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Since clinical approval of the first liposomal formulation encapsulating a chemother-
apeutic agent, nanoscale delivery systems have been a rapidly developing science. This
Special Issue highlights the current advances and challenges in the broad theme of nanosys-
tem development for the delivery of molecules to treat and/or diagnose tumors. A series
of 10 original articles and 4 review articles written by researchers working in 11 coun-
tries were published. These publications provide the reader with a broad overview of
some of the key strategies for nanocarrier design. These strategies are brought together
by the wide compositional variety of these systems and the diversity of molecules that
may be carried for functionalization strategies, codelivery, and combination with other
treatment modalities.

Pinto et al. [1] reported the formulation of nanostructured lipid carriers containing
doxorubicin (NLC–DOX). The formulation aims to prevent mucositis, one of the main
recurring adverse effects of DOX. In an in vivo experiment, they demonstrated that NLC–
DOX could attenuate DOX-induced mucositis in mice compared with DOX-free treatment.
The formulation prevented morphological alterations, such as the shortening of crypt depth
and villus height. Intestinal permeability was preserved, the expression of tight junctions
increased, and inflammatory cytokines associated with mucositis were decreased in mice
treated with NLC–DOX.

Bolaños et al. [2] prepared gold nanorods and gold nanoprisms coated with albumin
functionalized with the cell-penetrating peptide octaarginine. When evaluated in vitro,
improved internalization was observed for both nanoparticles coated with octaarginine-
functionalized albumin compared to non-functionalized ones. These results validated the
novel nanoconstructs as potential candidates for biomedical applications with improved
biocompatibility and internalization.

López-Barrera et al. [3] developed chitosan-carrying-glutathione nanoparticles in
combination with DOX. Glutathione, one of the primary endogenous antioxidants, is
associated with redox state regulation. Therefore, the strategy aimed at reducing the
oxidative stress induced by DOX, a key factor in its high toxicity. In vitro evaluation in two
breast cancer cell lines suggested that the formulation reduces the oxidative stress induced
by DOX interacting with reactive oxygen species, free radicals, or antioxidant enzymes.
Additionally, they reported that the formulation increased caspase-3 activity, leading to
apoptosis and impaired cell proliferation by decreasing Ki67 levels.

Huang et al. [4] designed hyaluronic-acid-based PEGylated nanoparticles to codeliver
epigallocatechin-3-gallate (EGCG) and DOX. These nanoparticles were conjugated to fu-
coidan and D-alpha-tocopherylpoly(ethylene glycol) succinate for targeting P-selectin- and
CD44-expressing gastric tumors. The authors demonstrated in vitro that the nanoparticles
containing EGCG/DOX led to a better synergistic antiproliferation effect compared with
the free combination of EGCG/DOX. This reflected a higher antitumor activity for the
formulation in the orthotopic gastric tumor mouse model.

Pharmaceutics 2022, 14, 851. https://doi.org/10.3390/pharmaceutics14040851 https://www.mdpi.com/journal/pharmaceutics
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Vindigni et al. [5] designed aptamer-functionalized nanocages. The aptamer of choice
was AS1411, which recognizes and binds specifically and with high affinity to nucleolin (a
protein overexpressed on the surface of many tumor cells), inhibiting cell proliferation and
inducing cell death. To enhance AS1411 stability and therapeutic efficacy, it was used to
functionalize octahedral DNA nanocages. The aptamer acts as a selective tumor-targeting
ligand when linked to the nanocages. The formulation presented high stability in serum
and rapid and selective internalization in cancer cells. The anticancer activity was reported
to be increased by over 200-fold compared with the free aptamer. Different intracellular
trafficking for the formulation compared with the free aptamer was also reported.

Yang et al. [6] explored the ability of mesoporous silica nanoparticles (MSNs) to absorb
biomaterials, such as antigens. They developed MSNs functionalized with (3-aminopropyl)
triethoxysilane and investigated the potential of this formulation to deliver antigens to the
tumor, enhancing the abscopal effect after radiotherapy. In vivo experiments in mice with
bilateral hepatocellular carcinoma showed promising results, with a significant volume
reduction in the non-irradiated tumor when radiotherapy+MSNs were combined in the
primary tumor.

Krivitsky et al. [7] developed a sulfonated amphiphilic poly(α)glutamate nanocarrier
as a delivery vehicle for siRNA targeting Plk1 genes to chemo-resistant glioblastoma tu-
mors. The brain targeting ability of this formulation was improved by decorating it with
sulfonate groups. These groups have a selective affinity towards P-selectin, a transmem-
brane glycoprotein overexpressed in glioblastoma. In vitro studies showed the potential of
the formulation to be internalized by glioblastoma cells, leading to specific gene silencing
and affecting its proliferation.

Cho et al. [8] prepared a nanostructured DOX prodrug consisting of an albumin-
binding maleimide group, cathepsin-B-cleavable peptide (Phe-Arg-Arg-Gly), and DOX,
designed to be activated in cathepsin-B-overexpressed tumor cells. It was demonstrated
in vivo using breast tumor mice models that the formulation enhanced DOX accumulation
in the tumor by passive targeting. It also induced potent antitumor efficacy due to the
selective release of DOX from the formulation in the tumor cells. Furthermore, lower
toxicity was observed towards normal tissues due to their low expression of cathepsin B,
guaranteeing the formulation’s safety.

Cohen et al. [9] developed PEGylated nanostructured lipid carriers (NLCs) decorated
with a targeting ligand (Glu-Urea-Lys) to the prostate-specific membrane antigen. These
NLCs were loaded with the anti-microtubule agent cabazitaxel. In their article, an exten-
sive characterization of this formulation was presented, as well as its selective targeting,
internalization, and growth-inhibitory activity in vitro against prostate cancer cells.

Lee et al. [10] formulated an in situ injectable multifunctional PEG hydrogel system
to provide photodynamic, photothermal, and chemotherapeutic effects to hypoxic tumors.
This system was prepared with (i) paclitaxel-bound albumin nanoparticles with chlorin-e6 (a
photosensitizer)-conjugated bovine serum albumin and indocyanine green (a deep-penetrating
NIR dye) and (ii) an albumin-stabilized perfluorocarbon nano-emulsion (to provide oxygen)
in a PEG hydrogel. Under laser irradiation, the hydrogel induced hyperthermia as well as
photodynamic cell death, while ultrasound irradiation triggered the release of oxygen. This
allowed for the significantly enhanced killing of murine breast cancer cell spheroids in vitro,
as well as suppressed tumor growth in 4T1 cell-xenograft mice.

Sizikov et al. [11] reviewed magnetofection, a delivery method for nucleic acids carried
in magnetic nanoparticles under the guidance of a magnetic field. A special focus was
given to the structure and coating of the magnetic nanocarriers developed so far. Possible
ways to improve the technology, its challenges, and prospects were also discussed.

Yang et al. [12] provided a critical overview of the synergistic enhancement of pho-
todynamic therapy (PDT) by combining it with the codelivery of molecules in nanocar-
riers. In this extensive review, nanocarriers used to codeliver combinations of different
molecules, such as photosensitizers, photothermal agents, hyperthermia agents, scintilla-
tors/radionuclides, sonophotosensitizers, and chemotherapeutic agents, are reported.
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On the other hand, the use of nanocarrier-assisted delivery in combination with
PDT was the focus of the review article by Carobeli et al. [13]. Based on an extensive
compilation of in vitro and in vivo data, this review highlights the potential of formulations
of phthalocyanines as photosensitizers for different types of cervical cancer.

Finally, Gomes and Franco [14] reviewed the combination of nanocarrier-assisted
molecule delivery and radiotherapy. Formulations designed to encapsulate molecules that
improve the effects of radiotherapy on tumor cells, modulate the tumor microenvironment
by relieving hypoxia, or boost the abscopal effect are described. The employment of
radiotherapy to trigger molecule delivery from nanocarriers and the use of minibeam
or microbeam radiotherapy as possibilities to modulate the enhanced permeability and
retention (EPR) effect were also covered in this review.

Overall, the articles in this Special Issue highlight a very active field, and we expect to
see an increasing number of nanocarriers reaching cancer clinical trials.

Author Contributions: Writing—original draft preparation, M.S.F.; writing—review and editing,
M.S.F. and Y.S.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Doxorubicin (DOX), a chemotherapy drug successfully used in the therapy of various
types of cancer, is currently associated with the mucositis development, an inflammation that can
cause ulcerative lesions in the mucosa of the gastrointestinal tract, abdominal pain and secondary
infections. To increase the safety of the chemotherapy, we loaded DOX into nanostructured lipid
carriers (NLCs). The NLC–DOX was characterized by HPLC, DLS, NTA, Zeta potential, FTIR, DSC,
TEM and cryogenic-TEM. The ability of NLC–DOX to control the DOX release was evaluated through
in vitro release studies. Moreover, the effect of NLC–DOX on intestinal mucosa was compared
to a free DOX solution in C57BL/6 mice. The NLC–DOX showed spherical shape, high drug
encapsulation efficiency (84.8 ± 4.6%), high drug loading (55.2 ± 3.4 mg/g) and low average diameter
(66.0–78.8 nm). The DSC and FTIR analyses showed high interaction between the NLC components,
resulting in controlled drug release. Treatment with NLC–DOX attenuated DOX-induced mucositis
in mice, improving shortening on villus height and crypt depth, decreased inflammatory parameters,
preserved intestinal permeability and increased expression of tight junctions (ZO-1 and Ocludin).
These results indicated that encapsulation of DOX in NLCs is viable and reduces the drug toxicity to
mucosal structures.

Keywords: nanostructured lipid carriers; doxorubicin; mucositis

1. Introduction

Cancer incidence and deaths are increasing worldwide. According to the World
Health Organization (WHO), the number of cancer deaths is expected to double between
2018 and 2040 [1]. Part of these deaths will be attributed to adverse events caused by the
cancer treatment itself, or to the interruption of the treatment caused by such adverse
events. One way to minimize these deaths and ameliorate the quality of life of patients is
to develop treatments with improved efficacy and decreased toxicity. Among the efforts to
improve cancer treatment, the encapsulation of active pharmaceutical ingredients (APIs) in
nanocarriers, which can reduce the toxicity of the APIs used in cancer therapy, is one of the
most studied options [2–4].

Mucositis, an inflammatory condition of the gastrointestinal tract (GIT) mucosa, is
one of the most common and uncomfortable adverse reactions during cancer treatment,

Pharmaceutics 2021, 13, 1021. https://doi.org/10.3390/pharmaceutics13071021 https://www.mdpi.com/journal/pharmaceutics
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affecting at least 40% of patients. This condition can lead to ulcerative lesions, causing pain
and discomfort to the patients, interfering directly in their quality of life and adherence
to treatment. It can also lead to secondary infections and other complications, such as
septicemia, due to increased GIT permeability [5–7].

Aiming to improve the safety of the treatment with chemotherapeutic agents, we
proposed its encapsulation in nanostructured lipid carriers (NLCs), using doxorubicin
(DOX) as a model. DOX is an API widely used in cancer therapy, being effective in treatment
of several types of cancer, such as leukemia, Hodgkin’s and non-Hodgkin’s lymphomas
and breast cancer [8]. To be used in the clinic, DOX is formulated as a hydrochloride salt
dissolved in an aqueous solution for intravenous injection [9], being rapidly distributed
into tissues [10,11].

Although DOX is subject to many studies, the mechanism of action is still consid-
ered unclear. It has been suggested that DOX can intercalate dsDNA and promote their
break [12] and also impair the action of Topoisomerase II [12,13]. In addition, DOX has
also been regarded as promoting oxidative stress when coupled with iron [14]. All of these
mechanisms lead to DNA breakage or damage and inhibition of DNA and RNA synthesis,
which compromise cell viability and induce a plethora of drug-associated adverse events,
including cardiotoxicity and mucositis. These adverse events can lead to treatment inter-
ruption, in addition to increased treatment costs and mortality ratio [15–19]. The clinical
approach to DOX-associated toxicities is updated regularly [20]. However, there is still a
pressing need for fewer toxic drugs formulation and presentation. In order to circumvent
the adverse effects of DOX and improve its efficacy, different drug delivery systems have
been developed [21–30]. Among lipid-based systems, Doxil ® and Myocet ® are liposomal
commercial formulations, which improved the safety profile of DOX in comparison with
free DOX. However, mucositis remains one of the main recurring adverse effects [31,32].
Therefore, a formulation that will spare intestinal mucosa during chemotherapy is still a
pressing necessity for cancer patients.

As liposomes, solid lipid nanoparticles (SLN) and NLC can improve bioavailability
and control drug release [27,28,33], but they present advantages, as production without
organic solvents and using simple and easily scale-up techniques, which turns the process
simpler, safer and cheaper [34,35]. Different from SLN, NLCs are drug delivery systems
composed of a mixture of solid and liquid lipids, thus forming a solid lipid matrix contain-
ing imperfections in which the APIs can be loaded [36,37]. Müller et al. [38] first described
the NLCs in 2002 and after that, many studies have been carried out with different APIs, in-
cluding that used in chemotherapy [39,40]. However, due to the hydrophilic characteristic
of the DOX hydrochloride salt, its encapsulation in lipid nanocarriers is low [41,42] and the
ion pair strategy has been used to enhance DOX incorporation in the lipid matrix. Through
this strategy, DOX forms an ion pair with a lipophilic anion, improving its lipophilicity and
the affinity for the lipid matrix. This strategy has improved the efficacy of DOX, as well as
reduced its toxicity in different lipid-based systems [33,41,43–56].

Although there is an increasing interest in the use of NLC in cancer treatment, the
use of NLCs to mitigate or prevent mucositis is poorly investigated, especially using DOX.
Therefore, the aim of this study was to design and to characterize an NLC loaded with
DOX (NLC–DOX), using the ion pair strategy, and compare its safety to free DOX in a
mouse model of DOX-induced mucositis, which is an established model to assess the
DOX-induced mucositis [19]. We found that NLC–DOX were less toxic to the animals’
intestines. This study was the first to assess the impact of DOX encapsulation in NLC as a
strategy to reduce the development of mucositis.

2. Materials and Methods

2.1. Materials

Doxorubicin hydrochloride (DOX) was kindly provided by ACIC Chemicals (On-
tario, Canada). Oleic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Triethanolamine (TEA) was obtained from Merck (Darmstadt, Germany). Lipoid MCT
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was purchased from Lipoid GmbH (Ludiwigshafen, Germany). Monooleate of sorbitan
(Span 80 ®) and monooleate of sorbitan ethoxylated (Super Refined Polysorbate 80 ®) was
provided by Croda Inc. (Edison, NJ, USA). Glyceryl behenate (Compritol 888 ATO ®) was
provided by Gattefossé (Saint Priest, France). All other chemicals were of analytical grade.

2.2. Preparation of NLC–DOX and Free DOX Solution

NLCs were prepared by the hot melting homogenization method, as previously de-
scribed [27]. During the development of the NLC–DOX we evaluated different proportions
of liquid (MCT) and solid lipids (Compritol 888 ATO ®), as well as the surfactants Tween
80 ® and Span 80 ®. The better formulation was obtained by using 60:40 of solid:liquid
lipids and a mixture 80:20 of Tween 80 ®:Span 80 ®. Briefly, batches (10 mL) were prepared
containing an oil and aqueous phases. The oil phase (OP) was composed of 120 mg of
Compritol 888 ATO ®, 80 mg of MCT, 200 mg of Tween 80 ®, 50 mg of Span 80 ®, 15 mg of
DOX, 12 mg of TEA and 30 mg of oleic acid. The aqueous phase (AP) was composed of dis-
tilled water. The OP and AP were heated separately to 80 ◦C and then gently mixed under
constant agitation, at 8000 rpm, with an Ultra Turrax T-25 homogenizer (Ika Labortech-
nik, Staufen, Germany) at 80 ◦C. The emulsion formed was homogenized for 10 min on
ultrasound with high power probe (21% amplitude, Ultra-cell 750 W, Sonics Materials
Inc., USA). The pH of the NLC–DOX was adjusted to 6.5 with a solution of 0.1 M HCl
and the formulations were stored at 4 ◦C, protected from light in a nitrogen atmosphere.
The non-encapsulated DOX solution (free DOX), in the same concentration of NLC–DOX
(1.5 mg/mL), was prepared diluting DOX in distilled water.

2.3. Particle Size Analysis and Zeta Potential

The hydrodynamic diameter of the NLC–DOX was determined by unimodal analysis
through dynamic light scattering (DLS), and the data reported were Z-average, evaluated
as the intensity. The hydrodynamic diameter, polydispersity index (PDI) and Zeta potential
of the NLC–DOX were determined by dynamic scattering of light and electrophoretic
mobility, using a Zetasizer Nano-ZS90 (Malvern Instruments; England) at a fixed angle
of 90◦ and temperature of 25 ◦C. For DLS, the NLC-DOX was diluted (1:100) in ultrapure
water previously filtered through cellulose ester membrane with 0.45 μm pore diameter
(HAWPO4700, Merck Millipore, Burlington, MA, USA). All measurements were performed
in triplicate.

2.4. Nanoparticle Tracking Analysis (NTA)

NTA experiments were performed by using the NanoSight NS300 (Malvern Instru-
ments; Salisbury, England). After appropriate dilution of the NLC-DOX in ultrapure water,
the sample was introduced into the NanoSight sample chamber with a disposable syringe.
The samples were measured at room temperature for 60 s with automatic detection. The
software used for capturing and analyzing the data was the NanoSight NS300 (Malvern
Instruments, Salisbury, England).

2.5. Drug Encapsulation Efficiency (EE) and Drug Loading (DL)

The encapsulation efficiency (EE) and drug loading (DL) of DOX in NLC were de-
termined by an ultrafiltration method, using centrifugal devices (Amicon® Ultra−0.5 mL
100 k; Millipore, USA). To eliminate the binding of DOX to the devices, a pretreating of
the filters was performed as previously described [45]. The devices were soaked in a
passivating solution (Tween 20 ®, 5% w/v), maintained overnight at room temperature
and washed with distilled water prior to use. The EE and DL were calculated by using the
following Equations (1) and (2), respectively:

EE% = [(CT − CAP)/CT] × 100 (1)

DL (mg/g) = WDL/WNP (2)
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where CT = total DOX concentration in NLC; CAP = DOX concentration in aqueous phase
(non-encapsulated drug); WDL = mg of drug loaded in NLC and WNP = g of lipids.

The CT, CAP and WDL were evaluated as described by Mussi et al. [27]. The CT was
analyzed by dissolving an aliquot of the NLC dispersion in a mixture of tetrahydrofuran
(THF)/methanol (MeOH) 40:60 v/v, followed by centrifugation (10 min at 2400 g) and
analysis of the supernatant by UV-vis spectrophotometry at 480 nm (UV-Vis Evolution
201; ThermoFisher, Shanghai, China). The CAP was evaluated from an aliquot of the
aqueous phase separated from the NLC dispersion by ultrafiltration (10 min at 2400 g),
dilution with THF/MeOH and analysis by UV-vis. The WDL was derived by using
the calculated EE × total (mg) of DOX added. The method for DOX quantification was
previously validated. The five-point linear regression analysis resulted in the following
linear equation: y = 0.01930X–0.00615 (R2 = 0.9915).

2.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis of formulation components (DOX
and Compritol 888 ATO) and NLC-DOX were performed by using a DSC 2910 differential
scanning calorimeter (TA Instruments, New Castle, DE, USA). For DSC measurements, a
scan rate of 10 ◦C/min was used at a temperature range of 0–400 ◦C, under a nitrogen purge.
NLC-DOX was lyophilized prior to analysis with the use of a freeze-drier (Modulyod-115,
ThermoFisher, Asheville, NC, USA; Pump Edwards E2M18, West Sussex, UK). After freeze-
drying, the NLCs sample, DOX and Compritol were placed directly in aluminum pans for
analysis (approximately 7 mg of lipid).

2.7. ATR–FTIR Analysis

Attenuated total reflection–Fourier transform infrared (ATR–FTIR) spectra of NLC-
DOX and raw materials (DOX and Compritol) were recorded within films on a Perkin
Elmer FTIR spectrometer (Model Spectrum One).

