand, the optimal synergistic ratio of PTX:EVER was not seen in the tumor for the free PTX+EVER
group at any time point. Overall, the levels of PTX and EVER seen in the tumors in mice treated with
the Dual-NPs were higher relative to the levels seen for the free PTX+EVER group at 24 h and 48 h.
However, at the earlier timepoints (2 and 6 h) the drug concentrations were comparable between the
two groups.

Comparable levels of PTX and EVER were found to accumulate in the hearts and kidneys of mice
in the Dual-NPs and free PTX+EVER groups. Differential accumulation of PTX and EVER following
administration in Dual-NPs and free PTX+EVER occurred mainly in the spleen and liver. A 2–5 fold
and 2–7 fold increase in liver and spleen uptake of PTX was seen in the Dual-NPs group relative to the
free-drug combination group, while a 2–4 fold and 2–6 fold increase was noted in liver and spleen
uptake of EVER, respectively, for the Dual-NPs group compared with the free-drug combination group.
This outcome can be attributed to the clearance of the NPs via the mononuclear phagocyte system
(MPS), which is one of the main elimination pathways for NPs [15].

2.4. Efficacy Studies

Tumor growth in NOD/SCID mice bearing subcutaneous (s.c.) MDA-MB-231-H2N BC tumors was
inhibited following the administration of free PTX+EVER and Dual-NPs. Dual-NPs were associated
with enhanced antitumor activity in comparison with the free-drug combination. The extent of tumor
growth inhibition was significantly different at day 55 (p = 0.001) and day 65 (p = 0.0003) post initiation
of treatment in the Dual-NPs group relative to the free-drug combination group (Figure 3A). In addition,
the degree of body weight loss was significantly reduced in mice treated with the Dual-NPs compared
with those receiving the same dose of the free PTX+EVER combination (p< 0.0001) (Figure 4). As shown
in Figure 3B, Kaplan-Meier survival analysis revealed that the Dual-NPs resulted in comparable overall
survival to that obtained with the free-drug combination. Median survival was 79 days for mice
receiving Dual-NPs, and 76 days for those receiving the free PTX+EVER.
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Figure 3. (A) Tumor growth inhibition of saline (blue), free paclitaxel and everolimus (PTX+EVER)
(green), and dual-targeted PTX+EVER-loaded nanoparticles (Dual-NPs) (red) in female NOD/SCID
mice bearing MDA-MB-231-H2N BC xenografts (HER2mod/EGFRmod) after intravenous administration
of treatments at a PTX-equivalent dose of 15 mg/kg and EVER-equivalent dose of 7.5 mg/kg once a week
for eight consecutive weeks. Data represent mean ± SD (n = 8). Two-way analysis of variance (ANOVA)
was conducted where ** and *** indicate p = 0.001 and p = 0.0003, respectively. (B) Kaplan-Meier
survival analysis.
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Figure 4. Animal body weight change in mice receiving saline (blue), free paclitaxel and everolimus
(PTX+EVER) (green), and dual-targeted PTX+EVER-loaded nanoparticles (Dual-NPs) (red) from
the first day of treatment to the ethical endpoint. Data represent mean ± SD (n = 8). Two-way
analysis of variance (ANOVA) was conducted where *, **, and * indicate p < 0.04, p = 0.004, and p <
0.0001, respectively.

2.5. Toxicity Studies

Neurotoxicity was evaluated using histological examination of the sciatic nerve sections removed
two to three days after the sixth weekly injection of saline, Dual-NPs, or free PTX+EVER (i.e., at the low
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dose of PTX (8 mg/kg, molar ratio of PTX:EVER of 1:0.5) (Figure 5, left panel). Mice in the Dual-NPs
treatment group were found to have fewer degenerative myelinated fibers in contrast to mice treated
with the free-drug combination. Only very slight degenerative changes were seen in sections of the
sciatic nerve from two of nine mice in the Dual-NPs group. On the other hand, in the free-drug
combination group, four out of nine mice showed very slight degenerative changes and one mouse
showed slight degenerative changes in their sciatic nerve sections. Degenerative changes consisted of
vesicular degeneration, while axonal swelling was not identified in any of the examined nerve sections.
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Figure 5. Degenerating myelinated nerve fibers (arrow) were examined in the sciatic nerve after
staining with haematoxylin and eosin (H & E) two to three days after weekly injections for six weeks
with saline (a), dual-targeted PTX+EVER-loaded nanoparticles (Dual-NPs) (b), and Free paclitaxel
and everolimus (PTX+EVER) (c) at a PTX-equivalent dose of 8 mg/kg (left panel) or 15 mg/kg (right
panel). Magnification, 20X (upper) and 40X (lower). A semi-quantitative scoring system was used
in the evaluation of histologic sections of the sciatic nerve blinded as to the group. The scoring
system addresses degenerative changes to myelinated nerve fibers (axonal swelling and vesicular
degeneration). Several histologic sections, cut in a longitudinal plane, were examined from each sample.
As previously described [16], the degenerating myelinated fiber score was defined as follows: –, no
degenerative changes; +/−, very slight degree of degenerative changes (scattered, single fibers affected);
+, slight degree of degenerative changes (scattered small groups of degenerative myelinated fibers).