2.8. Transmission Electron Microscopy (TEM) and Cryogenic TEM (Cryo-TEM)

The morphology of the NLC-DOX was evaluated by TEM. Negatively stained samples
were prepared by spreading 3 μL of the NLC-DOX dispersion (diluted 1:25) onto a copper
grid coated with a Lacey carbon film. After 1 min of adsorption, excess liquid was blotted
off with filter paper and the grids were placed on a droplet of 2% (w/v) aqueous uranyl
acetate and drained off after 1 min. The dried specimens were examined by using a
120 kV electron microscope (Tecnai-G2-Spirit-FEI/Quanta microscope; Philips, Eindhoven,
Netherlands). The analyses involving TEM were conducted at the Microscopy Center of
UFMG (http://www.microscopia.ufmg.br accessed on 26 August 2020).

Cryo-TEM micrographs of NLC-DOX were obtained by using a TEM (Tecnai Spirit
G2-12 Biotwin-FEI, Brno, Czech Republic) operated at 120 kV. Images were recorded on
the CCD Eagle (FEI), using the Serial EM software. Prior to use, the 300 mesh lacey
carbon coated copper grids (EMS) were subjected to the glow discharging process with
argon gas at a current of 9.2 mA for 25 s. Cryo-TEM samples were prepared by plunge
freezing (Leica EM GP2). For each sample, a drop of 3 μL was placed on the carbon side of
the grid, blotted for 5 s and immediately frozen in liquid ethane, and then kept in liquid
nitrogen until cryo-TEM. The samples were mounted on Fischione cryo holder (Model 2550)
and analyzed in the TEM at −175 ◦C. Pictures were processed by using ImageJ software
(National Institutes of Health, Betesda, MD, USA). The analyses involving cryo-TEM were
conducted at the Microscopy Center of UFMG (http://www.microscopia.ufmg.br accessed
on 16 December 2020).

All the acquired images were uploaded to accessible imaging software (Image J, US
National Institutes of Health, Bethesda, MD, USA). The particles were measured from
images obtained from three independent NLC-DOX formulations. Before measuring
the size, each photo was precisely dimensioned, using a calibrated ruler. The normal
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distribution of the size was analyzed by using the Shapiro–Wilk test, assuming a 95%
confidence level.

2.9. In Vitro DOX Release

The release of DOX from NLC-DOX was performed by using the dialysis method.
Dialysis bags with a cutoff size of 14,000 Da and diameter of 21 mm (cellulose ester
membrane; Sigma-Aldrich, St. Louis, MO, USA) were filled with 2 mL of NLC-DOX, sealed
and incubated with 50 mL of phosphate-buffered saline (PBS) pH 7.4, for 72 h at 37 ◦C,
using shaking stirring (IKA ® KS 4000 i control; Werke, Germany) at 120 rpm. An aqueous
solution of non-encapsulated DOX (free DOX) at the same concentration (1.5 mg/mL) was
used as a control. At different predetermined time intervals (1, 2, 4, 8, 24, 48 and 72 h),
2 mL of release media were taken out and replenished with an equal volume of fresh PBS.
The amount of released DOX was measured by UV-vis spectrophotometry as described
above. The values were plotted as a cumulative percentage of DOX release. Released DOX
(%) = RF/CD × 100. Where RF = released fraction of DOX to the external medium, and
CD = initial concentration of DOX inside the dialysis bag.

The regression analysis of the cumulative release of DOX from NLC-DOX and free
DOX was evaluated. Different kinetic models were evaluated: zero order (Qt = Q0 + K0t),
first order (ln Qt = ln Q0 +K1t), Higuchi (Qt = Kht1/2), Hixson–Crowell (Q0

1/3 − Qt
1/3 = Kst)

and Korsmeyer–Peppas (Qt/Q  = Kktn); where Qt is the amount of drug released at time
t; Q0 is the amount of the drug in the solution at time zero and K is constant of release
kinetics. Determination coefficient (R2) was used as a criterion to define the best release
kinetics model [57,58]. All experiments were conducted in triplicate.

2.10. Animals and Experimental Groups

All procedures were approved by the Ethics Committee for Animal Experimentation
at the Federal University of Minas Gerais (UFMG) (Protocol n◦ 331/2012, 22/11/2012).
C57BL/6 female mice, free of specific pathogens, 6–8 weeks old, were obtained at the
Central Vivarium of UFMG, weighed and randomly divided into three experimental
groups. The animals were kept in collective cages with a maximum of five individuals per
cage, with water and diet offered freely. The environmental conditions were controlled,
using a 12-h light/dark cycle and temperature around 28 ◦C. The animals in the control
group (Saline) received 100 μL of saline solution by intraperitoneal administration (i.p.),
while the groups free DOX and NLC-DOX received DOX at 10 mg/kg by i.p. After
three days, at the peak of intestinal inflammation, the animals were anesthetized with
i.p. injection of ketamine (100 mg/kg) and xylazine (5 mg/kg) and blood was collected
followed by cervical dislocation. The small intestine of animals was collected and divided
into parts (duodenum, distal jejunum, proximal jejunum and ileum). The distal ileum
portion (approximately 1 cm) was frozen at −80 ◦C for evaluation of cytokines. The rest of
the ileum was used for histological and morphometric analysis.

2.11. Histological Analysis

Samples of the ileum of the C57BL/6 mice were fixed in formaldehyde (10%) and
processed for histological analysis. The cuts obtained were stained with hematoxylin and
eosin for morphological evaluation. The morphometry of villus height and crypt depth
was obtained from photos of histological slides, which were analyzed by using the ImageJ
software (National Institutes of Health, Betesda, MD, USA). Ten random fields per animal
were computed, with tissue integrity as a limiting factor.

2.12. Analysis of Gene Expression

To evaluate the expression of cytokines in the small intestine, 1 cm of the distal ileum
was extracted, using Trizol (TRI reagent, Sigma-Aldrich) following acid–alcohol affinity and
kept at −80 ◦C until use. One microgram of total RNA was reverse-transcribed by using
M-MLV RT (Promega). Gene expression was performed on n aABI PRISM 7900 sequence
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detection system (Applied Biosystems), using HOT FIREPol Eva Green qPCR Supermix
(Solis BioDyne) according to manufacturer’s instructions. Briefly, samples were exposed to
95 ◦C for 12 min and then subjected to 40 cycles of 95 ◦C for 15 s and 60 ◦C for 30 s. At the
end of the cycling, a melting curve was performed to evaluate primer specificity. Expression
of the target genes (Table 1) were normalized with GAPDH (glyceraldehyde 3- phosphate
dehydrogenase), using 2-ΔΔCt. All primers were obtained at Harvard Primer Bank.

Table 1. Nucleotide sequence of the primers used.

Gene Primer Forward Primer Reverse

ZO-1 CCAGCTTATGAAAGGGTTGTTC TCCTCTCTTGCCAACTTTTCTC

Occludin ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT

IL-33 ATTTCCCCGGCAAAGTTCAG AACGGAGTCTCATGCAGTAGA

TSLP ACGGATGGGGCTAACTTACAA AGTCCTCGATTTGCTCGAACT

IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

IL-13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA

IL-22 ATGAGTTTTTCCCTTATGGGGAC GCTGGAAGTTGGACACCTCAA

IL-23 ATGCTGGATTGCAGAGCAGTA ACGGGGCACATTATTTTTAGTCT

IL-5 CTCTGTTGACAAGCAATGAGACG TCTTCAGTATGTCTAGCCCCTG

IL-25 ACAGGGACTTGAATCGGGTC TGGTAAAGTGGGACGACGGAGTTG

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

2.13. Assessment of Intestinal Permeability

Intestinal permeability was determined by measuring the radioactivity diffused in the
blood after administration of diethylenetriamine-pentacetic acid (DTPA) with technetium
99 m (99 mTc) [59]. Three days after administration of saline, free DOX and NLC-DOX,
all mice received, by gavage, 0.1 mL of DTPA solution conjugated to 18.5 mebequerel
(MBq) of 99 mTc. Four hours later, all animals were anesthetized to collect 300μL of blood
in EDTA (ethylenediamine tetraacetic acid), which was placed in appropriate tubes to
determine radioactivity. The data were obtained in % of dose, using the following equation:
% Dose = (cpm of blood/cpm of administered dose) × 100, where cpm represents counts
per minute.

2.14. Statistical Analysis

Statistical analyses were performed by using GraphPad PrismTM (version 8.2). Data
were expressed as mean ± standard deviation (SD). Data normality was assessed by using
the Shapiro–Wilk test. To analyze the difference in the DOX release profile and in the body
weight variation of mice, two-way analysis of variance (ANOVA) was used, followed by
Tukey’s post-test. To compare the morphological alterations among groups, the cytokine
expression by real time, intestinal permeability, occludin and ZO1, one-way ANOVA
was used, followed by the Tukey’s post-test. For all analyses, a significance level of 0.05
was used.

3. Results

3.1. Characterization of the Developed NLC-DOX

NLC-DOX was found to be a clear and homogeneous red suspension (Figure 1A) and
could efficiently incorporate DOX. The total DOX content in the developed NLC-DOX
was 99.8 ± 1.5%, with high encapsulation efficiency (84.8 ± 4.6%). The Zeta potential
was −18.3 ± 5.1 mV (Figure 1B) and the average size and PDI obtained by DLS were,
respectively, 69.7 ± 6.6 nm (Figure 2C) and 0.29 ± 0.07. The average size determined by
NTA (Figure 1D) was slightly smaller (66.0 ± 18 nm). The size and the morphology of
NLC-DOX was also evaluated by Cryo-TEM and TEM (Figure 1E,F, respectively). The TEM

10



Pharmaceutics 2021, 13, 1021

(76.7 ± 30 nm) and Cryo-TEM (78.8 ± 28 nm) images showed particles homogeneous with
spherical shape and normal distribution (Shapiro–Wilk test) at a confidence level of 95%.

Figure 1. Characteristics of NLC-DOX. Image of NLC-DOX formulation (A); Zeta potential distribution determined by
dynamic scattering of light and electrophoretic mobility (B); particle size distribution determined by DLS (C); particle
size distribution determined by NTA (D); cryo-TEM image (E); and TEM image of NLC-DOX (F). Abbreviations: DOX,
doxorubicin; NLC, nanostructured lipid carrier; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; TEM,
transmission electronic microscopy; SD, standard deviation; D10, the size point below which 10% of NLC-DOX is contained;
D90, the size point below which 90% of NLC-DOX is contained.

The thermal behavior of the NLC-DOX and its main components (DOX and the
solid lipid Compritol 888 ATO) was evaluated by DSC (Figure 2A). The thermogram of
pure DOX showed three endothermic peaks at temperatures between 210 and 240 ◦C,
while the thermogram of pure Compritol 888 ATO showed only one narrow, symmetrical
endotherm peak with the melt temperature of 69.79 ◦C. The NLC-DOX also showed only
one endothermic peak at 63.85 ◦C, corresponding to its solid lipid matrix (Compritol 888
ATO). However, a slight decrease in the melting point (69.79 ◦C for pure lipid versus
63.85 ◦C for NLC-DOX), as well as a broadening of this peak was observed. Moreover, the
presence of the endothermal melting peak of DOX was not observed in the thermogram of
NLC-DOX, suggesting a high affinity of the DOX to the lipid matrix.

The FTIR spectra of DOX, NLC-DOX and Compritol 888 ATO ®, the lipid matrix of the
NLC-DOX, are presented in Figure 2B–D. FTIR analysis is usually used to determine the
interaction between drugs and excipients, observing the spectrum of functional groups [60].
The spectrum of the DOX (Figure 2B) shows the characteristic bands of the drug: 3525 and
3315 cm−1 bands, which are attributed to the O-H and a N-H group stretching vibration;
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and a band at 1730 cm−1, due to stretching of C=O, which are in accordance of those
described in the literature [60,61]. The FTIR spectra of Compritol 888 ATO ® showed
characteristic peaks in 2915 cm−1 (stretching of C-H), 1737 cm−1 (stretching of C=O) and
1465 cm−1 (bending of C-H). Similar results were found by [62,63]. In the spectrum of
NLC-DOX, it is also possible to observe the band from N-H group at 3315 cm−1, that can
be attributed to DOX’s molecule; and two broad bands at 2915 and 2849 cm−1, that can be
attributed to the stretching vibration of C-H and C-H2 groups from Compritol 888 ATO ®.

Figure 2. Characterization of the NLC-DOX formulation and its main components by differential scanning calorimetry
(DSC) and attenuated total reflection–Fourier transform infrared (ATR-FTIR). DSC curves of NLC-DOX, pure DOX and
Compritol 888 ATO ® (A); ATR-FTIT spectra of DOX (B), Compritol 888 ATO ® (C) and NLC-DOX (D). The arrows indicate
the main absorption regions of the functional groups. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier.

3.2. In Vitro DOX Release

The in vitro DOX release from NLC-DOX and free DOX was investigated by using
dialysis bags in PBS buffer pH 7.4 (37 ◦C ± 0.5). As can be seen in Figure 3A, free DOX
exhibited a rapid release of 80% of drug within 4 h, whereas the release profile of NLC-
DOX indicated a sustained pattern without a burst release. The mechanism of release
was evaluated by using four different kinetic models (zero-order, first-order, Higuchi
and Korsmeyer–Peppas) and the regression coefficient value (R2) was used to choose the
model that best fit the data. The zero-order model presented the higher R2 (Figure 3B),
suggesting a process of constant drug release from the NLC system, independent of the
DOX’s concentration. This is ideal behavior for a dosage form and leads to minimum
fluctuations in drug plasma levels [64].
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Figure 3. In vitro drug release profile of DOX from NLC-DOX and free DOX (A). Kinetic models applied to the release of
DOX from NLC-DOX (B). * p < 0.0001. Data were presented as mean ± SD (n = 3). Abbreviations: DOX, doxorubicin; NLC,
nanostructured lipid carrier; k, kinetic constant; n, diffusion exponent.

3.3. NLC-DOX Treatment Prevents Weight Loss in C57BL/6 Mice

To compare the evolution of mucositis between free DOX and NLC-DOX, we used a
DOX-induced mouse model of mucositis [19]. C57BL/6 female mice (6–8 weeks) were ran-
domly divided into three groups (Figure 4A) and inoculated i.p. with free DOX (10 mg/kg),
NLC-DOX (10 mg/kg) or saline solution for the Saline group (Figure 4B). Animals treated
with both DOX formulations presented weight loss in the first days of mucositis induction,
which was attenuated by DOX encapsulation (NLC-DOX group) (Figure 4C). However,
blood in the stool or diarrhea, common features of intestinal inflammation, were not
observed in either group.

Figure 4. NLC-DOX prevents DOX-induced weight loss. (A) C57BL/6 mice were randomly allocated to 3 groups, Saline,
free DOX and NLC-DOX (n = 5 animals/group). (B) Animals were injected with free DOX, NLC-DOX or saline and
followed for 3 days. (C) Weight variation of the animals during the 3-day follow-up. The animals were weighed daily, the
first weighing was performed on day zero of the protocol and the average weight per group analyzed was considered for
analysis. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. * p < 0.05. N = 20 animals
per group. Data are a pool from 4 experiments performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured
lipid carrier.
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3.4. NLC-DOX Preserves Bowel Architecture, Prevents Mucositis-Compatible Ulcerations and
Improves Intestinal Permeability

The treatment with free DOX induced changes in intestinal architecture typical of
mucositis. Free DOX treated animals displayed multifocal inflammatory areas in jejune
and ileum with important infiltration of mononuclear cells associated with reduced villus
height, reduced crypt depth and thinning of the muscular layer (Figure 5). Ileum showed
more prominent pathological changes. All of these features were improved, or even
prevented, in animals treated with NLC-DOX.

Figure 5. NLC-DOX prevented DOX-induced mucositis-associated intestinal morphological alterations. (A–C). Rep-
resentative histological slides of ileum of Saline, free DOX and NLC-DOX treated animals (20× magnification). (D)
Histomorphological analysis of jejune and ileum was used to quantify the height of the villus (represented by curly bracket),
depth of the crypts (represented by square bracket). Statistical analysis was performed by using the ANOVA test, followed
by the Tukey test. Different letters represent p < 0.05. N = 10 animals per group. Data are a pool from 2 experiments
performed. Abbreviations: DOX, doxorubicin; NLC, nanostructured lipid carrier.

Mucositis is often associated with compromised intestinal function allowing bacteria
translocation due to increased permeability. We found that associated with the inflamma-
tion and changes in intestinal architecture induced by free DOX, intestinal permeability
was also increased in free DOX treated animals (Figure 6A), but totally preserved in animals
treated with NLC-DOX and Saline. In addition, the maintenance of intestinal permeability
in NLC-DOX was associated with increased expression of mRNA for tight junction proteins
such as Occludin (Figure 6B) and ZO1 (Figure 6C) when compared to Saline or free DOX.

3.5. NLC-DOX Formulation Maintains Cytokine Expression

To gain insight about the quality of the inflammatory response triggered by DOX
treatment, we evaluated signature cytokines associated with mucositis. As can be observed
in Figure 7, the expression of cytokines was usually decreased in free DOX group when
compared to saline group (IL-4, IL-13, TSLP and IL-9, p < 0.05), possibly associated to the
reduced tissue viability associated to the drug cytotoxicity. However, in the group treated
with NLC-DOX, the expression of cytokines was similar to the saline group, except for
IL-25, a cytokine associated with intestinal protection [65], which was increased.
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Figure 6. Intestinal permeability was preserved in NLC-DOX treatment. (A) Intestinal permeability by DTPA-Tc99m and
mRNA expression of (B) Occludin and (C) ZO1 by real time RT-PCR in the ileum were evaluated 3 days after injection of
saline, free DOX or NLC-DOX. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test.
Different letters represent p < 0.05. N = 10 animals per group. Data are a pool from 2 experiments performed. Abbreviations:
DOX, doxorubicin; NLC, nanostructured lipid carrier.

Figure 7. Cytokine expression by real time RT-PCR of (A) IL-4, (B) IL-5, (C) IL-13, (D) IL-25, (E) IL-33, (F) TSLP, (G) IL-9
and (H) Amphiregulin. Statistical analysis was performed by using the ANOVA test, followed by the Tukey test. Different
letters represent p < 0.05. N = 15 animals per group. Data are a pool from 3 experiments performed. Abbreviations: DOX,
doxorubicin; NLC, nanostructured lipid carriers.

4. Discussion

DOX is a chemotherapy drug of the anthracycline class widely used in clinical prac-
tice [66,67]. Although DOX has a relevant role in cancer therapy, its adverse effects, such as
mucositis, have an important impact in the treatment and quality of life of patients [18,19].
To overcome the intense mucositis induced by DOX treatment, we proposed the loading of
DOX in NLCs. This study was the first that evaluated the impact of DOX encapsulation in
the lipid matrix of NLCs as a strategy to reduce mucositis.
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To be used in the clinic, DOX is formulated as a hydrochloride salt, which is freely
soluble in water. Therefore, its encapsulation in lipid nanocarriers is not an easy issue,
being usually low [41,42]. To enhance its encapsulation in the lipid nanocarriers, the ion-
pair strategy was used. Through this strategy, DOX forms an ion pair with a lipophilic
anion, improving its lipophilicity and the affinity for the lipid matrix. This strategy is
well described in the literature and has been used in several studies that utilized different
counter ions to improve the DOX lipophilicity and its affinity for different lipid-based
systems [33,41,43–56]. In the present study, OA was used as the counter ion. During
the NLC production, the OA reacts with the positive electrostatic charge localized at the
protonated amino nitrogen of the doxorubicin base (pKa = 9.53), forming an ion pair and
improving the DOX affinity for the lipid matrix. The formation of the ion pair between OA
and DOX is well described in the literature [28,51].

The developed NLC-DOX presented high encapsulation efficiency (84.8 ± 4.6%)
and drug loading (55.2 ± 3.4 mg/g), minimizing the amount of soluble DOX in the
external phase of the nanoparticles suspension. The obtained encapsulation efficiency
(84.8 ± 4.6% EE) is in accordance with the results described by other authors (99.15–74.18%
EE). However, our data concerning the drug loading (55.2 ± 3.4 mg/g) were much higher
than those previously published (31 to 10.1 mg/g) [27,68–70]. Other parameters, such
as morphology (spherical shape), size (66–78.8 nm), PDI (0.29 ± 0.07) and Zeta potential
(−18.3 ± 5.1 mV), obtained for the developed NLC-DOX are in accordance with the
literature data for parenteral formulations [27,67,68]. The negative Zeta potential can be
explained by the presence of OA and non-ionic surfactants (Polysorbate 80 and Span 80)
used in NLC-DOX [71,72]. The average size obtained from NTA analysis was slightly
smaller (66 ± 18 nm), but very close to the average size provided for the DLS method
(69.7 ± 6.6 nm). The smaller average size found for the NTA method is in accordance with
the literature and corroborated the monodisperse distribution (low PDI values) measured
by DLS [73,74]. Regarding the error bars of the size distribution, they are smaller with DLS,
which is a consequence of the large amount of statistical data collected by this method
when compared to NTA. In the NTA method, the size distributions are practically the same,
but the software sometimes detects slightly more or slightly less particles between each
measurement of the same sample [74].

In contrast to DLS and NTA techniques, electron microscopy—especially cryo-TEM—
allows direct observation of individual NLC-DOX particles. The values obtained from
TEM (76.7 ± 30 nm) and cryo-TEM (78.8 ± 28 nm) images are in a reasonable agreement
with DLS and NTA analysis. Precise measurements of NLC-DOX particles from TEM and
cryo-TEM images, accompanied by data provided by DLS and NTA, allowed us to obtain
a more real particle size average of the developed NLC-DOX, which is a very important
feature for parenteral drug delivery systems [75].

The high encapsulation efficiency and drug loading of DOX in the lipid matrix of
NLCs should be the result of the intense interactions between the formulation components.
In the DSC analysis, the DOX thermogram showed three endothermic melting peaks (206.8,
218.4 and 237.3 ◦C), which are in accordance with those described in the literature [76,77].
However, any peak of DOX was observed in the NLC-DOX thermogram, suggesting a high
interaction of DOX with the lipid matrix of NLCs. This high affinity for the lipid matrix of
NLCs can be the result of the ion pair formation between DOX and oleic acid (OA). The
formation of an ion pair between DOX and OA has been evaluated by different authors as
a strategy to improve the encapsulation efficiency of DOX in lipid nanoparticles without
limiting its efficacy [27,45,78].

Another important result to note in the DSC thermogram of NLC-DOX is the charac-
teristic endothermic peak of Compritol 888 ATO ®, the main component of the lipid matrix
of the NLC-DOX. The endothermic peak of Compritol 888 ATO ® remains present in the
DSC thermogram of NLC-DOX, providing evidence that the lipid matrix of NLC-DOX
remains solid at room temperature. Nevertheless, this endothermic peak is broader and has
a lower melting temperature (63.85 ◦C) when compared to the pure Compritol 888 ATO ®
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(69.79 ◦C). The broader peak and reduction of melting temperature of the solid lipid matrix
is evidence of the interactions of formulations components and liquid lipids, resulting
in a less ordered lattice arrangement of solid matrix [79,80]. The reduced melting point
observed for the solid lipid matrix might also be due to the nanometric size of NLC-DOX,
resulting in a high surface area [81,82]. The FTIR results corroborate the data obtained in
the DSC analyzes. The NLC-DOX spectrum showed bands characteristic of Compritol 888
ATO ® and some bands of DOX, but to a lesser extent. There are small differences in the
absorption regions, suggesting a greater affinity between DOX and lipid matrix.

An important observation is that the developed NLC-DOX presented a controlled
and sustained release of DOX during the 72 h of the study. While the free DOX released
approximately 80% of DOX in the first 4 h, at the same period of time, the NLC-DOX
released less than 20%. The in vitro release kinetics evaluation of NLC-DOX followed the
zero-order kinetic model (R2 = 0.9862). A zero-order kinetic model was also described for
other authors who used NLCs to load different drug models [83,84]. However, none of
them described the development of an NLC-DOX with a controlled and sustained release
obeying a zero-order model. The zero-order model describes a constant release of payloads,
which is ideal to achieve the desired pharmacological action with reduced side effects [64].
These controlled-release data also reflect the high encapsulation efficiency, drug loading
and affinity observed in the characterization studies, suggesting that DOX is distributed
throughout the solid lipid matrix of NLC. Then, the solid-lipid matrix of NLC serves
as a physical barrier to the aqueous environment and the DOX it is not available to be
immediately released in the receptor fluid, being released in a controlled way.

It is interesting to note that, although the encapsulation of DOX in NLC using the ion
pair strategy can allow a controlled drug release at pH 7.4, it can be different in the tumor
microenvironment. In other studies of our group different formulations of NLC-DOX,
produced with different counter ions, showed that NLC-DOX is more efficient in reaching
toxic levels of DOX in tumor cells, when compared to free DOX [33,56]. This occurs because,
in the acid environment of the tumor area [85], there is an increase in the protonation of the
COOH group of OA and a consequent decrease in the ion pair interaction, facilitating the
release of DOX in the tumor microenvironment [71].

Considering that mucositis is one of the most serious and limiting complications of
chemotherapy treatments, we aimed to evaluate if the encapsulation of DOX in an NLC
matrix could provide a reduction of the mucositis process. In contrast to free DOX, NLC-
DOX caused mild weight loss, one important sign of less severe mucositis [86], suggesting a
more tolerable drug presentation. This can be associated with the different pattern of drug
release observed for free DOX in comparison to the NLC-DOX. Since NLC-DOX provided
controlled release of DOX, the impact of the drug toxicity possibly was less pronounced,
allowing intestinal adjustment time.

Mucositis is characterized by villus atrophy, enterocyte damage and inflammatory
cell infiltration in intestinal mucosa [6,87], which were observed in the free DOX treated
group. The NLC-DOX group, on the other hand, showed preserved villus integrity and less
inflammatory infiltrate compared to the free DOX group. The loss of the intestinal integrity
induced by chemo and radiotherapy can increase intestinal permeability, allowing bacterial
translocation and causing severe infection on the patients [88–92]. We observed that
NLC-DOX treated animals showed preserved intestinal permeability. Importantly, tissue
cohesion is driven by the tight junctions, proteins that promote strong cell–cell adhesion,
which are important players in preserving intestinal epithelial monolayer integrity [93,94].
The NLC-DOX displayed increased expression of the two major tight junctions in the small
intestine, Occludin and ZO1. We speculate that the controlled release of the drug allowed
for better adjustment of the intestine to the DOX toxic mechanisms.

The expression of cytokines (inflammatory and homeostatic) associated with mucositis
in the ileum of mice were also evaluated. We analyzed cytokines associated with the type
2 proinflammatory response (IL-4, IL-5, IL-13, IL-25, IL-33 and TSLP) and the cytokines
involved in tissue regeneration and intestine homeostasis (IL-9 and Amphiregulin) [95,96].
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Surprisingly, in the animals treated with the free DOX, an inhibition of expression of IL-4,
IL-13, TSLP and IL-9 was observed in comparison to the saline group (p < 0.05). These
results are probably associated with the intense degree of local tissue damage during the
peak of tissue lesions [97]. In the animals treated with the NLC-DOX was observed the
same pattern of cytokine expression in comparison to saline group (p > 0.5), except for
IL-25 (p < 0.05), where a higher expression was detected. This result is in accordance
with the morphology results. Since the treatment with NLC-DOX limited the mucositis
process, the pattern of cytokines expression was maintained. Finally, although no difference
was observed between free DOX group and NLC-DOX group for IL-9 (p > 0.5), a higher
expression of Amphiregulin was observed for NLC-DOX group (p < 0.05), showing a
higher ability to improve the tissue regeneration, even with a lower tissue damage. In the
intestinal epithelium, cytokines such as IL-9 and Amphiregulin are involved with tissue
regeneration [98–101]. Therefore, the encapsulation of DOX in NLC cannot only be able to
improve the efficacy, as shown in different studies [27,67], but can also reduce the mucositis,
which is an important adverse effect of DOX treatment.

5. Conclusions

The developed NLC-DOX showed spherical particles with size, PDI and Zeta potential
adequate for parenteral administration, as well as high levels of DOX encapsulation and
drug loading. The DSC and FTIR analyses showed a high interaction of DOX with the lipid
matrix of NLC, which are in accordance with the high encapsulation and drug loading
observed, resulting in a controlled drug release and, finally, preventing mucositis in the
murine model. These results suggest that the developed NLC-DOX can enhance the safety
of the treatment and, consequently, the quality of life of the patient.
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Abstract: Gold nanoparticles (AuNPs) have been shown to be outstanding tools for drug deliv-
ery and biomedical applications, mainly owing to their colloidal stability, surface chemistry, and
photothermal properties. The biocompatibility and stability of nanoparticles can be improved by
capping the nanoparticles with endogenous proteins, such as albumin. Notably, protein coating of
nanoparticles can interfere with and decrease their cell penetration. Therefore, in the present study,
we functionalized albumin with the r8 peptide (All-D, octaarginine) and used it for coating NIR-
plasmonic anisotropic gold nanoparticles. Gold nanoprisms (AuNPrs) and gold nanorods (AuNRs)
were coated with bovine serum albumin (BSA) previously functionalized using a cell penetrating
peptide (CPP) with the r8 sequence (BSA-r8). The effect of the coated and r8-functionalized AuNPs
on HeLa cell viability was assessed by the MTS assay, showing a low effect on cell viability after BSA
coating. Moreover, the internalization of the nanostructures into HeLa cells was assessed by confocal
microscopy and transmission electron microscopy (TEM). As a result, both nanoconstructs showed an
improved internalization level after being capped with BSA-r8, in contrast to the BSA-functionalized
control, suggesting the predominant role of CPP functionalization in cell internalization. Thus,
our results validate both novel nanoconstructs as potential candidates to be coated by endogenous
proteins and functionalized with a CPP to optimize cell internalization. In a further approach, coating
AuNPs with CPP-functionalized BSA can broaden the possibilities for biomedical applications by
combining their optical properties, biocompatibility, and cell-penetration abilities.

Keywords: cell internalization; albumin; BSA; CPP; gold nanorods; gold nanoprisms; arginine-rich
peptide

1. Introduction

Research on nanomaterials has expanded in recent years for their use in drug delivery,
imaging, therapy, diagnosis, and combined therapy, among other fields [1–5]. Organic,
inorganic, biological-type, or hybrids between different structures have been proposed
for diverse medical/biomedical applications [6–14]. Among the prospective materials for
future applications, gold nanoparticles stand out, owing to their wide-ranging potential.
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AuNPs have characteristic optical properties that are derived from their localized
surface plasmon resonance (LSPR), allowing them to interact with light in a different way
than bulk materials do [10,15,16]. The plasmon excitation has two main decay mechanisms:
radiative and non-radiative, resulting in light scattering and absorption, respectively [17].
Light scattering of AuNPs has been extensively used to design diagnostic tools, contrast
agents, and Raman enhancement probes [18–20]. Conversely, absorption of light involves
relaxation via electron-electron collisions or electron-lattice-phonon couplings, yielding
light-to-heat conversion, [21] referred to as the photothermal effect, which can be used for
drug release and photodynamic and photothermal therapy [22].

Both LSPR and the optical properties of AuNPs are highly shape- and size-dependent.
In this regard, AuNRs and AuNPrs are two interesting AuNP geometries because their
light absorption can be synthetically modulated. Therefore, their maximum absorption
can be tuned to the biological window (the region that exhibits minimum light absorption
of the biological tissues) [23–26], with a strong optical extinction and for photothermal
applications [17,27].

Given the wide range of applications for AuNPs as biomedical platforms, it is es-
sential to consider the biocompatibility of this material. AuNPrs (synthesized by sodium
thiosulfate reduction) have been shown to be non-cytotoxic [28,29]. In contrast, AuNRs
are commonly synthesized using the CTAB surfactant, which has shown some cytotoxic
effects [30–32].

In order to avoid possible cytotoxic effects from our nanocarriers, we incorporated a
protein coating on both AuNPs to increase their biocompatibility and stability [6,29,33–36].
BSA shares 76% sequence identity with human serum albumin (HSA) [37] and is well
tolerated by humans [38]. This protein has been extensively used for the development
of nanomaterials for biomedical applications in drug delivery, therapy (photothermal or
combined), diagnosis, and theranostics [39–45].

Even though the presence of proteins as a coating on the nanoparticle’s surface im-
proves their biocompatibility and stability properties, it may also limit their internalization
capacity due to alterations of the protein corona composition and, consequently, the in-
teraction with receptors and membranes [46–48]. In this regard, the possible biomedical
applications of AuNPs can be expanded as their cell internalization ability is increased.
Accordingly, arginine-rich CPPs, (minimum amount of six Arg) are well known for their
ability to cross biological barriers [49,50]. Although other studies have reported the conju-
gation of nanoparticles with internalization peptides in a direct way [51–54], it is also well
known that the presence of BSA improves the circulation time of nanoparticles and controls
the composition of the protein corona in physiological media, hence the importance of
the inclusion of albumin in nanoparticles [37,55,56]. Therefore, we functionalized the BSA
protein with r8 to facilitate cell penetration of the AuNPs. Previous studies have shown
that the use of arginine-rich CPPs increases cell penetration of the nanocarriers, opening
the possibility for the improved cell internalization of AuNPs [51,57–59]. In particular,
r8 has been covalently linked to several molecules and nanosystems, such as insulin [60]
liposomes, [61] quantum dots, [62] and gold nanorods, [49,58] improving their uptake and
cell penetration in target sites. Nevertheless, coating AuNRs and AuNPrs (with absorption
in the first biological window) with BSA, functionalized with r8 for cell internalization, has
not been reported yet. In this study, we proposed that BSA-r8 enhances the cell internal-
ization of AuNPs, taking as examples two promissory anisotropic AuNPs with different
surface and charge: AuNRs and AuNPrs, with absorption on the first biological window
(650–950 nm) [63] for possible applications in biomedical nanoplatforms.

2. Materials and Methods

2.1. Materials

HAuCl4 (Gold (III) chloride hydrate), Na2S2O3 (sodium thiosulfate), hexadecyltrimeth-
ylammonium bromide (CTAB), NaBH4, and AgNO3 were acquired from Sigma-Aldrich
(St. Louis, MO, USA). Polyethylene Glycol 5 kDa (HS-PEG-COOH, 5 kDa) was from JenKem
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Technology (Beijing, China). Milli-Q water was obtained from the purification of distilled
water with the Simplicity SIMS 00001 equipment (Millipore, Molsheim, France). Cell culture
plates and flasks were from Corning Costar (Corning, NY, USA). Penicillin/streptomycin
and chemicals for cell culture were from Gibco (Gibco-BRL, Paisley, UK), fetal bovine serum
(FBS, Biological Industries, Cromwell, CT, USA). MTS/PMS [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, MTS/phenazine
methosulfate, PMS], and CellTiter 96 kit were from Promega (Promega, Madison, WI, USA).
Atto-565 NHS ester (A565) was from Sigma (Sigma-Aldric Chemie, Buch, Switzerland).
Other reagents were from Sigma-Aldrich.

2.2. Experimental
2.2.1. AuNRs Synthesis

AuNRs were synthesized using a previously reported seed-mediated procedure [64].
Briefly, 5 mL of a 0.3 mM HAuCl4 solution in CTAB 0.1 M was reduced by ice-cold NaBH4
10 mM (300 μL), resulting in a brownish-yellow seed solution. Then, 10 mL of a 0.5 mM
HAuCl4 solution (in CTAB 0.1 M) was reduced by ascorbic acid in the presence of AgNO3,
until it reached a colorless growth solution. Finally, 120 μL of the seed solution was added
to the growth solution and allowed to rest for 30 min in a thermostatic bath at 27 ◦C. The
obtained AuNRs were centrifuged at 7030 g for 30 min, and the pellet was resuspended in
Milli-Q water.

2.2.2. AuNPrs Synthesis

AuNPrs were obtained by Na2S2O3 reduction of HAuCl4, as previously reported [28,36].
A 2 mM HAuCl4 solution was first reduced by 0.6 mM Na2S2O3 and allowed to rest for
9 min. Then, a second addition of 0.6 mM Na2S2O3 was performed, and the solution was
left undisturbed for 30 min. The purple solution containing the AuNPs was centrifuged
and resuspended in Milli-Q water. PEG functionalization was achieved at pH = 12 by
adding 15 μL of a 2.7 mM HS-PEG5000-COOH solution and allowing conjugation under a
magnetic stirrer for 3 h. Finally, AuNPrs were separated from smaller undesired AuNPs
using a successive differential centrifugation procedure, as reported [36].

2.2.3. Characterization of the Nanoparticles

AuNRs and AuNPrs were characterized before and after BSA-r8 coating by UV-Vis-
NIR absorption spectra, using a Lambda 25 spectrophotometer (Perkin Elmer, Waltham,
MA, USA). Dynamic light scattering (DLS) and Z potential measurements were acquired
in PBS pH = 7, at 25 ◦C, using a Zetasizer 3000 (Malvern Instruments, Malvern, UK), as
triplicates in aqueous solution at 25 ◦C.

TEM images of AuNRs were acquired with a JEOL JEM-1010 microscope (JEOL USA,
Peabody, MA, USA), using Formvar carbon-coated copper microgrids (200 mesh; Ted
Pella, Redding, CA, USA). For AuNPrs, TEM images were obtained using a Philips CM
120 transmission electron microscope with an accelerating voltage of 120 kV and a 300
mesh Formvar/Carbon-Coated Copper grid. For both AuNPs, liquid suspensions were
deposited on the microgrid and allowed to stand overnight before TEM image acquisition.

2.3. Peptide Synthesis

We synthesized the all-D peptide derived from D-amino acids for this study due
to their enhanced enzymatic stability [65]. Arginine-rich peptide (r8) was synthesized
by solid phase peptide synthesis (SPPS), using an H-Rink Amide Protide resin (loading:
0.56 mmol/g) in a Liberty Blue™ Automated Microwave Peptide Synthesizer. Linear
D-OctoArginine was synthesized on a 0.5 mmol scale using a 5 excess of Fmoc-amino acid
(0.2 M), relative to the resin. The Bromo acetic acid was coupled using 2 cycles of 30 min of
4 equivalents of OxymaPure, followed by 4 equivalents of N,N′-Diisopropylcarbodiimide,
and then 4 equivalents of bromo acetic acid. Fmoc deprotection was carried out using
10% (w/v) piperazine and 0.1 M OxymaPure in a 9:1 mixture of NMP and EtOH. The
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resin was cleaved using TFA/H2O/TIS (95%/2.5%/2.5%) for 6 h; the TFA was evaporated,
dissolved in a 50/50 H2O/ACN solution, and lyophilized. The peptide was purified by
semi-preparative HPLC on a Waters 2700 sample manager, equipped with a Waters 2487
dual-wavelength absorbance detector, a Waters 600 controller, a Waters fraction collector
and Masslynx software by using a Sunfire C18 column (150 × 10 mm × 3.5 μm, 100 Å,
Waters), flow rate 6.6 mL/min; solvent A = 0.1% TFA in water and solvent B = 0.1% TFA
in acetonitrile. Purity and identity were assessed by UPCL (Waters Acquity equipped
with Acquity photodiode array detector, flux rate 0.610 mL/min, Acquity UPLC BEH
C18 Column, 130 Å, 1.7 μm, 2.1 mm × 100 mm; solvents A = 0.045% TFA in water, and
B = 0.036% TFA in acetonitrile) and UPLC-MS (Waters Acquity UPLC System equipped
with ESI-SQ Detector2, flux rate 0.610 mL/min, Acquity UPLC BEH C18 Column, 130 Å,
1.7 μm, 2.1 mm × 100 mm; solvents A = 0.1% formic acid in water and B = 0.1% formic
acid in acetonitrile).

The crude compound was purified by RP-HPLC at a semi-preparative scale and charac-
terized by UPLC and UPLC-MS spectrometry (Supplementary Section 1, Figures S1 and S2)
to confirm the identity of the synthesized compound, obtaining high purity (>95%). Amino
acid content was analyzed by amino acid analysis; results are presented in Supplementary
Section 2, Table S1.