The same study was repeated using a higher dose of PTX (15 mg/kg, molar ratio of PTX:EVER
of 1:0.5) (Figure 5, right panel). Most sections of the sciatic nerve from mice in the Dual-NPs and
free-drug combination groups were histologically unremarkable. Very slight degenerative changes,
characterized by vesicular degeneration in a single nerve fiber or very few scattered individual fibers,
were seen in the sections of the sciatic nerve from one mouse in the Dual-NPs group and one mouse in
the free PTX+EVER group. Due to technical difficulties and incidence of death in the free PTX+EVER
group early in the study, the number of sciatic nerve sections tested in the free PTX+EVER group was
less than those in the Dual-NPs group, which makes further interpretation of the results difficult.

Blood samples from mice receiving the high-dose of PTX were evaluated for hemotoxicity and a
complete blood count (CBC) analysis was performed using VetScan HM5 v2.2 (Abaxis, Union City, CA,
USA). Considering the marked increase in Dual-NPs accumulation in the liver and spleen relative to
free PTX+EVER, blood samples were also analyzed for biochemistry markers looking mainly for cues
of liver and spleen toxicity.

For red blood cell count (RBC), hemoglobin concentration (HGB), hematocrit (HCT) and the mean
corpuscular cell volume (MCV), values for all groups were within normal levels. Interestingly, the level
of neutrophils in mice in all groups was comparable but below the lower normal limit. This outcome
was previously seen by Nemzek and colleagues and was attributed to the strain of mice and sampling
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site used. It was found that in BALB/c mice, when blood is collected from the heart through cardiac
puncture, neutrophil levels drop due to the reduced peripheral vascular resistance to the flow of blood
cells [17,18]. Overall, there was no evidence of hemotoxicity in all groups (Figure 6).

RBC

0

5

10

15
10

12
/L

RBC

LNL

UNL

NEU

0.0

0.2

0.4

0.6

0.8

10
9 /L

Neutrophils

LNL

Dual-NPsSaline Free PTX+EVER

HGB

0

5

10

15

20

g/
dL

HGB

LNL

UNL

CT

0

10

20

30

40

50

%

HCT

LNL

UNL

CV

0

20

40

60

fL

MCV

LNL

UNL

Figure 6. Red blood cell count (RBC), neutrophil count, hemoglobin concentration (HGB), hematocrit
(HCT) and the mean corpuscular cell volume (MCV) in mice 2–3 days after receiving saline (blue), free
paclitaxel and everolimus (PTX+EVER) (green), and dual-targeted PTX+EVER-loaded nanoparticles
(Dual-NPs) (red) weekly for six weeks at a PTX-equivalent dose of 15 mg/kg. Data represent mean ±
SD (n = 5–8).

Alkaline phosphatase (ALP) values (elevated in the blood most commonly by liver or bone
disorders) and blood urea nitrogen (BUN) values (elevated in liver and kidney disorders) were within
normal limits in all groups. Alanine aminotransferase (ALT) values (elevated with high specificity
in liver disorders) were within normal limits in the saline and Dual-NPs groups, while mice in the
free PTX+EVER group showed ALT levels higher than the upper limit. This increase in ALT levels,
however, was not statistically significant relative to the saline and the Dual-NP groups (Figure 7).
Therefore, there was no indication of liver toxicity in all groups. These results were further confirmed
by the histopathological examination of formalin-embedded sections of the liver and spleen in all
groups, which demonstrated normal histological appearance and no appreciable degeneration was
observed (Figure 8).
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Figure 7. Alanine aminotransferase (ALT), alkaline phosphatase (ALP), and blood urea nitrogen
(BUN) in mice 2–3 days after receiving saline (blue), free paclitaxel and everolimus (PTX+EVER)
(green), and dual-targeted PTX+EVER-loaded nanoparticles (Dual-NPs) (red) weekly for 6 weeks at a
PTX-equivalent dose of 15 mg/kg. Data represent mean ± SD (n = 5–8).
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Figure 8. Cross-sections of the liver (upper) and spleen (lower) after staining with haematoxylin
and eosin (H & E) 2–3 days after weekly injections for 6 weeks with saline (a), dual-targeted
PTX+EVER-loaded nanoparticles (Dual-NPs) (b), and free paclitaxel and everolimus (PTX+EVER) (c)
at a PTX-equivalent dose of 15 mg/kg. Magnification, 20X (n = 5–8).