2.4. BSA Functionalization

BSA was functionalized with r8, as represented in Scheme 1, to improve the internal-
ization properties of the nanoconstructs, and Atto-565-NHS-ester was used as a fluorescent
probe for detection by fluorescence and confocal microscopy.

Scheme 1. Synthetic approach for BSA functionalization by r8 peptide. First, 2-iminothiolane reacts with BSA amine groups
in the surface of the protein, giving rise to available SH free groups, followed by r8-Br reaction with the free SH groups.

BSA Labeling with r8 and Atto 565

• First step: 2-Iminothiolane functionalization

A 100 mg/mL 2-Iminothiolane solution (15 μL) was added to a 10 mg/mL BSA
solution (50 mg of BSA in 5 mL of PBS), in 4 intervals every 10 min (molar ratio 10:1
2-iminothiolane: BSA), and the reaction was performed for 1 h at 4 ◦C. The non-reacted
2-iminothiolane was removed using a P10 G25 desalting column from Sigma-Aldrich.

• Second step: r8 peptide functionalization

To the previously prepared protein, 52 μL of a 100 mg/mL Br-CH2-r8 solution was
added in 4 intervals every 10 min, and the reaction was left overnight at 4 ◦C (ratio 5:1
r8-Br:BSA). The product was purified with a P10 G25 desalting column and analyzed
by UV-Vis-NIR spectroscopy and amino acid analysis to determine the amount of r8 per
BSA molecule.

• Third step: amino acid analysis of BSA-r8

Amino acid analysis was performed following an acid hydrolysis procedure, adding
12 N HCl and a known concentration standard (Υ-aminobutyric acid, 0.1 mM), and allowed
to react at 110 ◦C for 72 h. Amino acid quantification was carried out in an HPLC-PDA
AccQ-Tag (C18; 4 μm; 3.9 × 15 mm). The amino acid content on the functionalized BSA
resulted in a 2.4 r8/BSA ratio, as shown in Supplementary Section 2, Table S1.
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• BSA-r8 fluorescent labeling

Fluorescent labeling of BSA was conducted as represented in Scheme 2. To 10 mg of
BSA-r8 of the previous step, 10.7 μL of a 10 mg/mL solution of Atto 565 NHS ester was
added and allowed to react for 1 h. The final product (BSA-r8-A565) was purified with a
P10 G25 desalting column and characterized by UV-Vis spectroscopy.

Scheme 2. Synthetic approach for BSA-r8 functionalization by Atto565-NHS ester in the NH2 free groups of BSA.

According to UV-Vis spectroscopy measurements, the degree of labeling (DOL) was
calculated as follows:

DOL =
Absorbance 565 × εAtto 565

Absorbance 280 (Absorbance 565 × CFAtto 565 )× εBSA

where:
EAtto 565 = 1.2 × 105 M−1 cm−1, EBSA = 4.6 × 105 M−1 cm−1, and correction factor

Atto 565 (CFAtto 565) = 0.16
As a result, the DOL of BSA-r8 A565 was 0.66 mol Atto/mol BSA.

2.5. Circular Dichroism

The BSA and BSA-r8 1.5 × 10−5 M samples were prepared in PBS 0.1× in the same
conditions. The spectra were acquired at 20 ◦C, recorded from 200 to 250 nm in triplicate
and condensed into a single spectrum to reduce noise at a 1 nm/s rate in a JASCO J-815
instrument (JASCO, Easton, MA, USA), using a 1 mm pathlength quartz-cuvette. The
secondary structure content was calculated using the CDPro CONTIN 2DP (AUG 1982)
(2DP-SW PACK) version from JASCO.

The molar ellipticity at wavelength λ ([θmrw]) was calculated as follows:

[θmrw] =
MRW × θλ

10 × d × c

where θλ is the observed ellipticity (degrees) at wavelength λ, d is the pathlength (cm), and
c is the protein concentration (g/mL) [66].

2.6. Capping of AuNPs with BSA or BSA-r8

BSA-r8 or BSA capping of the AuNPs was achieved by incubation, as previously
reported [36]. Briefly, to 1 mL of AuNRs or AuNPrs at a 1 nM concentration, a solution of
BSA or BSA-r8 was added (final concentration of BSA = 1 mg/mL in 0.1× PBS), incubating
for 2 h at 4 ◦C in low-binding 1.5 mL centrifuge tubes (Eppendorf®, Hamburg, Germany),
and the samples were centrifuged at 10,000 rpm for 10 min. The pellet containing the BSA
or BSA-r8 coated AuNPs was resuspended in 0.1× PBS. The protein content was quantified
on the supernatants using a Micro BCA™ Protein Assay Kit from Thermo Scientific™
(Pierce, Rockford, IL, USA), according to the manufacturer’s specifications, in triplicate.

2.7. Cell Culture

HeLa cells were cultured in complete DMEM, containing 1% penicillin/streptomycin,
10% FBS and 5% glutamine. The culture was maintained at 37 ◦C and 5% CO2.
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2.7.1. Cell Viability MTS Assays

HeLa cells (1 × 104 cells/well) were seeded in TC pretreated 96-well plates and al-
lowed to attach at 37 ◦C for 24 h. The treatments were added and allowed to incubate
for 24 h. The medium was then replaced by a phenol red-free medium containing the
MTS/PMS containing reagent, following the manufacturer’s recommendations. The ab-
sorbance of the culture medium after incubation for 1 h was recorded at 490 nm using a
microplate reader. Cell viability was calculated with respect to a non-treatment control
(live control). Each treatment and control were made in quintuplicate, minimum n = 3.
Statistical analysis was performed using GraphPad Prism V5.01.

2.7.2. Confocal Microscopy

HeLa cells (3 × 105 cells/plate) were seeded on collagen pre-coated MatTek glass-
bottom culture dishes (MatTek Corporation, Ashland, MA, USA) and attached for 48 h
at standard culture conditions. The medium was then replaced with fresh medium, and
the treatments were added considering 1 nM of each AuNP and incubated (1 or 24 h of
treatment). The cells were subsequently washed 3 times with PBS, and phenol red-free
medium containing the LIVE/DEAD® Cell Imaging Kit from ThermoFisher was added
(Molecular Probes Inc., Eugene, OR, USA). Fluorescence was detected on a Zeiss LSM
880 laser scanning microscope (Zeiss, Berlin, Germany) with Airyscan, equipped with a
CO2 and temperature-controlled environmental chamber. Hoechst was excited with an
Ar laser at 405 nm, and emission was recorded at 458 nm; Atto-565 was excited by a laser
at 405 nm, and emission was recorded at 458 nm. Images were processed using Image J
1.52 p software.

2.7.3. Internalization Evaluated by Transmission Electron Microscopy

In a Petri dish (90 × 15 mm), 1 × 106 HeLa cells were seeded and incubated at 37 ◦C
until a minimum confluence of 80%. The cells were then washed, the medium was replaced
with a treatment containing-medium (1 nM of BSA or BSA-r8 coated AuNPs), and the cells
were incubated for 24 h. Afterwards, the cells were washed and fixed with glutaraldehyde
2.5% in PBS 0.1×. The cells were scraped and centrifuged, and the obtained pellet was
fixed with OsO4 1% in PBS for 90 min and embedded in Epon resin. The resin was sliced
into slices of 80 nm thickness, and the slices were placed in a Cu grid and stained with
Reynold’s reagent and uranyLess staining kit, before visualization. TEM images were
acquired in a JEOL JEM-1010 microscope (JEOL Ltd., Tokyo, Japan).

3. Results and Discussion

3.1. Preparation of AuNRs-BSA-r8 and AuNPr-BSA-r8

The r8 peptide was synthesized and characterized by UPLC-MS, showing the char-
acteristic [M+2H]2+ = 695.02 m/z (Figure S1). Then, BSA was functionalized with r8
(2.4 r8/BSA) as described in the experimental section. The degree of BSA functionalization
was determined by amino acid analysis, resulting in 2.4 r8/BSA. To determine if the func-
tionalization of the protein led to a change in BSA secondary structure, circular dichroism
spectra were obtained. Figure 1 shows the CD spectrum of BSA and BSA-r8, indicating that
they shared a similar profile, with a non-significant change from 39% and 36% alpha helix
content before and after r8 functionalization, respectively.

BSA-r8 was functionalized with a fluorescent probe, namely A565, a known and
commonly used red fluorescent probe, obtaining a 0.66 A565/BSA-r8 degree of labeling,
which resulted in BSA-A565-r8. In this study, we tested whether AuNPrs were a suitable
alternative to more-traditional AuNRs; in this sense, AuNPrs were synthesized by simply
reducing Au3+ with Na2S203, thus avoiding the involvement of cytotoxic agents [28].
AuNRs and AuNPrs were synthesized with a characteristic morphology, as TEM images
show in Supplementary Section 3 (Figures S3 and S4), with a predominant aspect ratio of
3.5 for AuNRs and a 60 nm edge-length for AuNPrs.
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Figure 1. Circular dichroism spectrum of BSA before and after r8 functionalization. DOL: 2.4 r8/BSA.
BSA and BSA-r8 1.5 × 10−5 M samples were prepared in PBS.

It has been demonstrated by several spectroscopic techniques that BSA is sponta-
neously adsorbed in the surface of AuNPs via S-Au bonds between the free SH groups
of BSA and the gold atoms in the AuNP surface [42,67–71]. Therefore, both AuNRs and
AuNPrs were coated with BSA and the functionalized BSA-A565-r8 by incubation, as sum-
marized in Table 1 and Figures 2 and 3. Figures 2 and 3 show the UV-Vis-NIR spectra, size,
and Z potential of the BSA and BSA-A565-r8 functionalized AuNPs in PBS (pH = 7). For
AuNRs, a shoulder around 558 nm appeared after BSA-A565-r8 protein coating (Figure 2a),
as well as an increment in the intensity of the first plasmon in AuNPrs (Figure 3a), confirm-
ing the presence of A565 and therefore, the functionalization of BSA on the AuNPs surface.
In addition, the second plasmon of both AuNPs was shifted after the BSA and BSA-r8-
A565 coating, attributed to the modification in the dielectric constant of the AuNPs [72]
(Table 1 and Figures 2a and 3a), due to the presence of the protein on the AuNPs surface,
as reported in previous studies [36,73–75].

For both nanoparticles, the protein coating on the surface increased the hydrodynamic
diameter in similar proportions using either the BSA or BSA-A565-r8, as expected for
the presence of the protein (Table 1 and Figures 2b and 3b). For AuNRs, hydrodynamic
diameter increased from 2 ± 1, 59 ± 3 nm to 3 ± 1, 68 ± 3 nm and 6 ± 1, 79 ± 3 nm after the
BSA and BSA-A565-r8 coating, respectively. Meanwhile, for AuNPrs, the hydrodynamic
diameter shifted from 4 ± 1, 68 ± 4 nm to 10 ± 2, 142 ± 5 nm and 12 ± 2, 142 ± 5 nm due
to the BSA and BSA-A565-r8 coating, respectively.

Regarding the Z potential, a similar trend was observed, and both nanoparticles
showed similar Z potentials after the BSA or BSA-A565-r8 coating. AuNRs showed
an initial Z potential of +45 ± 3 mV, due to the presence of the cationic surfactant
CTAB [76,77]; in contrast, AuNPrs had an initial Z potential of −31 ± 3 mV, due to
the stabilizing agent HS-PEG-COOH on the surface [36]. Then, the Z potential exhibited
a shift to negative values; −21 ± 1 and −17 ± 1 for AuNR-BSA and AuNR-BSA-A565-r8
and −14 ± 1 and −18 ± 1 mV for AuNPr-BSA and AuNPr-BSA-A565-r8, respectively
(Table 1 and Figures 2c and 3c), due to the negative charge of BSA (pIBSA: 4.5–5.0) [78] on
the surface of both AuNPs. Notably, AuNPs exhibited similar negative Z potentials, with
adequate values to interact with cell membranes for internalization [60–62]. Stability of
AuNR-BSA-r8 and AuNPr-BSA-r8 was assessed 30 days after storage at 4 ◦C; DLS and Z
potential did not show significant differences over that time (Supplementary Section 4,
Figure S5).
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Table 1. Physicochemical parameters of the synthesized nanoparticles and nanoconstructs.

Samples Long. λmax (nm)
Hydrodynamic Diameter (nm)

PDI Z Potential (mV)
Transversal Longitudinal

AuNR 775 2 ± 1 59 ± 3 0.5 45 ± 3
AuNR-BSA 757 3 ± 1 68 ± 3 0.5 −21 ± 1

AuNR-BSA-A565-r8 750 6 ± 1 79 ± 3 0.5 −17 ± 1
AuNPr 865 4 ± 1 68 ± 4 0.4 −31 ± 3

AuNPr-BSA 845 10 ± 2 142 ± 5 0.5 −14 ± 1
AuNPr-BSA-A565-r8 829 12 ± 2 142 ± 5 0.5 −18 ± 1

Figure 2. Characterization of BSA-A565-r8 capped AuNRs: red line, AuNRs, black line AuNR-BSA, blue line AuNR-BSA-
A565-r8. (a) UV-Vis NIR spectra. The red arrow shows the presence of Atto-565. (b) Size distribution. (c) Zeta potential
distribution. Acquired in PBS, pH = 7.

Figure 3. Characterization of BSA-A565-r8 capped AuNPrs; black line AuNPrs, green line AuNPr-BSA, and orange line
AuNPr-BSA-A565-r8. (a) UV-Vis-NIR spectra. The red arrow shows the presence of Atto-565. (b) Size distribution. (c) Zeta
potential distribution. Acquired in PBS, pH = 7.

3.2. Cell Viability Assays
3.2.1. Effect of AuNRs and AuNRs-BSA-A565-r8 on Cell Viability

One of the main limitations of using AuNRs in biomedical applications is the cyto-
toxicity associated with the CTAB on the AuNP surface as the stabilizing agent in the
synthesis procedure [30]. In order to overcome this issue, AuNRs can be coated with
different materials, such as BSA [39,79–82] to increase their biocompatibility. In this regard,
Figure 4 shows that the freshly synthesized AuNRs drastically decreased the viability
of Hela cells, whereas AuNRs-A565-BSA-r8 did not cause a significant effect between
the 0.005–2.5 nM range at 48 h. Additionally, flow cytometry showed no effect of 1 nM
AuNRs-A565-BSA-r8 after 24 h of administration (Supplementary Section 5, Figure S6).
Similar results were found for BSA-coated AuNPs in previous studies; the BSA coating on
AuNRs improved their biocompatibility properties [83–85], highlighting the potential of
coated AuNRs for bioapplications.
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Figure 4. Effect of AuNRs and AuNR-BSA-r8 incubated for 24 h on cell viability of HeLa cells at
48 h. The average values for n = 4 experiments are shown with error bars representing the SEM.
* Significant difference according to Tukey’s test p < 0.05 compared to medium control.

3.2.2. Effect of AuNPrs and AuNPrs-BSA-r8 on Cell Viability

AuNPrs were functionalized with PEG-COOH to increase their colloidal stability [86]
and subsequently coated with BSA-A565-r8 (AuNPr-BSA-A565-r8). Figure 5 shows cell
viability of HeLa cells treated with AuNPrs and AuNPr-BSA-A565-r8 at the 0.005–2.5 nM
range. As expected, neither AuNPrs nor AuNPrs-BSA-r8 showed any effect on HeLa cell
viability after 48 h of treatment by MTS assay. Flow cytometry also showed non-effect of
AuNPrs-BSA-r8 1 nM in the HeLa cells after 24 h of incubation (Supplementary Section 5,
Figure S6). This null effect on cell viability of AuNPrs was previously demonstrated in
studies such as those of Alfranca et al. and Bao et al., using Vero cells and HT-29 cells at
72 h, respectively [29,87]

Figure 5. Effect of AuNPrs and AuNPr-BSA-r8 incubated for 24 h on cell viability of HeLa cells at
48 h. The average values for n = 4 experiments are shown with error bars representing the SEM.
* Significant difference according to Tukey’s test p < 0.05 compared to medium control.
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3.3. Cell Internalization
3.3.1. Confocal Microscopy

In a first step, we tested the internalization ability of the AuNPs capped with non-CPP
functionalized BSA, as shown in Figure 6. The comparison between the BSA, AuNR-BSA,
and AuNPr-BSA (labeled with A565) signals showed that BSA on the AuNP surface was
not able to promote cell uptake under the studied conditions ([BSA] = 5 μM, [AuNR-BSA
and AuNPr-BSA] = 1 nM, 24 h of incubation), as demonstrated by the absence of signal in
the red channel.

Figure 6. Confocal microscopy images of HeLa cells after treatment by: (a) BSA-A565, (b) AuNR-
BSA-A565, (c) AuNPr-BSA-A565 incubated for 24 h. Scale 30 μm. [BSA] = 5 μM, [AuNR-BSA,
AuNPr-BSA] = 1 nM. Channels: bright blue (HOECHST), red (Atto-565), blue and red (merged).

Internalization of BSA-r8 and the AuNPs capped with BSA-r8 (labeled with A565) was
subsequently assessed by confocal microscopy. As Figure 7 shows, functionalization with r8
increased the uptake of the protein, as well as that of the protein-coated AuNRs and AuNPrs
in the red channel, using the same established conditions as in Figure 7 ([BSA] = 5 μM,
[AuNR-BSA-A565-r8] and [AuNPr-A565-r8] = 1 nM), suggesting the prevalent role of the
r8 for cell internalization in both nanoconstructs, regardless of their surface charge.

Although discussing the exact mechanism of internalization of the proposed nanocon-
structs was not the objective of our study, previous reports have indicated that nanocon-
structs conjugated with CPPs are internalized in vesicles inside cells via endocytic up-
take [29,51,59,88], while arginine-rich CPPs can electrostatically bind with the cell mem-
branes, promoting translocation into the cells [29,51,59,88].

To confirm that the internalization observed through confocal microscopy corre-
sponded to the functionalized AuNPs, and to elucidate the intracellular location of the
nanoconstructs in Hela cells, we performed a TEM study, as indicated in the next section.

3.3.2. TEM for Cell Internalization

The internalization of the BSA-A565-r8-coated AuNPs was assessed after 1 h and 24 h
of incubation. Supplementary Section 6 (Figures S7 and S8) shows internalization at 1 h,
indicating that the nanoconstructs started interacting with the cell membranes at this time,
to become ready for the internalization process. At 24 h, in contrast, internalization of both
AuNRs-BSA-A565-r8 and AuNPr-BSA-A565-r8 was considerable and observed under the
studied conditions, as shown in Figures 8 and 9.
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Figure 7. Confocal microscopy images of HeLa cells after treatment with: (a) BSA-r8-A565, (b) AuNR-
BSA-r8-A565, (c) AuNPr-BSA-r8-A565 incubated for 24 h. Scale 30 μm. [BSA-r8] = 5 μM, [AuNR-
BSA-A565-r8 and AuNPr-A565-BSA-r8] = 1 nM. Channels: bright blue (HOECHST), red (Atto-565),
blue and red (merged).

Figure 8. TEM images of HeLa cells after treatment with AuNR-BSA-r8 incubated for 24 h (a–d).
Red circles show the internalized AuNPs. EE: early endosomes and LE: late endosomes. Blue circles
showing examples of vacant LE or EE.
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Figure 9. TEM images of HeLa cells after treatment with AuNPr-BSA-r8 incubated for 24 h (a–d).
Red circles show the internalized AuNPs. EE: early endosomes and LE: late endosomes. Blue circles
showing examples of vacant LE or EE.

The TEM images allowed determination of the precise location of the AuNPs in the
cells. Both AuNRs and AuNPrs-based nanocarriers seemed to be located inside the cells
and accumulated into vesicles in the cytoplasm, in agreement with the proposed endocytic
uptake [29,51,59,88]. According to Liu et al. [89], the vesicles were labeled considering their
size as early endosomes (200 nm diameter, EE) and late endosomes (500 nm diameter, LE).
In Figures 8 and 9, vacant EE and LE as well as the EE and LE where AuNPs are located
were pointed out (blue and red circles, respectively). An average of 15 ± 5 AuNRs/vesicle
and 18 ± 6 AuNPrs/vesicle were counted for AuNRs-BSA-A565-r8 and AuNPr-BSA-A565-
r8, respectively (statistics of 30 vesicles from the TEM images).

4. Conclusions

In this work, we tested the internalization abilities of two novel nanoconstructs based
on anisotropic AuNPs with different surface and charge, AuNRs and AuNPrs coated with
BSA in the presence and absence of a CPP (r8), improving AuNP internalization in the
presence of r8. To the best of our knowledge, this is the first report that describes the
coating of AuNRs and AuNPrs (with absorption in the first biological window) with BSA
functionalized with r8 for improved cell internalization. These results point to the ability
to improve the biocompatibility and internalization of nanoconstructs into cells by using
endogenous proteins and CPPs. Nevertheless, as a further step, it would also be interesting
to add targeting agents to the proposed nanoconstructs to increase their selectivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13081204/s1: Figure S1: Structure of the Br-CH2-r8 peptide, Figure S2: UPLC
trace (a) and MS spectra (b) of Br-r8 (BrCH2CO-r8), Figure S3: Microscopy characterization of AuNRs:
a, b. representative TEM images, scale 200 nm, c. Aspect ratio frequency distri-bution (length/width),
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statistics of at least 50 AuNRs, Figure S4: Microscopy characterization of AuNPrs: a, b. representative
TEM images, scale 200 nm, c. Edge length (nm) frequency distribution (length/width), statistics
of at least 50 AuNPrs, Figure S5: Characterization of BSA-r8 capped AuNPs after 24 h, DLS and
Zeta potential, Figure S6: Flow cytometry of Hela cells incubated by 24 h with: a. water, b. AuNR-
BSA-r8 1 nM in AuNRs, c. AuNPr-BSA-r8 1 nM AuNPrs, Figure S7: TEM images of HeLa cells after
treatment by AuNR-BSA-r8 incubated by 1 h, Figure S8: TEM images of HeLa cells after treatment by
AuNPr-BSA-r8 incubated by 1 h, Table S1: Amino acid analysis of BSA-r8 after acid digestion, using
Υ-aminobutiric acid as standard (aaba).
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Abstract: In this report, we investigated whether the use of chitosan-carrying-glutathione nanopar-
ticles (CH-GSH NPs) can modify proliferation and apoptosis, and reduce cell damage induced
by doxorubicin on breast cancer cells. Doxorubicin is a widely used antineoplasic agent for the
treatment of various types of cancer. However, it is also a highly toxic drug because it induces
oxidative stress. Thus, the use of antioxidant molecules has been considered to reduce the toxicity
of doxorubicin. CH-GSH NPs were characterized in size, zeta potential, concentration, and shape.
When breast cancer cells were treated with CH-GSH nanoparticles, they were localized in the cellular
cytoplasm. Combined doxorubicin exposure with nanoparticles increased intracellular GSH levels.
At the same time, decreasing levels of reactive oxygen species and malondialdehyde were observed
and modified antioxidant enzyme activity. Levels of the Ki67 protein were evaluated as a marker
of cell proliferation and the activity of the Casp-3 protein related to cell apoptosis was measured.
Our data suggests that CH-GSH NPs can modify cell proliferation by decreasing Ki67 levels, induce
apoptosis by increasing caspase-3 activity, and reduce the oxidative stress induced by doxorubicin in
breast cancer cells by modulating molecules associated with the cellular redox state. CH-GSH NPs
could be used to reduce the toxic effects of this antineoplastic. Considering these results, CH-GSH
NPs represent a novel delivery system offering new opportunities in pharmacy, material science,
and biomedicine.

Keywords: glutathione; nanoparticles; oxidative stress; doxorubicin; breast cancer

1. Introduction

Breast cancer is one of the leading health problems worldwide. Its incidence is
estimated at 11.6%, placing it among the first three types of cancer diagnosed in both men
and women [1]. Approximately half of the people diagnosed with breast cancer usually
present recurrences even after treatment and about one-third of these patients die from
the disease [2]. About 80% of breast carcinomas are positive for hormonal (progesterone
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and estrogen) receptors. These tumors are treated with drugs such as tamoxifen that
blocks estrogen-induced cell growth. Other breast tumors (about 15%) express the human
epidermal growth factor receptor (HER2). These tumors are treated with a monoclonal
antibody such as trastuzumab, which is specific against HER2. The third group of breast
tumors does not express hormonal receptors or HER2 and is known as triple-negative.

These tumors tend to be more aggressive, and their treatment is based on the general
inhibition of cell replication on all dividing cells [2].

Doxorubicin (Dox) is a potent broad-spectrum antineoplastic agent belonging to the
anthracycline family and is used to treat various cancer types including breast cancer. Its
action mechanism is associated with inhibiting cell replication by binding to the enzyme
topoisomerase II, causing DNA alterations, and favoring the aging of cells [3]. Unfortu-
nately, it also induces oxidative stress that can affect both dividing and non-dividing cells.
Consequently, doxorubicin can trigger undesirable side effects due to general cell toxicity.
Dox stimulates the formation of free radicals (O2

−, H2O2, and •OH) and reactive oxygen
species (ROS) through Fenton chemistry reactions during the metabolic transformation of
doxorubicin to doxorubicinol. Besides, this antineoplastic can activate the NADPH oxidase
and modify calcium metabolism [4]. Exposure to doxorubicin has also been reported
to decrease the Ki67 protein levels associated with cell proliferation and to increase the
number of apoptotic cells in a dose-dependent manner [5].

There is a growing interest in finding ways of reducing oxidative stress in tissues dur-
ing doxorubicin treatment. A promising approach is the use of antioxidant molecules [6,7].
Glutathione (GSH) is one of the primary endogenous antioxidants at the cellular level and is
associated with various events such as proliferation, apoptosis, and redox state regulation.
It is synthesized exclusively in the cell cytoplasm and once used and in its oxidized state, it
cannot be incorporated into the cell, thus it must be synthesized to maintain the levels in
an optimal state [8]. Moreover, GSH is recognized as a fundamental antioxidant molecule
for cellular protection from toxins, both endogenous and environmental, including several
anti-cancer cytotoxic drugs [9].

Transporting GSH and other agents into cells to reduce the toxic effects of anti-cancer
drugs requires the use of innovative delivery systems [10]. Nanotechnology in cancer
treatment represents a novel alternative to deliver agents to cells due to the physicochemical
properties of many different nanoparticles. Chitosan (CH), a natural polymer, has been
used to create nanoparticles (NPs) that are ideal delivery systems. They are easy to produce,
have a shallow immunogenic profile, diffuse quickly into cells, and are biodegradable and
biocompatible. In addition, CH NPs can easily interact with many other molecules due
to their chemical structure [11]. CH NPs have already been reported to deliver molecules
that can regulate inflammation events and sensitize cancer cells to X-ray radiation [12,13].
This report explored the use of CH-GSH NPs to modify proliferation, apoptosis, and the
cellular redox state through the modulation of oxidative stress induced by doxorubicin in
two breast cancer cell lines.

2. Materials and Methods

2.1. Preparation and Characterization of Nanoparticles

Chitosan-carrying-glutathione nanoparticles (CH-GSH NPs) were prepared by the
ionic gelation technique as previously described [14]. CH-GSH NPs were also coupled
to rhodamine-123 at a concentration of 0.5 mg/mL in methanol for confocal microscopy
analysis. Rhodamine-123 was added to the already formed CH-GSH NPs at 1: 4 ratio
overnight. Nanoparticles were ultracentrifuged with glycerol at 27,000 rpm for 1 h and
the ring formed containing the nanoparticles was resuspended in 1% acetic acid. Next,
nanoparticles were characterized in concentration with a hydrodynamic diameter and
zeta potential using the equipment Nanosight and Zetasizer from Malvern Panalytical,
Malvern, UK Quantification of the encapsulated GSH was determined indirectly by the
DTNB technique at a wavelength of 425 nm as described [15]. Finally, were observed the
shape of CH-GSH NPs through transmission electron microscopy.
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2.2. Cell Lines

The breast cancer cell lines MCF-7 (ATCC HTB-22) and MDA MB-231 (ATCC HTB-26)
were used. MCF-7 cells are positive for functional estrogen receptors and MDA MB-231
cells are negative for estrogen receptors, progesterone receptors, and the E-cadherin. Cells
were cultured in a DMEM medium supplemented with 12% fetal bovine serum (FSB),
antibiotic 1% (penicillin/streptomycin) at 37 ◦C in a 5% CO2 incubator. Cells were cultured
in either 24-well or 6-well tissue culture plates until they were confluent before performing
the various assays described next.

2.3. Confocal Microscopy Analysis

NPs coupled to rhodamine-123 were added to MCF-7 and MDA MB-231 cells, and
two concentrations of NPs were used, namely 1.8 × 108 nanoparticles/mL (equivalent to
0.08 mM GSH) and 1.4 × 109 nanoparticles/mL (equivalent to 0.64 mM GSH), for 2 h. Then,
cells were washed with PBS, fixed with 3% paraformaldehyde, and stained with DAPI
(0.1 μg/mL). Finally, cells were observed with the confocal microscopy Zeiss LSM800. The
images were taken at a 63× magnification at an λ ext 360/em 460 (DAPI) and λ ext 507/em
529 nm (Rhodamine 123).

2.4. Cytotoxicity

To evaluate the cytotoxic effect, cells were exposed to 5 μM of Dox for 12 h, then
washed once with PBS, and were exposed for 2 h to CH NPs and CH-GSH NPs at a
concentration of 1.8 × 108 or 1.4 × 109 NP/mL. We used the resazurin technique. This
assay evaluates cells’ ability to reduce resazurin to resorufin and can be read at a wavelength
of 570/600 nm [16]. The cells were placed in 24-well plates; treatments were added; cells
were washed with PBS; resazurin was added at a concentration of 0.01% and was left to
incubate for 30 min at 37 ◦C; and lastly, the lectures were made. To know the differences
between the treatments with NPs, Dox, and the untreated cells, the following calculation
was performed:

(A 1)− (A 2) treated cells
(A 1)− (A 2) Untreated cells

× 100 = % Cell viability

where:
A1 = absorbance at 570 nm and
A2 = absorbance at 600 nm.

2.5. Biomarkers of Oxidative Stress
2.5.1. Intracellular and Extracellular GSH Concentrations

Confluent cells cultured in 6-well plates were exposed to 5 μM Dox for 12 h. After time,
the medium was removed, and cells were washed with PBS. Then, CH NPs or CH-GSH
NPs were added for 2 h at a concentration of 1.8 × 108 or 1.4 × 109 NPs/ mL. At the
end of the exposure time, the culture medium was removed and washed with PBS twice,
placed in 100 μL of lysis buffer (0.1% Triton, 5 mM EDTA, 1 mM PMSF), and scraped
on ice. The cell suspension was centrifuged at 13,000 rpm for 10 min at 4 ◦ C and the
supernatant (cell lysate) was transferred to a clean tube. The amount of total protein in
the cell lysates was determined according to the Bradford method [17]. The extracellular
concentration of GSH was indirectly measured using the culture medium of the cells
treated with nanoparticles. The concentration of intracellular and extracellular GSH was
determined with the 2,2-dithiobisnitrobenzoic acid (DTNB) assay [15]. This assay is based
on the reaction of GSH with DTNB, forming a yellow adduct product (GS-TNB) that can
be read spectrophotometrically at a wavelength of 425 nm.

2.5.2. Malondialdehyde Concentration

Malondialdehyde (MDA) concentration was determined with the thiobarbituric acid
reactive species assay (TBARS) [18] with some modifications. This assay is based on the
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reaction of MDA with thiobarbituric acid to form a pink adduct product. The product can
be read spectrophotometrically at a wavelength of 540 nm. Cells were treated with 5 μM
Dox for 12 h, after which the medium was removed, and cells were washed twice with
PBS. Then, CH NPs or CH-GSH NPs were added for 2 h at a concentration of 1.8 × 108

or 1.4 × 109 NPs/mL. At the end of the incubation time, the medium was removed, and
two washes were carried out with PBS; 100 μL of lysis buffer was added; and the cells
were scraped on ice. The cell suspension obtained is centrifuged at 13,000 rpm for 10 min
and the supernatant obtained is separated. The cell lysate was mixed at a 1:1 ratio with
0.67% (m/v) thiobarbituric acid and incubated at 90 ◦C for 30 min. Finally, samples were
read spectrophotometrically at a wavelength of 540 nm.

2.5.3. Measurement of ROS

The detection of reactive oxygen species was performed with the dichlorofluorescein
diacetate (DCFDA) assay [19] with some modifications. Cells were treated for 12 h with
5 μM Dox, underwent two washes carried out with PBS, and CH NPs and CH-GSH NPs
were added at a concentration of 1.8 × 108 or 1.4 × 109. At the end of the exposure
time, the culture medium was removed, and the cells were washed twice with PBS. The
fluorogenic dye 2’,7´-DCFDA was added to the cells at 5 μM and were incubated for 15 min
at 37 ◦C. In the presence of the reactive oxygen species and other peroxides, DCFDA is
oxidized to 2´,7´-dichlorofluorescein (DCF), a fluorescent product that can be detected
with a fluorometer at excitation light Lex = 488 nm and emission light Lem = 525 nm.

2.5.4. Antioxidant Enzymes’ Activity

To estimate the activity of antioxidant enzymes, the cells were treated with Dox at a
concentration of 5 μM for 12 h. After that time, two washes with PBS were carried out and
CH NPs and CH-GSH NPs were added to the cells for 2 h at a concentration of 1.8 × 108

and 1.4 × 109 NPs/mL. Confluent cells were scraped and placed in 100 μL lysis buffer
(0.1% Triton, 5 mM EDTA, 1 mM PMSF). Cells were centrifuged at 13,000 rpm for 10 min at
4 ◦C and cell lysate was transferred to a clean tube.

Catalase activity was estimated as previously reported [20]. Regarding the cell lysate,
100 μL was taken and 100 μL of the reaction medium containing ×100 (1%) was added,
after which the cells were incubated at 37 ◦C for 15 min. Then, 100 μL of a 30% H2O2
solution was added. The enzyme-generated oxygen bubbles trapped by triton X-100 were
visualized as foam. The height of the foam layer corresponds to the catalase activity and it
is compared to a calibration curve made with known concentrations of catalase.

The activity of glutathione peroxidase GPx was estimated as previously reported [21].
The technique is based on measuring the decrease in NADPH absorbance at 340 nm
absorption by a coupled reaction with glutathione reductase (GPx). The GPx uses GSH
to convert H2O2 to H2O. As a result, the GSSG produced is regenerated by GRx with the
conversion of NADPH to NADP+.

The activity of GRx was estimated as previously reported [21]. The cells were pro-
cessed in the same way as glutathione peroxidase. Glutathione reductase activity reduces
the oxidized form of glutathione, disulfide glutathione (GSSG), to reduced glutathione.
Considering this reaction is coupled to NADPH’s oxidation and NADPH absorbs light at
340 nm, a decrease in absorbance reflects its oxidation.

2.6. Caspase-3 Activity

To evaluate the effect on apoptosis, the cells were treated with Dox at a concentration
of 5 μM for 12 h; subsequently, two washes with PBS were carried out and CH NPs and
CH-GSH NPs were added for 2 h at a concentration of 1.8 × 108 and 1.4 × 109 NPs/mL.
At the end of the exposure time, the cells were washed with PBS and 100 μL of lysis
buffer was added. Cells were scraped on ice. The suspension obtained was centrifuged at
13,000 rpm for 10 min. The supernatant (cell lysate) was collected to evaluate caspase-3
activity. Caspase-3 activity was measured in the cell lysate using the CaspACE assay System
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colorimetric kit, which consists of a colorimetric assay based on the spectrophotometric
detection of p-nitroanilide chromophore at a wavelength of 405 nm [22].

2.7. Quantification of Ki67

To determine the effect on proliferation, the amount of antigen was measured by an
ELISA test in which a color change from blue to yellow in the plate containing the antibody
coupled to a chromogen is proportional to the Ki67 in the sample, which can be read at a
wavelength of 450 nm [23]. The cells are treated with Dox at a concentration of 5 μM for
12 h; subsequently, two washes with PBS were carried out and CH NPs and CH-GSH NPs
were added for 2 h at a concentration of 1.8 × 108 and 1.4 × 109 NPs/mL. At the end of
the exposure time, the cells were washed with PBS, 100 μL of lysis buffer was added, the
cells were scraped on ice, and the suspension obtained was centrifuged at 13,000 rpm for
10 min. The supernatant obtained is added to the microplate to determine the presence of
the antigen.

2.8. Statistical Analysis

Three independent biological experiments were carried out in triplicates for each
experiment. The results obtained were analyzed using a one-way analysis of variance
(ANOVA), followed by multiple comparisons of means according to Tukey’s statistical
test, considering a significant difference at p < 0.05. OriginLab graphing and data analysis
software was used.

3. Results and Discussion

3.1. Characterization of Nanoparticles

The CH-GSH NPs were prepared according to the ionic gelation method described
in the experimental section. NPs were characterized by measuring their hydrodynamic
diameter, polydispersion index (PDI), zeta potential, concentration, and GSH encapsulation
percentage (Table 1). CH-GSH NPs labeled with rhodamine 123 had a hydrodynamic
diameter between 100 and 150 nm. The particle size is an important parameter because it is
assumed that most nanoparticles can be transported into the cells by endocytosis [24]. The
polydispersion index indicated that both preparations of nanoparticles were homogeneous
suspensions. This argument was further supported by the zeta potential which suggested
that the nanoparticles remained in suspension without precipitation [25]. The percentage
of GSH encapsulation was 99.23%, indicating that enough GSH was captured in the NPs.
Considering GSH is very hydrophilic, it cannot enter cells unless it is trapped inside a
nanocarrier. In addition, analysis of the nanoparticles’ characterization by transmission
electron microscopy showed that most particles were spherical (Figure 1).

Table 1. Characterization results.

Nanoparticles

Hydrodynamic
Diameter

(nm)
± SD

Polydispersion
Index
(PDI)

Z Potential
(mV)
± SD

Amount of NP
(NPs/mL)

Encapsulation of
GSH (%)

CH-GSH NPs 147.1 ± 75.40 0.246 15.2 ± 3.10 3.718 × 1010 99.23

CH NPs 126.7 ± 57.57 0.276 18.7 ± 2.04 3.718 × 1010 -

CH-GSH NPs R-123 129.8 ± 55.01 0.264 23.2 ± 1.12 5.343 × 1010 99.23

43



Pharmaceutics 2021, 13, 1251

 
Figure 1. Image of transmission electron microscopy of CH-GSH NPs.

3.2. Chitosan-Carrying-Glutathione Nanoparticles (CH-GSH NPs) Are Localized into the Cells

Cells were exposed to two different concentrations of CH-GSH NPs labeled with
rhodamine-123 for 2 h and then subsequently stained with DAPI to differentiate the
nucleus. Two different breast cancer cell lines readily internalized the NPs, accumulated
in the cytoplasm near the nucleus’ periphery. As shown in Figure 2, CH-GSH NPs are in
the cytoplasm in both cell lines. We used two different NPs concentrations; however, no
significant differences were observed in the images obtained. Qualitative observations
suggest a greater sensitivity in the distribution of CH-GSH NP in the cytoplasm of MDA
MB-231 cells even at the lowest exposure dose compared to the MCF-7 cell line. In this case,
the higher doses tested showed a minor inclusion in MCF-7 cells. These results suggest
sharp differences to the nanoparticles studied.

Figure 2. Cont.
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Figure 2. Confocal microscopy images of cells exposed to a concentration of 1.8 × 108 NPs/mL and
1.4 × 109 NPs/mL at the time of 2 h. Untreated cells (NT), (A) MCF-7 and (B) MDA MB-231 cells.

3.3. Nanoparticles Do Not Reduce the Cell Viability and Do Not Alter Cytotoxicity Induced
by Doxorubicin

To demonstrate that exposure to NPs did not compromise cell viability, a resazurin
assay was performed [16]. As shown in Figure 3, the exposure to 5 μM of doxorubicin
and its combination with nanoparticles in the two concentrations did not show significant
differences between them, suggesting that the presence of NPs does not alter the cytotoxic
capacity of doxorubicin.