To evaluate the kidney function, serum creatinine (SCR) levels were also quantified. SCR values
in all groups were reported to be <18 μM/L. The low levels of SCR, along with the normal levels of
blood urea nitrogen (BUN), negate the presence of kidney disorders—usually associated with high
SCR levels—in all groups.

3. Discussion

Previously, the Dual-NPs demonstrated good stability in vitro with less than 50% PTX and EVER
released after 72 h of incubation in BSA-supplemented media at 37 ◦C [11]. In the current study, PTX
and EVER in Dual-NPs exhibited prolonged blood circulation whereas the free-drug combination
showed rapid clearance. Consequently, the Cmax, AUCs, and half-lives of the drugs were significantly
higher when administered in Dual-NPs in comparison to the free drug combination. In addition,
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the Dual-NPs maintained the synergistic molar ratio of PTX:EVER in the plasma for up to 24 h after
administration. These results indicate that the Dual-NPs retained their stability in the blood circulation,
which is essential for the successful co-delivery of PTX and EVER (at the optimal synergistic ratio) to
the tumor site.

The stability of the Dual-NPs may be attributed mainly to their low drug to material ratio or drug
loading level (i.e., 5.6% w/w). We have previously found that the drug to material ratio can significantly
impact the stability of NPs. Dynamic light scattering (DLS) was used to measure the size of different
untargeted NPs composed of mPEG5000-b-PLGA15,800 at different drug (i.e., PTX+EVER) to material
ratios (6.5%, 8.9%, 11.7%, 15.3% and 16.1% w/w) to monitor their stability for 48 h (data not shown).
Formulations with high drug to material ratios of 16.1% and 15.3%, significantly aggregated forming
large clusters that could be seen with the naked eye within 6 h, indicating the low stability of the NPs.
With drug to material ratios of 11.7% and 8.9%, aggregation of the NPs began after 24 h, leading to
an increase in hydrodynamic diameter of about 40% and 70% of the initial size, respectively. On the
other hand, with a drug to material ratio of 6.5%, the NPs maintained their initial size for 48 h at room
temperature and this size was also maintained when the NPs were incubated in cell culture media
containing 10% FBS at 37 ◦C. Therefore, the untargeted NP formulation with the lowest drug loading
level (6.5%) was used for the development of Dual-NPs. The conjugation of the targeting moieties to
the surface of the NPs resulted in a reduction in drug loading from 6.5% to 5.6% (w/w). Other studies
have confirmed our findings and demonstrated that PLGA NPs with lower drug to material ratios are
often associated with a higher degree of stability [19–21].

The development of a polymeric NP formulation that physically encapsulates a taxane
(paclitaxel or docetaxel) and is stable in vivo has proven to be challenging [22–24]. Cynviloq
(Genexol-PM) is the first block copolymer micelle (BCM) drug formulation approved for human
use for treating different types of cancer including metastatic BC. Cynviloq is composed of the
copolymer methoxy-PEG-b-poly(D,L-lactide) (mPEG-b-PDLLA) and has a drug loading level of 16%
(w/w). In preclinical studies conducted in mice, the plasma AUC for PTX was 30% lower with Cynviloq
than with Taxol despite the higher injected dose (50 mg/kg versus 20 mg/kg for Cynviloq and Taxol,
respectively) [23]. The rapid release of PTX from the micelles after administration was attributed to the
kinetic instability of this formulation [25].