Figure 3. Viability of cells exposed to doxorubicin for 12 h and then 2 h with NPs. (A) MCF-7 and (B) MDA MB-231 cells.
Bars with equal letters indicate no significant differences between the means (Tukey’s test, p < 0.05).

3.4. Doxorubicin Exposure with a Nanoparticle Increase the Intracellular GSH Levels

Total intracellular and extracellular GSH concentrations were determined in cells
exposed to the NPs. Intracellular GSH concentration increased significantly compared with
the untreated cells when the cells were exposed to CH-GSH NPs and CH-NPs with the
highest concentration tested. The MDA MB-231 cells were the exception (Figure 4A,C). For
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MDA MB-231 cells, the NPs treatment did not change the intracellular concentration of
GSH (Figure 4C). These results suggest differences in the susceptibility of exposed cells by
having available GSH content in the NPs. The exposure only to nanoparticles in the cells
does not modify the intracellular GSH and statistically GSH levels are like those obtained in
the untreated cells. In combined treatments, levels may increase due to previous exposure
to the stress-inducing agent doxorubicin.

 

 
Figure 4. GSH intra (A,C) and extracellular (B,D) levels of cells exposed to doxorubicin for 12 h and then 2 h with CH-GSH
NPs or CH-NPs. MCF-7 (A,B) and MDA MB-231 (C,D) cells. Bars with equal letters indicate no significant differences
between the means (Tukey’s test, p < 0.05).

Exposing cells to doxorubicin (Dox) significantly increased the intracellular GSH
concentration and this concentration was higher in the combined exposure to Dox and
CH-GSH NPs. This increase was more evident in MCF7 cells than in MDA MB-231 cells
(Figure 4A,C). We quantified the extracellular GSH levels in the culture medium used in
cells exposed to Dox. CH-GSH NPs and CH-NPs in Figure 4B,D showed no significant
differences between extracellular GSH levels in any culture media for the treatments and
any cell lines. This finding indicates that the NPs do not leak the GSH. The contrast between
intracellular and extracellular GSH values suggests nanoparticles’ inclusion, correlates
with confocal microscopy images, and suggests the bioavailability of thiol in NPs.

Interestingly, the results show an increase in the GSH concentration dose-response
when MDA MB-231 cells were exposed to CH-NP. This effect was not present in the
same way in the MCF-7 cells; it was only significant in the maximum concentration
studied and this amount was higher than that induced when the cells were exposed to
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CH-GSH NPs. There is documented evidence that demonstrates the ability of CH-NP
to modulate various cellular signals associated with exogenous stimuli such as radio-
sensitization, antioxidation, and changes in cell unions, among many others. In addition to
this, the physicochemical nature of the nanoparticles can generate cellular responses that
significantly promote changes in the concentration of GSH; in turn, this promotes different
effects related to enzymatic or non-enzymatic events, which finally control its cellular
concentration [8,9]. NPs, as a xenobiotic agent, could exert this type of phenomenon that
should be further studied.

3.5. Lipoperoxidation Levels Are Reduced by the Combination of Doxorubicin and NPs

Malondialdehyde (MDA) is the final product of lipid oxidation. Thus, it is an indicator
of cellular damage due to oxidative stress. The treatment of MCF-7 cells with Dox resulted
in a marked increase in MDA concentration (Figure 5A). A similar result was observed in
MDA MB-231 cells (Figure 5B). Exposure of cells to the CH-GSH NPs did not change the
basal concentration of MDA in MCF7, indicating that the NPs alone did not induce oxida-
tive stress on the cells. This effect differed in MDA MB-231 cells (Figure 5B), suggesting
differential sensibility to induce MDA. The physicochemical properties of CH-NPs promote
increasing levels of MDA. Combined exposure to Dox and subsequently to CH-GSH NPs
resulted in a substantial reduction of MDA concentration (Figure 5). This result suggests
that CH-GSH NPs have a protective antioxidant effect. Even cells exposed to CH-GSH NPs
maintained MDA levels like untreated cells, while exposure to Dox significantly increased
MDA levels in both cell lines (Figure 5). Therefore, these data suggest that the GSH into
NPs could interact directly with ROS and free radicals or be used by antioxidant enzymes
to reduce oxidative stress produced by the exposure to Dox [8].

Figure 5. MDA levels of cells exposed to Dox for 12 h and then 2 h with CH-GSH NPs or CH-NPs. (A) MCF-7 and (B) MDA
MB-231 cells. Bars with equal letters indicate no significant differences between the means (Tukey’s test, p < 0.05).

3.6. Exposure to the Combination of Doxorubicin and CH-GSH NPs Reduces ROS Levels

Considering the NPs could modify the amount of intracellular GSH and the lipid
peroxidation by reactive species decreased significantly in the combined exposures com-
pared to Dox alone, we decided to estimate ROS using 2, 7 dichlorofluorescein diacetate
(DCFDA). Figure 6A,B shows normalized results considering the untreated cells as baseline
ROS levels. Cells exposed to CH-GSH NPs did not change the basal levels of ROS. As
anticipated, cells exposed to Dox had a higher amount of ROS. In contrast, the combined
exposure to Dox and CH-GSH NPs resulted in a marked reduction of ROS levels. This
implies that the modulating effects modify the amount of ROS at the cellular level due to
CH-GSH NPs indeed inducing a protective antioxidant effect in cells exposed to Dox.
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Figure 6. Combined exposure to Dox and CH-GSH NPs or CH-NPs reduced ROS levels. The cells were exposed to Dox for
12 h and then 2 h with CH-GSH NPs. (A) MCF-7 and (B) MDA MB-231 cells. Bars with equal letters indicate no significant
differences between the means (Tukey’s test, p < 0.05).

Cell responses to CH-GSH NPs and CH-NP previously exposed to doxorubicin pro-
moted a significant decrease in ROS generation compared to the amount of ROS in cells
exposed to doxorubicin in both exposed cell lines. There is evidence reported concerning
the CH-NP inducing antioxidant effects due to its ability to provide chelating ligands in the
amino and hydroxyl groups in positions C-3 and C-2 in monomers, and effectively chelate
heavy metals as Fe2+.

It has also been reported that these reactive groups may be responsible for the capture
of some free radicals [26–28].

Notably, ROS levels also decreased in cells treated with doxorubicin and CH-NPs in
MCF-7 cells compared with cells exposed to Dox. These effects may be related to their
antioxidant capacity previously reported to CH-NPs and the cellular effects on inducing
gene expression and biochemical regulation related to the modulation of the intracellular
redox status.

3.7. Doxorubicin Decreases the Activity of Antioxidant Enzymes Induced by CH-GSH NPs but It
Depends on the Cell Type

We quantified the specific activity of catalase. In Figure 7, CH-GSH NPs only modified
MDA MB-231 cells’ activity, while in MCF-7 cells, there is no difference concerning the
untreated cells. However, when cells are exposed to Dox and CH-GSH NPs, the activity is
diminished compared to the Dox-induced. As previously observed, the GSH from NPs
modified ROS levels, decreasing catalase activity for this reason. Catalase is the enzyme
responsible for the degradation of H2O2 to H2O. Thus, it has a protective antioxidant effect
on the cell. The catalase activity in MCF-7 cells did not change after exposing the cells to
CH-GSH NPs (Figure 7A).

In contrast, the catalase activity in MDA MB-231 cells was increased by exposing the
cells to NPs (Figure 7B). This variation in response reflects important metabolic differences
in both cell lines. Despite this, both cell lines presented a marked increase in catalase
activity after the treatment with Dox, inhibited by NPs presence.
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Figure 7. The activity of catalase. The cells were exposed to Dox for 12 h and then 2 h with CH-GSH NPs or CH-NPs.
(A) MCF-7 and (B) MDA MB-231 cells. Bars with equal letters indicate no significant differences between the means (Tukey’s
test, p < 0.05).

The activity of glutathione peroxidase (GPx) (Figure 8) shows that the enzyme activity
only modified MDA MB-231 cells in a concentration of 1.8 × 108. When cells are exposed
to Dox combined with CH-GSH NPs, the activity increases in levels like Dox-induced in
the MCF-7 cells and the activity decreased in the MDA MB-231 cells. The enzyme GPx is
part of the intrinsic antioxidant mechanisms by reducing peroxides with the aid of GSH
as a reducing agent at the cellular level. The basal activity of GPx in MCF-7 cells did
not change after exposing them to CH-GSH NPs (Figure 8A). In contrast, GPx activity in
MDA MB-231 cells was increased after exposing the cells to a concentration of 1.8 × 108

NPs (Figure 8B). Again, this variation in response seems to reflect important metabolic
differences in both cell lines. Both cell lines presented a marked increase in GPx activity
after the treatment with Dox (Figure 8), which was not inhibited by the NPs presence in
MCF-7 cells (Figure 8A). In contrast, the NPs induced a significant decrease in GPx activity
in MDA MB-231 cells after the treatment with Dox (Figure 8B).

Figure 8. The activity of GPx. The cells were exposed to Dox for 12 h and then 2 h with CH-GSH NPs or CH-NPs. (A) MCF-7
and (B) MDA MB-231 cells. Bars with equal letters indicate significant differences between the means (Tukey’s test, p < 0.05).

Glutathione (GSH) functions as a reducing agent during the elimination of peroxides
by being oxidized and converted into disulfide glutathione (GSSG). Later, the enzyme
glutathione reductase (GRx) uses GSSG as a substrate to regenerate GSH [21]. GRx is
induced under oxidative stress. Thus, its activity is also indicative of the antioxidant state
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of a cell. The basal activity of GRx in MCF-7 cells and MDA MB-231 cells did not change
after exposing them to CH-GSH NPs (Figure 9). Both cell lines presented a marked increase
in GRx activity after the treatment with Dox, wholly blocked in the NPs presence. The result
suggested that NPs induced a decrease in the ROS amount in the cell and consequently the
cell did not require the activation of GRx.

Figure 9. The activity of GRx. The cells were exposed to Dox for 12 h and then 2 h with CH-GSH NPs or CH-NPs. (A) MCF-7
and (B) MDA MB-231 cells. Bars with equal letters indicate no significant differences between the means (Tukey’s test,
p < 0.05).

3.8. CH-GSH NPs Induce Apoptosis by Increasing Caspase-3 Activity

In addition to the treatments mentioned, Z-VAD-FMK, an inhibitor of caspase-3
activity, was added to demonstrate that activity is decreased when exposed to doxorubicin.
In Figure 10, exposure to CH-GSH NPs increases caspase-3 activity, more evident in MDA-
MB-231 cells than in MCF-7 cells. When exposure to doxorubicin followed by CH-GSH NPs
occurs, it can be observed that in MCF-7 cells, the activity seems to decrease (Figure 10A).
In contrast, in MDA-MB-231 cells, the activity increases concerning that induction by
doxorubicin (Figure 10B). Wójcik et al., 2015, and Daga et al., 2016, suggested that the
combined exposure of GSH and doxorubicin induced cell-signaling, related to the increase
of apoptosis effects [29,30].

 

Figure 10. The activity of caspase-3. The cells were exposed to Dox for 12 h and then 2 h with CH-GSH NPs or CH-NPs.
(A) MCF-7 and (B) MDA MB-231 cells. Bars with equal letters indicate no significant differences between the means (Tukey’s
test, p < 0.05).
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In this work, the effects associated with apoptosis were not exclusive to the chemother-
apeutic agent and glutathione; some authors report events in which chitosan has an
essential role in apoptosis. In studies carried out on bladder tumor cells, Hasegawa et al.
showed that chitosan could induce apoptosis through the activation of caspase-3. However,
the mechanism of action through which it carries out this activation is unknown [31].
Lee et al., 2011, showed that a derivative of chitosan, diethylaminoethyl chitosan, could
induce apoptosis in Hela cells through the regulation of enzymes (caspase-3, -8, and -9);
p53 and BAX expression. Modifying the expression of BCL2 proteins. This would generate
a disruption of the mitochondrial membrane and an oxidation–reduction imbalance [32].

Wimardhani et al., 2014, reported that the exposure of Ca9-22 cells with chitosan
derivatives induced the appearance of early apoptotic cells, increased caspase-3 activity,
and the arrest of G1/S of the cell cycle, suggesting that chitosan could be used as a natural
anti-cancer agent [33]. Therefore, the caspase-3 activity increase could be due to the
exposure to doxorubicin, GSH of NPs, and chitosan.

3.9. CH-GSH NPs Impair Cell Proliferation by Decreasing Ki67 Levels

Ki67 levels were measured as a molecular marker of cell proliferation. The Ki67
antigen has a specific expression in the M phase of the cell cycle; it is commonly visualized
with the MIB1 antibody [34]. Our data showed that the CH-GSH NPs in both concentrations
significantly decreased the percentage of Ki-67 concerning the NT cells in both cell lines
(Figure 11). It has been reported that GSH levels can regulate the activity of genes associated
with proliferation, differentiation, and apoptosis, and a high level of GSH is essential for
normal cellular functions, signal translation, and protection against certain carcinogens [35].
When cells are exposed to both doxorubicin and CH-GSH NPs, the levels remain like those
obtained with cells exposed only to doxorubicin. The above suggests that NPs could not
affect doxorubicin-induced proliferation but could modify the redox state as observed
when ROS levels were estimated.

Figure 11. Ki67 levels. The cells were exposed to Dox for 12 h and then 2 h with CH-GSH NPs. (A) MCF-7 and (B) MDA
MB-231 cells. Bars with equal letters indicate no significant differences between the means (Tukey’s test, p < 0.05).

Furthermore, there is evidence that the decrease in Ki67 levels is related to some
chitosan derivatives, which modify various cell-signaling pathways directly or indirectly
related to cell proliferation and apoptosis. Chitosan can inhibit pro-inflammatory molecules
such as TNF-α, blocking the activation of NFkB and reducing the expression of genes that
protect and induce cell proliferation [36]. In addition, it can activate the transcription factor
Nrf2 through the PI3/Akt pathway. Rojo de la Vega et al. reported that a decrease in the
expression of Nrf2 promotes the activation of CDk2 and CDk4 inhibitor p21 [37]. Another
study suggests that some cells treated with chitosan derivatives can increase the expression
of TGF-β that activates an intracellular-signaling cascade associated with Smad proteins
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and thus favors the transcription of genes associated with cell cycle inhibition [38]. MCF-7
cells showed increased sensitivity to NPs’ exposure compared to MDA MB-231 cells in the
various tests performed. This finding may be due to its metabolism. It has been reported
that Dox modifies the metabolism of both cell lines by affecting more the metabolic profile
of MDA-MB-231 cells than of MCF-7 cells, showing changes in ketonic bodies, glycolysis,
and energetic and lipid metabolism [16,39]. MDA MB-231 cells have a higher consumption
of glucose and upregulated redox pathways than MCF-7 [40].

Conversely, the observed effect may be due to, as some authors mentioned, the
fact that combined exposure of NPs with various agents enhances cell sensibilization.
Zalbielca et al., 2017, and Willmann et al., 2015, showed that combined exposure of NPs
of Dox/GSH has higher cytotoxic effects than free Dox in feline fibrosarcoma cell lines.
In a study in MCF-7 cells with metallic NPs and radiation, there was a higher effect
on the combination exposure, wherein NPs act as nano-sensitizers [6,41]. Uma et al.,
2016, suggested that gold NPs act as sensitizing agents in MDA-MB-231 and MCF-7 cells,
modifying cell-cycle effects, viability, and DNA damage [42]. Alvandifar et al. used
a combined exposition of PLGA and verapamil NPs to improve this chemotherapeutic
effectiveness and decrease the dose to have a higher effect [43]. These results suggest that
the combined exposure of nanoparticles and doxorubicin may decrease the resistance of
MDA MB-231 cells to these types of drugs.

4. Conclusions

The results obtained in this research suggest that CH-GSH NPs modify Ki67 levels and
alter the apoptosis by increasing caspase-3 activity and the cellular redox state, reducing the
oxidative stress generated by doxorubicin exposure. It has been documented that GSH may
play a dual role in tumor progression or cancer cell death concerning cancer. The above
is probably due to the fine biochemical regulation in its synthesis and the relationship of
its oxidation–reduction modulating effects, as well as other enzymatic and non-enzymatic
mechanisms. The effects of doxorubicin are variable and include the ability to induce
resistance to chemotherapy; modify the initiation and progression of cancer; activate cell-
signaling pathways related to stressful microenvironments; promote apoptosis in tumor
cells; and have the radio-sensitization be induced by this antioxidant. We observed higher
sensitivity of MCF-7 cells to CH-GSH NPs than MDA MB-231 cells; this may be due to
each cells’ genotypic characteristics.

As a GSH delivery entity, CH-NPs attract attention. The results of this work show their
capacity to diffuse quickly into cells and exert significant effects to modulate the oxidative
stress induced by doxorubicin in breast cancer cells. Considering this, CH-GSH NPs must
be studied as a potential designed delivery system that offers a new biomaterial with
biomedical opportunities to study the molecular, biochemical, and biological mechanisms
related to the cellular redox status. This information will be useful to design better therapies
based on antioxidant nanoparticles.
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Abstract: Gastric cancer (GC) is a fatal malignant tumor, and effective therapies to attenuate its
progression are lacking. Nanoparticle (NP)-based solutions may enable the design of novel treatments
to eliminate GC. Refined, receptor-targetable NPs can selectively target cancer cells and improve the
cellular uptake of drugs. To overcome the current limitations and enhance the therapeutic effects,
epigallocatechin-3-gallate (EGCG) and low-concentration doxorubicin (DX) were encapsulated in
fucoidan and D-alpha-tocopherylpoly (ethylene glycol) succinate-conjugated hyaluronic acid-based
NPs for targeting P-selectin-and cluster of differentiation (CD)44-expressing gastric tumors. The
EGCG/DX-loaded NPs bound to GC cells and released bioactive combination drugs, demonstrating
better anti-cancer effects than the EGCG/DX combination solution. In vivo assays in an orthotopic
gastric tumor mouse model showed that the EGCG/DX-loaded NPs significantly increased the
activity of gastric tumors without inducing organ injury. Overall, our EGCG/DX-NP system exerted
a beneficial effect on GC treatment and may facilitate the development of nanomedicine-based
combination chemotherapy against GC in the future.

Keywords: gastric cancer; nanoparticle; fucoidan; D-alpha-tocopherylpoly (ethylene glycol) succinate;
combination chemotherapy

1. Introduction

The stomach is located in the upper abdomen between the esophagus and small
intestine. Its primary function is to store and partially digest food after ingestion [1,2].
Abnormal growth and multiplication of gastric cells can lead to gastric cancer (GC). Most
GCs are adenocarcinomas that arise from the mucosal tissue lining inside the stomach.
Abnormal cells may penetrate deeper into the stomach wall or spread to nearby organs or
tissues [3]. Cell adhesion molecules are the major elements of the metastasis process [4].
In particular, P-selectin is an adhesion molecule that mediates the interaction of platelets
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and endothelial cells with monocytes, neutrophils, and tumor cells [5]. P-selectin also
binds to several human cancers, such as GC, colon cancer, and breast cancer [6,7]. Cluster
of differentiation (CD)44-positive GC cells show self-renewal properties and the ability
to produce differentiated offspring, consistent with the cancer stem cell phenotype [8].
CD44-positive GC cells are reported to contribute to increased resistance to radiation- or
chemotherapy-induced cancer cell death [9].

Cancer nanotechnology is being vigorously developed for applications in cancer
imaging, molecular diagnosis, and targeted therapy [10–12]. Compared with their single-
or dual-ligand-targeting nanoparticle (NP) counterparts, non-targeted NPs significantly
increase metastasis deposition. Multiligand NPs are obtained by modulating the surfaces of
NPs with more than one type of targeting ligand. These facilitate high-precision targeting
of different metastatic subpopulations that express different targetable receptors otherwise
missed by single-ligand NPs [13,14]. Fucoidan (FD) is the active ingredient of seaweed
that induces cell apoptosis, inhibits the proliferation of cancer cells, and is reported to
have a strong affinity for P-selectin, which interacts with sulfated oligosaccharides [15–17].
Hyaluronic acid (HA) is a natural linear polysaccharide, composed of repeating disaccha-
ride units of β(1,3)-N-acetylglucosamine (GlcNAc) and β(1,4)-glucuronic acid (GlcUA),
which forms van der Waals bonds and hydrogen bonds with migrating cells via the CD44
ligand receptors [18,19]. D-alpha-tocopheryl poly(ethylene glycol) (PEG) succinate (TPGS)
is a water-soluble derivative of natural vitamin E and prevents P-glycoprotein (P-gp)
adenosine triphosphatase (ATPase) from hydrolyzing ATP by blocking the ATP-binding
sites, thus inhibiting ATPase activity [20]. Herein, we prepared a TPGS-conjugated HA
(TH) copolymer that can simultaneously interact with membrane-bound CD44 and reduce
P-gp expression in GC cells.