Administration of PTX and EVER in the Dual-NPs resulted in only marginal improvements
in tumor growth inhibition and survival in MDA-MB-231-H2N tumor-bearing mice relative to the
free-drug combination. The Dual-NP formulation was compared to free PTX+EVER at chemically
equivalent doses of both drugs. One may expect that a greater degree of antitumor efficacy could be
achieved for the Dual-NP formulation if a higher dose had been administered. Given the good toxicity
profile observed for this formulation, it is also likely that higher doses of the formulation could be
safely administered. However, the low drug loading level of 5.6% (w/w) in the formulation limits the
maximum dose of drug that can be administered (i.e., 15 mg/kg). Therefore, there must be a balance
between high drug loading and sufficient in vivo stability in the design of the NP formulation to allow
for superior antitumor effects.

Empty Dual-NPs are unlikely to have any toxic or therapeutic effects. PEG-b-PLGA is
a biocompatible copolymer which has a long history of safe use in pre-clinical and clinical
studies [26–28]. Fab fragments, unlike full antibodies, lack the fragment crystallizable region (Fc) and
the growth-inhibitory properties of the full antibody responsible for the toxicities associated with the
full antibody [29].

Importantly, as previously shown by other groups, active targeting of a NP formulation may
not result in an increase in their tumor accumulation. In some cases, the accumulation of NPs at the
tumor site, even with active targeting moieties at the surface of the NPs, can be mainly attributed
to the enhanced permeability and retention (EPR) effect (passive targeting) [30,31]. There is great
heterogeneity associated with the EPR effect. As a result, the accumulation of NPs can vary significantly
in the same or different tumor types [32,33].
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Peripheral neuropathy remains a persistent distressing side effect to patients receiving conventional
PTX, interfering with their daily activities and negatively affecting their quality of life. Symptoms
include numbness, tingling, burning, muscles weakness and cramping. This toxicity is seen in 70–90%
of patients receiving conventional PTX, and even after discontinuation of therapy, it takes several
months for symptoms of neuropathy to resolve [34,35]. With PTX becoming a key component of
the standard treatment for BC in the adjuvant and metastatic setting, stopping or reducing drug
administration due to neuropathy is undesirable as it can have significant implications on treatment
outcomes [36].

Importantly, in the present study, neurotoxicity was found to be reduced with the administration
of the drugs in the Dual-NPs relative to the free-drug combination. In addition, the formulation
showed superior tolerability to free PTX+EVER in terms of body weight loss. This outcome could be
attributed to the prolonged retention of the drugs within Dual-NPs in the blood circulation, enabling
effective exploitation of the EPR effect which leads to selective tumor accumulation and, subsequently,
reduced systemic drug exposure and associated toxicities [37]. In addition, the use of polymeric
NPs composed of the biocompatible polymer PEG-b-PLGA, which has a good safety profile allowed
for the elimination of the small-molecule surfactant Cremophor EL, which has been associated with
PTX-induced neurotoxicity [1].

4. Methods

4.1. Tumor Cells

The human BC cell line, MDA-MB-231-H2N, was provided by Dr. Raymond Reilly (University
of Toronto, ON). The cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12) (DMEM/F12) with 10% fetal bovine serum (FBS) at 37 ◦C in 5% CO2 and 90% relative humidity.
The medium was supplemented with penicillin/streptomycin solution to 1% of final volume. Based on
previous assessments of HER2 and EGFR expression by radioligand binding assays, MDA-MB-231-H2N
has moderate HER2 (4.5 × 105 receptors/cell) and EGFR expression (4.8 × 105 receptors/cell) [38].
Based on these receptor densities, the cell line was designated as HER2mod/EGFRmod.

4.2. Animals and Tumor Model

Four-week old, healthy, female BALB/c mice were purchased from Charles River Laboratories
(Wilmington, MA, USA) for the pharmacokinetics and toxicity studies. Four-week old, female
NOD/SCID mice were purchased from an in-house breeding facility for the biodistribution studies and
from Charles River Laboratories for the efficacy studies. Animal studies were conducted following
protocols approved by University of Toronto’s Animal Care Committee (approval No. 20012011,
7 August 2017).