Doxorubicin (DX), an anthracycline antibiotic, is currently the most effective chemother-
apeutic drug used to treat GC, ovarian cancer, and breast cancer. DX acts as a DNA interca-
lator and topoisomerase II inhibitor. However, it exhibits strong cardiotoxicity [19,21]. The
standard dose of 20 mg/m2 is widely used for GC, but an overall response to DX monother-
apy is observed in only 17% of GC patients [22–24]. Epigallocatechin-3-gallate (EGCG),
a bioactive polyphenol compound in green tea, has antioxidant and anti-inflammatory
properties and can be utilized in disease management [25]. EGCG can sensitize the efficacy
of DX, enhancing its therapeutic effect in hepatocellular or prostate cancer [26,27]. Combi-
nation chemotherapy is a promising method for improving cancer treatment. However,
clinical combination therapy is limited by the unique pharmacokinetics of the combined
drugs, resulting in uneven drug distribution [28,29]. We established tumor-targeting NPs,
combining FD binding to P-selectin-expressing tumors and TH targeting CD44-expressing
tumors to reduce P-gp expression. Gelatin is a natural polymer containing residues of
glycine, proline, hydroxyproline, and alanine, which are common amino acids. Gelatin-
polyphenol interactions primarily occur through hydrogen bonds between hydrophobic
amino acids (mainly proline residues) and the phenol ring of polyphenols [30,31]. Thus,
in this study, we used PEG-gelatin (PG) to load the anticancer agents EGCG and DX to
enhance their loading efficiency and sustained release, thereby attempting to maximize
their combined therapeutic effect and minimize systemic toxicity (Figure 1a).
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Figure 1. (a) NPs were prepared by adding EGCG/DX solution into FD/TH/PG solution under gentle stirring at 37 ◦C;
the schematic representation of the strategy for using EGCG/DX-loaded FD/TH/PG NPs on carcinoma cells is shown;
(b) Particle size distributions and zeta potential values of EGCG/DX-loaded FD/TH/PG NPs made with different DX
concentrations; (c) Fourier transform infrared analyses of FD, TH, PG, EGCG, DX, and FD/TH/PG/EGCG/DX NPs.

2. Materials and Methods

2.1. Preparation and Characterization of EGCG/DX-Loaded FD/TH/PG NPs

TH and PG were synthesized according to the protocols suggested by Chen et al. [32].
For TH copolymer preparation, 0.2 mmol dicyclohexylcarbodiimide and 0.2 mmol
4-dimethylaminopyridine were dissolved in 5.0 mL of acetonitrile and added to an aque-
ous HA solution in deionized (DI) water (20.0 mg/mL in 10.0 mL). The solution was then
stirred for 1.0 h to activate the carboxylic groups of HA. Subsequently, 0.1 g of TPGS was
dissolved in 2.0 mL of DI water, then slowly added to the above mixed solution and stirred
for 24.0 h under a nitrogen atmosphere. The PG copolymer was prepared by dissolving the
2.0 g of gelatin into 20.0 mL of dimethyl sulfoxide (DMSO). The resultant mixture was ser-
viced as solvent for 0.6 g of methoxypolyethylene glycol succinimidyl ester (mPEG-NHS),
and then stirred for 4 h. The unconjugated reagents were removed by dialyzing in 5.0 L
of DI water, which was replaced five times per day. After the resultant TH and PG were
lyophilized in a freeze dryer, Fourier transform infrared (FTIR) spectroscopy was used to
detect the presence of purified compound in the sample.

NPs composed of the FD-TH complex with PG containing encapsulated EGCG and
DX were prepared as follows. First, the EGCG-loaded FD/TH/PG NPs were formu-
lated by optimizing the relative concentration of FD:TH. A series of FD:TH aqueous
solutions (0.00:0.00, 1.20:1.20, 2.40:2.40 and 3.60:3.60 mg/mL in 0.50 mL) were added
to aqueous PG solution (15.00 mg/mL in 0.50 mL) and then slowly shaken for 0.5 h at
37 °C. Next, EGCG aqueous solution (5.00 mg/mL in 1.00 mL) was added to 1.0 mL
of aqueous FD/TH/PG solutions. The reaction mixture was stirred for 30 min. Then,
NPs with different FD:TH:PG:EGCG compositions (0.00:0.00:3.75:2.50, 0.30:0.30:3.75:2.50,
0.60:0.60:3.75:2.50, and 0.90:0.90:3.75:2.50 mg/mL) were completed. After encapsulat-
ing DX in these NPs, DX was dissolved in DI water (0.00, 0.10, 0.20, and 0.40 mg/mL
in 0.50 mL) and then poured into the EGCG aqueous solution (10.00 mg/mL in 0.50 mL) to
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form EGCG/DX aqueous solutions (5.00:0.00, 5.00:0.05, 5.00:0.10, and 5.00:0.20 mg/mL in
1.00 mL). The mixture of EGCG/DX solutions (1.00 mL) and FD/TH/PG solution in DI
water (1.00 mL) was stirred at 37 °C for 30 min. When the centrifugation was completed,
the particle size distributions and zeta potentials of the obtained NPs were analyzed by
a Zetasizer Nano apparatus (Malvern Instruments Ltd., Worcestershire, England, UK).
The residual EGCG or DX content in the supernatant was assessed. The drug-loading
efficiency of the NPs was determined using a reversed-phase high-performance liquid
chromatography (HPLC) equipped with a C18 column and UV detector (230 nm).

2.2. Assessing pH Sensitivity and Evaluating Drug Release Profiles in EGCG/DX-Loaded
FD/TH/PG NPs

The size distributions and morphological changes of NPs at pH 7.4, 6.5, and 5.0 were
assessed using a Zetasizer instrument and transmission electron microscopy (TEM, JEOL
Ltd., Tokyo, Japan) to evaluate the stability of the NPs. Buffers with pH 7.4, 6.5, and 5.0
were used to simulate the circulatory system, tumor tissue, and endosomal compartment
environment, respectively [33]. The pH sensitivity of NPs was determined by using an
HPLC system to measure the release of EGCG and DX under different pH environments.
Briefly, 2.0 mg/mL of NP solution was immersed in a dialysis bag and dialyzed against
different pH values of 5.0 (10.0 mM acetic acid/sodium acetate), 6.5, and 7.4 (10.0 mM
phosphate-buffered saline (PBS)), respectively. The released solution was sampled at
specific time intervals and replaced with an equal volume of fresh buffer. The amount of
drug release under different pH environments was evaluated with a standard calibration
curve and the experiment was repeated five times under each condition.

2.3. GC Cell Culture and the Anticancer Function

Stable luciferase-expressing human GC cells (Luc MKN45) were supplied by the
Japanese Collection of Research Bioresources Cell Bank (JCRB No. JCRB1379). Luc MKN45
cells can be easily detected in animals using an in vivo imaging system (IVIS, PerkinElmer
lnc., Waltham, MA, USA). The culture was started in a Petri dish at a seeding density of
3 × 105 viable cells/mL in Roswell Park Memorial Institute (RPMI) 1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 4 μg/mL of puromycin to maintain
luciferase expression in a humidified atmosphere of 5% CO2/95% air at 37 °C. The cells
were harvested for subculture every three days with 0.25% trypsin plus 0.05% ethylene-
diaminetetraacetic acid (EDTA) solution and used for the cytotoxicity experiments. In
the cell cytotoxicity experiment, Luc MKN45 cells were seeded in 96-well plates at a
cell density of 1.0 × 104 cells/well. After overnight incubation, the growth medium
was replaced by PBS with 5% FBS containing distinct concentrations of EGCG solution
(0–450 mg/L), DX solution (0–9 mg/L), EGCG/DX solution, or EGCG/DX-loaded NPs
(EGCG concentration 0–450 mg/L; DX concentration 0–9 mg/L) for 2.0 h. The examined
samples were extracted, and the cells were washed with PBS twice. After culturing in the
growth medium for another 22.0 h, cells were incubated in growth medium with 1 mg/mL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to evaluate the
cell viability. The additive effect of the EGCG/DX combination on cancer cell viability
was determined according to the Chou–Talalay method. The combination index (CI) was
calculated using the following equation:

CI = DE/DxE + DD/DxD, (1)

where DE and DD are the concentrations of EGCG and DX, respectively, used to achieve
x% drug effect in the combined therapy. DxE and DxD are the concentrations of EGCG and
DX, respectively, used alone to achieve x% drug effect. A CI value lower than 1.0 indicates
a synergistic effect, a value equal to 1.0, an additive effect, and a value higher than 1.0,
an antagonistic effect of the combined drug action [34–36]. The association between drug
concentration and inhibitory concentration (IC) for cell viability reduction was calculated
and an isobologram and a combination index (CI)—fraction affected (Fa) plot were created.
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2.4. In Vitro Drug Cellular Uptake and Cell Distribution of NPs

Luc MKN45 cells carrying fluorescent-dye-conjugated EGCG and DX in NPs were
assessed by flow cytometry for the quantification analysis of cellular uptake ratio of EGCG
and DX. The cellular uptakes of DX and EGCG were determined by detecting the fluo-
rescence of DX itself (EX470/EM585) and cyanine5 hydrazide (Cy5)-conjugated EGCG
(Cy5-EGCG), respectively. The synthesis of fluorescent Cy5-EGCG was prepared by pour-
ing Cy5 solution (1.0 mg/0.1 mL in DMSO) into EGCG aqueous solution (0.2 g/20.0 mL).
After continuous stirring for 12.0 h, the fluorescence sample was freeze-dried. The 20.0 mL
of DI water was added to the lyophilized Cy5-EGCG sample to precipitate and remove
unreacted fluorescent dye. The suspension was centrifuged for several times for separat-
ing the precipitated Cy5 dye until no more fluorescent dye precipitation. The prepared
Cy5-EGCG solutions were lyophilized with a freeze dryer. Fluorescent Cy5-EGCG/DX-
loaded FD/TH/PG NPs were prepared as described before. In brief, Luc MKN45 cells
were treated with Cy5-EGCG/DX solution and Cy5-EGCG/DX-loaded NPs for 2.0 h. The
medium was washed with PBS and suspended and collected in 0.5 mL of PBS. A Becton
Dickinson FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) was
used to assess the Cy5-EGCG and DX content in 1.0 × 104 cells, and the Cell Quest software
WinMDI (Verity Software House, Inc., Topsham, ME, USA) was used for analysis.

The cellular distribution of fluorescent NPs was further observed by confocal laser
scanning microscopy (CLSM, Zeiss LSM 880, Jena, Germany). Fluorescent rhodamine
6G-conjugated EGCG (Rh6G-EGCG) was prepared by the procedure of Cy5-EGCG. In addi-
tion, fluorescent polymer Cy5 hydrazide-labeled FD (Cy5-FD), Alexa594 hydrazide-labeled
TH (Alexa594-TH), and Atto425 N-hydroxysuccinimide ester-labeled PG (Atto425-PG) were
synthesized. These fluorescent solutions (Cy5, Alexa594, and Atto425; 1.0 mg/0.1 mL in
DMSO) were gently poured into aqueous FD solutions, TH and PG (0.2 g/20.0 mL) in DI
water, respectively. The reaction mixtures were stirred for 12.0 h and dialyzed against DI
water in the dark for detaching the unconjugated fluorescent dye. The residue of Cy5-FD,
Alexa594-TH, and Atto425-PG solutions were lyophilized in a freeze dryer to prepare distinct
fluorescence samples. In brief, Luc MKN45 cells at a density of 3 × 105 cells/cm2 were seeded
on glass coverslips. After preculture for 24.0 h and incubation of fluorescent Rh6G-EGCG/DX
solutions and Rh6G-EGCG/DX-loaded Cy5-FD/Alexa594-TH/Atto425-PG NPs for 2.0 h, the
medium was washed with PBS. The cells were fixed with 3.7% paraformaldehyde (PFA), and
the nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) and observed by CLSM.

2.5. Evaluation of NP Binding to P-Selectin and CD44s

To determine the capability of FD and TH in NPs in terms of the binding speci-
ficity of P-selectin and CD44, human recombinant P-selectin or CD44 (0.5 μg/50 μL) was
added to high-hydrophobicity 96-well ELISA plates and incubated overnight at 4 ◦C. Af-
ter being washed with PBS, the wells were blocked with 0.1 mL bovine serum albumin
(BSA) for 1.0 h. After washing with PBS again, the wells were incubated with different
concentrations of fluorescent Rh6G-FD/fluoresceinamine (FA)-TH/PG solution or Rh6G-
FD/FA-TH/PG/EGCG NPs for 30 min and gently washed thrice with PBS. Fluorescence
images were taken with an EnSpire™ (PerkinElmer lnc., Waltham, MA, USA) Multilabel
Plate Reader by averaging 16 reads per well (excitation 525 nm/emission 548 nm for Rh6G-
FD; excitation 480 nm/emission 520 nm for FA–TH). Test fluorescent sample solutions
(400 μg/mL) and anti-P-selectin or anti-CD44 antibody (2.0 μg/mL) were added to the
wells of the previously coated P-selectin or CD44 for the comparisons of binding specificity.
The total volume of the resultant mixture in each well was 50 μL. After incubating for 0.5 h,
fluorescence measurements were executed. The effect of the prepared NPs on cell surface
protein expression was evaluated by culturing 3 mL of Luc MKN45 cells at a density of
3 × 105/mL on glass coverslips for 24.0 h at 37 °C.

The fluorescent Rh6G-FD/FA-TH/PG/EGCG NPs were treated to the cells for 2.0 h.
Then, NPs were fixed in 1.0% PFA and stained for P-selectin or CD44 for immunofluores-
cence experiments. The fixed cells were blocked in PBS with 1.0% BSA and Tween 20 for
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1 h, and a mixture solution of primary antibodies (rabbit anti-P-selectin antibody or mouse
anti-CD44 antibody) was used for treatment overnight at 4 °C. After washing with PBS,
the incubation of cells in a mixture of anti-rabbit Cy5® secondary antibody or anti-mouse
Alexa Fluor® 594 secondary antibody was performed for 1.0 h in the dark. Subsequently,
the cells were uniformly mounted on slides and examined using CLSM.

2.6. Flow Cytometric Analysis of Cell Cycle and Western Blotting Investigation of
Apoptosis-Related Proteins

The incubation of Luc MKN45 cells in the tested EGCG/DX-loaded NPs (EGCG
concentration 0–200 mg/L; DX concentration 0–4 mg/L) for 2.0 h was used to evaluate
the efficiency of EGCG/DX-loaded NPs on the cell cycle. Then, the cells were washed
with PBS and incubated in cell cultured medium for 22.0 h. The cells were again washed
with ice-cold PBS and fixed in ice-cold 70% ethanol. After the cells were washed with PBS
for the third time, hypotonic buffer was utilized for suspending cells. Subsequently, cells
were incubated for 1.0 h at 37 ◦C. The propidium iodide (PI; 1.00 mg/mL, 0.01 mL) was
applied to the buffer, and the cells were again incubated for 0.5 h at 4 ◦C in the dark. The
stages of the cell cycle were evaluated by PI and a Becton Dickinson FACSCalibur flow
cytometer. After treating Luc MKN45 cells with EGCG/DX-loaded NPs with different drug
concentrations, Western blotting analysis was utilized to assess the expression of apoptotic
proteins. Cell lysis was performed by using freeze-thaw cycles, and the cell lysates were
centrifuged at 6000× g at 4 ◦C. Cell protein lysates were separated into the same amounts
with electrophoresis using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
the isolated proteins were resettled to polyvinylidene difluoride (PVDF) membranes. The
PVDF membranes were put in 5% (w/v) nonfat dry milk buffer for 1.0 h and then probed
with the following primary antibodies at 4 ◦C overnight: rabbit polyclonal anti-caspase-9
and anti-poly(ADP-ribose) polymerase (PARP), mouse monoclonal anti-caspase-3, and
anti-α-tubulin. Finally, the PVDF membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1.0 h, and the immune complexes were evaluated
using enhanced chemiluminescence.

2.7. Estimation of Anti-Tumor Activity of Bioluminescent Imaging and IVIS Spectrum Detection
on Nanoparticles in Tumors

Animal use and care in this study complied with the 1996 revision of the Guide
for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory
Animal Resources, National Research Council and published by the National Academy
Press. Male six-week-old mice with severe combined immunodeficiency (SCID) and
weighing 25 g, purchased from the National Laboratory Animal Center, were placed
in the Laboratory Animal Center at Yang Ming Chiao Tung University, Taiwan. The
animal care guidelines and all experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC 1070307). The mice were kept under standard
conditions (lights on from 6 AM to 6 PM) and allowed to adapt to local conditions for one
week. To establish an orthotopic gastric tumor mouse model, the Luc MKN45 cells were
inoculated via the orthotopic implantation method. In brief, after sterilizing the shaved
abdominal skin, an incision was made to expose the stomach and the injection of Luc
MKN45 cells (1 × 107/100 μL) mixed in matrix gel (Becton Dickinson, Franklin Lakes, NJ,
USA) suspension into the gastric wall was performed sub-serosally. Once the stomach was
returned to the peritoneal cavity, the abdominal wall and skin were sutured closed.

After the stable detection of an orthotopic gastric tumor was achieved, drug treatment
was initialized. The tumor growth was monitored using IVIS spectrum detection by cap-
turing bioluminescence signals from Luc MKN45 cells. The mice were divided into three
groups randomly with six mice each, with the injection of FD/TH/PG solution (control
group), 20.0 mg/kg of EGCG/0.4 mg/kg DX in EGCG/DX solution, or EGCG/DX-loaded
FD/TH/PG NPs via tail vein, respectively. Luciferin was injected intraperitoneally into
the mice and waited for 10 min for bioluminescence expression and images were taken
by IVIS. The quantification of the bioluminescence signals was used to monitor the tumor
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growth. The animals were sacrificed after the final observation and organs were taken
for histological examination by hematoxylin and eosin (H&E) or immunohistochemical
(IHC) staining. The efficiency of EGCG/DX-loaded NPs on tumor status was assessed by
IHC staining of M30 (apoptosis marker) and Ki-67 (proliferation marker). After dewaxing
the paraffin, the tissue sections were immersed in a series of concentrations of ethanol
and xylene for rehydration. The sections were stained with primary antibodies of M30
CytoDeath (Peviva, Bromma, Stockholm, Sweden) and Ki67 (Thermo Fisher Scientific,
Grand Island, NY, USA) after blocking with BSA. Then, secondary peroxidase antibodies
were used for the probe. Finally, the distribution expression of M30 and Ki67 and tissue
inflammation at different magnifications were observed under a light microscope. Mean-
while, in the in vivo NP distribution study, fluorescent-labeled Rh6G-EGCG/DX-loaded
Cy5-FD/Alexa594-TH/VioTag750-PG NPs were injected via tail vein to evaluate their
distribution during the treatment. After euthanizing the mice at 24 h, fluorescence images
of organs and tissues were obtained in the IVIS. Moreover, the mice also received fluo-
rescent Rh6G-FD/FA-TH/PG/EGCG NPs via 24.0 h intravenous injection. Subsequently,
the gastric tumor slides were assessed using immunofluorescence staining with rabbit
anti-P-selectin antibody or mouse anti-CD44 primary antibodies, probed with secondary
antibodies (anti-rabbit Cy5® or anti-mouse Alexa Fluor® 594), then examined using CLSM.

2.8. Statistical Analysis

One-way analysis of variance was used to analyze differences in the measured charac-
teristics of the treatment groups. The confidence intervals were determined using Statistical
Analysis System, version 6.08 (SAS Institute, Cary, NC, USA). The mean ± standard devia-
tion (SD) was used to represent all data and p < 0.05 was considered statistically significant.