4.3. Preparation of Dual-NPs

PTX+EVER-loaded NPs were prepared as previously described [6]. Briefly, PTX, EVER,
mPEG5000-b-PLGA15,800 and COOH-PEG-b-PLGA (at ~1% of total polymer weight) were dissolved
in acetone. Under magnetic stirring, following complete dissolution, the organic phase was added
drop-wise to deionized water. The mixture was left under vacuum overnight at RT to evaporate the
organic phase. The formulation was filtered and purified by ultrafiltration (3500 g for 10 min at RT) using
ultracentrifugal filter units (Nominal molecular weight limit (NMWL) of 100 kDa) (Millipore Canada
Ltd., Etobicoke, Canada). The HER2-targeted trastuzumab (TmAb) and EGFR-targeted panitumumab
(PmAb) Fab fragments were generated by digestion of TmAb and PmAb IgG using immobilized papain
following a well-established method [39]. The purity and identity of the Fab fragments were confirmed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size exclusion high
performance liquid chromatography (SEC-HPLC). The Fab fragments were conjugated to previously
prepared PTX+EVER-loaded NPs using the amine coupling method similar to that described by
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Gao et al. [40]. Briefly, the NP suspension was incubated with N-Hydroxysuccinimide (NHS) (100 mM)
and N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC) (400 mM) (Sigma-Aldrich, Etobicoke,
Canada) for 15 min at RT. The resulting NHS-activated NPs were incubated with TmAb Fab fragments
to prepare T-NPs, or a 1:1 mix of TmAb and PmAb Fab fragments (5 mg/mL in PBS, pH 7) for 1 h at
RT. The resulting suspension of the dual-targeted PTX+EVER-loaded NPs (Dual-NPs) was purified
by ultrafiltration (3500 g for 10 min at RT) using ultracentrifugal filter units (NMWL of 100 kDa).
The purification of Dual-NPs was repeated three times. The amount of Fab fragment conjugated to the
NPs’ surface, was quantified using the Bradford assay, and found to be approximately 13 μg Fab per
1 mg of NPs (resulting in a ligand density of ca. 12 ligands per NP).

4.4. Pharmacokinetic Study

Healthy BALB/c female mice were injected intravenously (i.v.) via the tail vein with either the
free PTX+EVER combination or the Dual-NP formulation at a PTX-equivalent dose of 15 mg/kg and
EVER-equivalent dose of 7.5 mg/kg (i.e., PTX to EVER molar ratio of 1:0.5). The free-drug combination
was dissolved in a 1:1 mixture of Cremophor EL and anhydrous ethanol. The resulting yellow viscous
mixture was then diluted with saline and vortexed for 20 s to obtain a clear solution of the drugs.
Mice were sacrificed by cardiac puncture under anesthesia at selected time points post-administration.
Blood was collected using heparinized tubes and centrifuged at 15,000 rpm for 10 min at 4 ◦C to isolate
plasma. Plasma was stored at −80 ◦C prior to analysis. Acetonitrile was added to the plasma at a
2:1 (v/v) ratio and the mixture was centrifuged for 10 min at 5000 g at 4 ◦C to precipitate the protein
content of plasma. Supernatant was collected and the drugs were extracted by liquid-liquid extraction
using t-butylmethylether (TBME). The organic phase was collected and evaporated under nitrogen
before resuspending in the mobile phase (acetonitrile and water, 1:1 v/v).

PTX and EVER were quantified using HPLC as previously reported [6]. In brief, PTX and EVER
were measured by isocratic reverse-phase HPLC analysis (Agilent) using a C18 column. Acetonitrile
and water (50:50 v/v) or methanol, water, trifluoroacetic acid (95:4.9:0.1 v/v) were used as mobile
phases for PTX and EVER, respectively, at a flow rate of 1.0 mL/min. A diode array detector was
set at wavelengths of 227 nm and 279 nm for detection of PTX and EVER, respectively (Agilent, CA,
USA). The extraction efficiencies were 86% and 81%, the limit of detection (LOD) was 0.1 μg/mL and
0.05 μg/mL (at a signal to noise ratio of ≥3), and the limit of quantification (LOQ) was 0.4 μg/mL and
0.1 μg/mL for PTX and EVER, respectively.

Non-compartmental analysis was used to calculate all pharmacokinetic parameters as previously
reported [41]. The half-life at the terminal phase (t1/2z) was calculated by dividing 0.693 by the slope
of the terminal phase (k). The AUC0–t was calculated using the linear trapezoidal rule where t is
the time of the last measurable concentration. AUCt–inf was calculated by dividing the last detected
concentration by the slope of the terminal phase (k). The clearance (Cl) was estimated by the equation
Cl = dose/AUC0-inf, and the volume of distribution (Vd) by Vd = dose/(AUC0-t K).

4.5. Tumor Inoculation

MDA-MB-231-H2N tumor-bearing female NOD/SCID mice were used for the biodistribution and
efficacy studies. 1.0 × 106 MDA-MB-231-H2N cells suspended in a 100 μL mixture of culture medium
and Matrigel (1:1 v/v) were injected subcutaneously in the right hind limb of mice. When the tumor
size reached 5–8 mm in diameter, mice were randomly allocated to the treatment or control groups.

4.6. Biodistribution Study

NOD/SCID female mice bearing MDA-MB-231-H2N tumors were injected i.v. into the tail vein
with either free PTX+EVER or Dual-NPs at a PTX-equivalent dose of 15 mg/kg and EVER-equivalent
dose of 7.5 mg/kg (PTX:EVER at a molar ratio of 1:0.5). At selected time points post-administration,
mice were sacrificed and tumors, spleens, livers, hearts and kidneys were collected and stored at
−80 ◦C. Organs obtained were homogenised in 0.9% NaCl and the resulting homogenate was extracted
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and quantified using the methods described above for plasma. The extraction efficiencies were 80%
and 76% for PTX and EVER, respectively. The LOD was 0.2 μg/mL (at a signal to noise ratio of ≥3) for
both drugs, and the LOQ was 0.5 μg/mL and 0.4 μg/mL for PTX and EVER, respectively. Data were
analyzed using the Student’s t test, and p-values < 0.05 were considered statistically significant.

4.7. Efficacy Studies

NOD/SCID female mice bearing MDA-MB-231-H2N tumors received either saline, free PTX+EVER,
or Dual-NPs as an i.v. dose administered weekly for eight consecutive weeks at a PTX-equivalent dose
of 15 mg/kg and EVER-equivalent dose of 7.5 mg/kg (PTX: EVER at a molar ratio of 1:0.5). Tumor
growth was monitored by caliper measurements of tumor width (w) and length (l). Tumor volume
was determined using the formula v = π/6*l*(w2), while drug toxicity was determined by monitoring
changes in animal behavior and body weight. Groups were excluded from the tumor volume efficacy
study when the first mouse in each group reached the ethical endpoint. Statistical significance was
calculated by the two-way ANOVA (analysis of variance) test.

Mice were sacrificed and removed from the survival study when they reached the ethical
endpoint—if any of the following was observed: hunched or abnormal posture; weight loss exceeding
20% of normal body weight; tumor mass compromising normal behavior, ambulation, limited food
and water intake; failure to groom (piloerection). Survival data were plotted using Kaplan-Meier
survival analysis, and statistical significance was determined using the log-rank test.

4.8. Toxicity Studies

Four-week old, healthy, female BALB/c mice were given the following weekly treatments via i.v.
tail vein injection: Dual-NPs, free PTX+EVER at a PTX-equivalent dose of 8 mg/kg (low-dose study) or
15 mg/kg (high-dose study) (PTX:EVER at a molar ratio of 1:0.5). The control group received weekly
injections of saline for six consecutive weeks. Mice were sacrificed two to three days after receiving
the last injection and the severity of neurotoxicity was examined using light microscopy. Segments
of the sciatic nerve were embedded in formalin. Sections of 4 μm in thickness were stained with
haematoxylin and eosin (H & E) before examination under light microscopy by a veterinary pathologist
blinded to the groups to determine the degenerative changes in the myelinated nerve fibers.

For mice receiving the higher dose of the drugs, blood was collected into heparinized tubes for
biochemistry analysis and in Ethylenediaminetetraacetic acid (EDTA) tubes for complete blood count
analysis (CBC). Blood biochemical markers were measured using the VetScan VS2 (Abaxis, Union City,
CA, USA) Comprehensive Diagnostic Profile, while CBC analysis was conducted using the VetScan
HM5 v2.2 hematology analyzer. Mice in this group were also evaluated for liver and spleen toxicity
by histopathological examination of formalin-embedded sections of the liver and spleen. Data were
analyzed using the Student’s t test, and p-values < 0.05 were considered statistically significant.

5. Conclusions

While maintaining therapeutic efficacy, Dual-NPs were successful in improving the toxicity profile
of PTX relative to the free-drug combination. In addition to showing preliminary evidence of reducing
neurotoxicity, Dual-NPs were significantly more tolerable than the free-drug combination with regards
to body weight loss when administered at the same dose. Considering the severe toxicities associated
with conventional PTX (Taxol), especially at this time when the overall survival rates for BC have
improved; the development of well-tolerated medicines should be prioritized alongside the search for
curative measures.
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