3. Results

3.1. Preparation and Characterization of EGCG/DX-Loaded FD/TH/PG NPs

To create NPs that can be combined with EGCG and DX, first, the optimal material
FD:TH ratio should be determined when preparing EGCG-loaded NPs and then the concen-
tration of DX should be adjusted to create EGCG/DX-loaded NPs. As shown in Table 1, as
the amount of FD/TH incorporated in FD/TH/PG/EGCG NPs increased, the mean parti-
cle size of the NPs was 214.68 ± 18.78 to 741.79 ± 198.79 nm and their polydispersity index
(PDI) was 0.25 ± 0.08 to 0.95 ± 0.26. When the FD:TH:PG ratio was 0.60:0.60:3.75 mg/mL,
the NPs formed a dissoluble opalescent suspension after centrifugation. The particle size
was 224.68 ± 18.78 nm and the zeta potential −26.14 ± 1.75 mV, with a significantly nar-
row distribution (0.25 ± 0.08) (Table 1). However, when the FD:TH:PG ratio increased to
0.90:0.90:3.75 mg/mL, the average particle size of the NPs increased, as did their PDI (to 0.4),
indicating high heterogeneity. To further load DX into NPs, NPs containing different concen-
trations of EGCG and DX were prepared using a gelation technique in which the EGCG/DX
solution was added to the FD/TH/PG aqueous solution. The HPLC analysis method
showed that, at an EGCG:DX ratio of 2.50:0.05 mg/mL, the loading efficiency of EGCG
and DX in the NPs was 59.07% ± 7.06% and 63.46% ± 4.59%, respectively. The subsequent
experiment required a narrower distribution (PDI = 0.21 ± 0.05) (Table 2 and Figure 1b).
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Table 1. Effect of different FD/TH proportions on particle sizes, polydispersity indices, zeta potential values, and drug
loading efficiency of the prepared EGCG-loaded FD/TH/PG NPs (n = 5). � Precipitation of aggregates after centrifugation
was observed.

PG at 3.75 mg/mL; EGCG at 2.50 mg/mL

FD:TH
(mg/mL)

Mean Particle Size
(nm)

Polydispersity
Indices

Zeta Potential
Value (mV)

Loading
Efficiency (%)

0.00:0.00 � � � �
0.30:0.30 741.79 ± 198.79 0.95 ± 0.26 −17.72 ± 5.67 59.86 ± 9.87
0.60:0.60 214.68 ± 18.78 0.25 ± 0.08 −26.14 ± 1.75 63.48 ± 7.39
0.90:0.90 315.27 ± 47.84 0.41 ± 0.13 −29.76 ± 4.65 69.87 ± 3.14

Table 2. Effect of varying DX concentration on EGCG/DX-loaded FD/THA/PG particle sizes, polydispersity indices, zeta
potential values, and drug loading efficiency (n = 5).

FD at 0.60 mg/mL; TH at 0.60 mg/mL; PG at 3.75 mg/mL

EGCG:DX
(mg/mL)

Mean Particle
Size (nm)

Polydispersity
Indices

Zeta Potential
Value (mV)

Loading Efficiency (%)

EGCG DX

2.500:0.000 214.68 ± 18.78 0.25 ± 0.08 −26.14 ± 1.75 63.48 ± 7.39 ND
2.500:0.025 205.43 ± 11.95 0.28 ± 0.06 −25.84 ±3.23 61.74 ± 3.49 59.43 ± 9.34
2.500:0.050 221.26 ± 13.26 0.21 ± 0.05 −23.30 ± 2.13 59.07 ± 7.06 63.46 ± 4.59
2.500:0.100 254.84 ± 18.75 0.38 ± 0.10 −22.87 ± 3.58 57.39 ± 8.74 67.78 ± 9.62

In FTIR investigates of EGCG/DX-loaded FD/TH/PG NPs, the representative peaks
at 1235 and 1427 cm−1 ascribed to FD were dispensed to sulfate esters (O=S=O) and CH2
(galactose, xylose) scissoring vibrations or CH3 (fucose, O-acetyls) asymmetric bending
vibrations. The synthesized TH copolymer was analyzed with FTIR and showed repre-
sentative peaks at 1363 and 2880 cm−1, conforming to the −CH2 group on PEG and the
–CH stretching band of TPGS, and peaks at 1413 and 1626 cm−1, reflecting the contribution
of C–O stretches symmetrically and C=O stretches asymmetrically, corresponding to the
carboxyl group on HA. In the PEG-conjugated gelatin (PG) spectrum, characteristic peaks
at 839 and 1545 cm−1 were observed, corresponding to bending C–C and –NH stretching
vibrations on PEG and gelatin. Finally, EGCG/DX-loaded FD/TH/PG complex spectra
showed characteristic peaks at 1090 and 1208 cm−1, corresponding to the C–OH defor-
mation of EGCG and DX, respectively. Moreover, the NH bending peak on PG shifted
from 1545 cm−1 to 1540 cm−1; the S=O or C=O stretching peaks on FD or TH shifted
from 1235 cm−1 or 1626 cm−1 to 1231 cm−1 or 1631 cm−1, respectively. This indicates
that the H atoms of EGCG or DX interacted via hydrogen bonds with the N atoms of PG
(C−OH···N−C) or the O atoms of FD or TH (C−OH···O=S or O=C) (Figure 1c).

3.2. Characterization of the Morphology and Drug Release Profile of EGCG/DX-Loaded
FD/TH/PG NPs

We evaluated the pH sensitivity of the NPs and the distinct drug release profile of
EGCG/DX-loaded NPs using TEM and HPLC, respectively (Figure 2). At pH 7.4 and 6.5
(simulating the physiological fluids and tumor tissues), the NPs shown as stable spheres
with a matrix structure with particle sizes of 200–230 nm, because EGCG and DX form
hydrogen bonds with PG or TH. The drug release percentage from NPs over 3.0 h incu-
bation was 6.21% ± 0.87% (EGCG) and 9.54% ± 0.15% (DX) at pH 7.4 and 7.94% ± 0.69%
(EGCG) and 9.87% ± 1.35% (DX) at pH 6.5. At pH 5.0 (simulating an acidic environment
in endosomal of cancer cells), some of the –COO– groups were moderately protonated
in TH, affecting the negative electrostatic repulsion of NPs, which become unstable and
partially collapse but with increased particle size (418.31 ± 69.75 nm) (Figure 2a). Un-
der those conditions, the EGCG release was 24.58% ± 1.64% and the DX release was
28.17% ± 3.68% within 3.0 h. In addition, the hydrogen bonding between the N or O atom
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in PG or TH, and the H atom in the hydroxyl group of EGCG or DX caused slower drug
release from EGCG/DX-loaded NPs, reaching 59.74% ± 3.31% and 75.74% ± 2.08% for
EGCG and DX, respectively, over 24.0 h (Figure 2b).

 

Figure 2. (a) Transmission electron micrographs of nanoparticles in buffer solution with different pH values; (b) The release
profile of EGCG and DX in varying pH environments at 37 °C. Data is expressed as mean ± SD (n = 5).

3.3. Effects of FD/TH Solutions and EGCG/DX-Loaded FD/TH/PG Nanoparticles on Binding of
P-Selectin and CD44

To study the targeting of P-selectin and CD44 by Rh6G-FD/FA-TH/PG solution
or Rh6G-FD/FA-TH/PG/EGCG NPs with different FD or TH molecule concentrations
(100, 200 and 400 μg/mL), their fluorescence intensity was quantified by spectrofluorome-

try. The evident fluorescence intensities at Rh6G-FD or FA-TH concentrations of 100 μg/mL
to 400 μg/mL were 207.19 ± 24.09 to 659.21 ± 85.31 or 173.39 ± 35.19 to 480.11 ± 51.26 (only
FD/TH/PG solutions), respectively and 373.91 ± 59.08 to 911.21 ± 52.61 or 231.39 ± 40.09
to 662.31 ± 60.76 (EGCG/DX-loaded FD/TH/PG NPs), respectively. Additionally, Rh6G-
FD or FA-TH fluorescence analysis indicated that the contact degree of EGCG/DX-loaded
NPs with P-selectin or CD44 was greater than that of FD/TH/PG solutions. The addition
of P-selectin or CD44 reduced the adhesion of targeting proteins to FD or TH by approxi-
mately 50% due to blockage by the competing anti-targeting P-selectin or CD44 protein
antibodies (Figure 3a). Therefore, we evaluated the benefits of the relative composition of
FD and TH in P-selectin- and CD44-targeted NPs. The prepared NPs interact with protein
expression on GC cell surface was observed by CLSM. After 2.0 h of incubation with
fluorescent Rh6G-FD/FA-HA/PG/EGCG NPs, fluorescence signals (Rh6G-FD (red dot)
and FA-TH (orange dot)) of the NPs were observed in the cell cytoplasm and intercellular
spaces, and then the NPs could exhibit co-localize and interact with P-selectin (purple dots)
and CD44 (green dots) in gastric cancer cells (blue or red arrows indicate superimposed
red/purple or orange/green dots) (Figure 3b).
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Figure 3. (a) Binding assays of fluorescence Rh6G-FD and FA-TH to immobilized recombinant P-selectin and CD44 protein.
Data is expressed as mean ± SD (n = 4). Asterisk symbols * and ** represent statistically significant differences with p value
< 0.05 and < 0.01, respectively; (b) Immunofluorescence staining of P-selectin and CD44 proteins in MKN45 cancer cells
incubated with Rh6G-FD/FA-TH/PG/EGCG NPs.

3.4. Evaluating the Anticancer Effect of EGCG/DX-Loaded FD/TH/PG NPs and the Combination
Index Determination

To evaluate the potential inhibitory effect of EGCG or DX alone and the synergy of
the EGCG/DX solution, the effects of EGCG/DX-loaded NP treatment on GC cell viability
was analyzed. Both EGCG and DX significantly affected cell growth at high concentrations
of 450 and 9 mg/L, respectively, and the cell viability decreased to 50.59% ± 3.46% and
50.81% ± 5.11%, respectively (Figure 4). We also compared the efficacy of EGCG/DX
solution and EGCG/DX-loaded NP on inhibiting GC growth. The cell survival after
EGCG/DX-loaded NP treatment was obviously lower than that after EGCG/DX solution
treatment. The anti-cancer activity of EGCG/DX-loaded FD/TH/PG NPs (EGCG concen-
tration, 150–450 mg/L; DX concentration, 3–9 mg/L) on Luc MKN45 cells was significantly
higher than that of the EGCG/DX combined solution (p < 0.05; Figure 4c). The therapeutic
IC50 of EGCG/DX-loaded NPs was 200/4 mg/L, which was half that of the EGCG/DX
combined solution (400/8 mg/L).

In addition, the CI-Fa plot and isobologram are described in Figure 4d. EGCG/DX
combination treatment had a slightly synergistic effect on the cell viability, with CI of IC10
and IC20 being 0.86 and 0.94, respectively. EGCG/DX-loaded NP treatment showed a better
synergistic antiproliferation effect, with CIs of IC10, IC20 IC30, IC40, and IC50 being 0.56,
0.48, 0.70, 0.80, and 0.89, respectively, compared with EGCG/DX combination solution.
This result showed that GCG/DX-loaded FD/TH/PG NP targeting cancer therapy has
better benefits than EGCG/DX combined drug therapy.
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Figure 4. The effects of EGCG, DX, EGCG/DX combination solution, and EGCG/DX-loaded NPs on Luc MKN45 cell
viability: (a) A 2.0 h dose response treatment with EGCG; (b) A 2.0 h dose response treatment with DX; (c) A 2.0 h dose
response treatment with EGCG/DX solution and EGCG/DX-loaded NPs; cell viability was assessed at 24.0 h for a–c;
data are expressed as mean ± SD (n = 8). Asterisk * represents statistically significant difference with p value < 0.05.
(d) Combination index–fraction affected (CI-Fa) plot; CI < 1.0 indicates synergistic effects, CI = 1.0 indicates additive
effects and CI > 1.0 indicates antagonistic effects of the combined drug action. Dots below the slanted line indicate
synergistic effects.

3.5. Internalization of EGCG and DX and Cellular Uptake of Complexes Contained within
Fluorescent Nanoparticles

To confirm the cellular uptake ability, fluorescence-activated cell sorting analysis was
made after the cells were treated with both the drug combination and NPs containing
Cy5-EGCG and DX. Flow cytometry examination was performed with Luc MKN45 cells
after treatment with FD/TH/PG NPs loaded with EGCG/DX. The cellular uptake and fluo-
rescence intensity of Cy5-EGCG were 86.53% ± 3.25% and 27,639.98 ± 254.91, respectively,
while those of DX reached 60.42% ± 1.56% and 13,493.23 ± 143.87, respectively, after expo-
sure for 2.0 h. In contrast, after treatment with only EGCG/DX solution, the cellular uptake
and total fluorescence intensity of Cy5-EGCG were 56.29% ± 1.32% and 18,783.54 ± 198.40,
respectively and those of DX were 28.62% ± 0.97% and 6275.41 ± 60.43, respectively
(Figure 5a). This difference in drug absorption capacity is closely related to the presence of
EGCG/DX in NPs, which successfully identified the specific targets, namely P-selectin and
CD44, on the cell surface.
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Figure 5. (a) In vitro cellular uptake of Cy5-GCG and DX was assessed using flow cytometry after treatment with EGCG/DX
combination solution and EGCG/DX-loaded NPs; (b) Confocal images of gastric cancer cells viewing cellular distribution
of the Rh6G-EGCG/DX combination solution and Rh6G-EGCG/DX-loaded Cy5-FD/Alexa594-TH/Atto425-PG NPs,
*** represent statistically significant differences with p value < 0.001.

CLSM was used to compare and evaluate the delivery efficiency of EGCG/DX solution
and EGCG/DX-loaded FD/TH/PG NPs after 2.0 h treatment, and DAPI with fluorescence
expression was used to stain cell nuclei. Cy5-FD, Alexa594-TH, and Atto425-PG were
co-localized in the cells. The internalization of EGCG and DX was evaluated by observing
Rh6G-EGCG and DX fluorescence performance signals. Drug content (Rh6G-EGCG and
DX) was higher in GC cells treated with the EGCG/DX-loaded NPs than in those treated
with the EGCG/DX solution, indicating that the NP system infiltrated cancer cells and
improved the delivery of EGCG and DX (Figure 5b).

3.6. Cell Cycle Arrest and Apoptosis Effects of NPs Loaded with EGCG/DX

To investigate whether the decrease in the growth rate of cells treated with test samples
is associated with cell cycle arrest, we analyzed PI-stained Luc MKN45 cells treated with
EGCG/DX-loaded NPs containing different EGCG and DX concentrations within 24.0 h by
flow cytometry. As shown in Figure 6a, after EGCG/DX-loaded NP treatment, the cells
displayed significant accumulation in the G2/M phase compared to the control group.
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In particular, EGCG/DX-loaded NPs significantly reduced the G0/G1 population (from
57.28% ± 2.35% to 18.66% ± 4.51%), the number of cells undergoing the S phase slightly
decreased (from 16.48% ± 0.87% to 12.11% ± 5.03%), and the accumulation of G2/M in
cells (from 25.11% ± 1.73% to 67.86% ± 3.95%) increased in an EGCG/DX dose-dependent
manner, indicating that EGCG/DX-loaded NPs affect cell cycle arrest at the G2/M phase
in GC cells. To determine whether the EGCG/DX-loaded NPs can induce cell apoptosis,
we performed Western blotting and evaluated the ratios of cleaved caspase-9, caspase-3,
and poly(ADP-ribose) polymerase (PARP) levels to their total protein expression (cleaved
form plus proform). α-Tubulin was used as an internal control. Twenty-four hours after
the samples were treated with different drug concentrations, EGCG/DX (200/4 mg/mL)
was found to increase the cleaved protein to total protein expression ratios of caspase-9,
caspase-3, and PARP by approximately 18%, 45%, and 69%, respectively, compared with
that in the untreated group (Figure 6b).

Figure 6. (a) The proportions of cells in the G0/G1, S, and G2/M phases, after treatment with EGCG/DX-loaded FD/TH/PG
NPs are indicated. The cells were stained with propidium iodide and the cell cycle distribution was analyzed using flow
cytometry. (b) Western blotting analysis of apoptosis-related caspase-9, caspase-3, and PARP in MKN45 cells after incubation
with EGCG/DX-loaded FD/TH/PG NPs and α-tubulin was used as an internal control. * Statistically significant difference
of p < 0.05 and ** p < 0.01, respectively as compared with the without sample treatment group.
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3.7. Bioluminescent Imaging to Evaluate Anticancer Activity in an Orthotopic Gastric Tumor
Mouse Model

We examined tumor-specific effects of EGCG/DX-loaded NPs in the gastric tumor
mouse model of a luciferase-expressing gastric tumor. Male SCID mice were inoculated
with EGCG/DX combination solution (20 mg/kg EGCG/0.4 mg/kg DX) and EGCG-
loaded FD/TH/PG NPs or FD/TH/PG solution as a control by using intravenous tail
injection every three days for a total of five injections. The bioluminescence signals of
gastric tumor pointedly increased by 3.87-fold ± 0.39-fold (FD/THA/PG solution) and
3.10-fold ± 0.29-fold (EGCG/DX solution) at day 18. Furthermore, EGCG/DX-loaded
FD/THA/PG NPs (2.16 ± 0.35 units) better inhibited tumor growth, with a lower relative
photon flux compared with mice in other treatment groups (Figure 7a). There was no
difference in body weight loss in our EGCG/DX-loaded NPs group and it was also supe-
rior to that in the FD/TH/PG control solution, indicating significant antitumor activity
(Figure 7a). We also used IVIS to further evaluate the local accumulation of NPs. Af-
ter fluorescent Rh6G-EGCG/DX-loaded Cy5–FD/Alexa594-TH/VioTag750-PG NPs were
used for tail vein injection, fluorescent signals were detected on different tissues by IVIS
technology. The gastric tumor was visualized by detecting bioluminescent signals formed
by stable luciferase-expressing Luc MKN45 cells. The intensity of the fluorescent signals
(Rh6G-EGCG and DX) at the tumor site significantly increased locally within 24.0 h, indi-
cating continuous and sustained drug delivery by NPs targeting P-selectin and CD44 in
the tumor. After 24.0 h, the mice were sacrificed to determine the total fluorescent counts
in tumor and normal tissues and an increase in the NP distribution in the tumor led to
a decrease in their distribution in other organs. Therefore, the tumor-targeting ability of
EGCG/DX-loaded FD/TH/PG NPs was effective in the orthotopic gastric tumor mouse
model (Figure 7b).

3.8. Histological and Immunohistochemical Analyses of Cancer Biomarkers

After the experimental mice were sacrificed, H&E staining was used for histological
examination of gastric tumors and other organ biopsies (Figure 8). Compared with the
EGCG/DX-loaded NP groups, tumor sections from the EGCG/DX combination group
had more granular eosinophil infiltration (black arrow). The EGCG/DX-loaded NP group
showed increased tumor necrosis, characterized as grade 2 tissue necrosis (necrosis of
tumor cells or disappearance of more than 2/3 cells; the right side of the red line) compared
with the EGCG/DX combination group (Figure 8a). Additionally, immunohistochemical
analysis presented that after EGCG/DX-loaded FD/TH/PG NP treatment, M30 expression
in tumors increased, while Ki67 expression diminished (i.e., coffee dots; green arrows,
Figure 8a). These findings showed that targeted NPs induce GC cells apoptosis, resulting
in a significant increase in anticancer activity with tumor necrosis. In the EGCG/DX
combination group, the lung tissue showed inflammatory cell exudation, red blood cells
scattered in multiple alveolar cavities, and thickened interstitial pulmonary edema (i.e.,
black arrows, Figure 8b). In contrast, the pathological damage was evidently minor in
the EGCG/DX-loaded NP group, in which the alveolar structures were clear, and signs of
inflammation decreased (i.e., black arrows, Figure 8b). Moreover, the hepatocyte swelling
density and neutrophil infiltration situation of liver tissue biopsies in the EGCG/DX-
loaded NP group was less than those in the EGCG/DX combined group (i.e., red arrows,
Figure 8b). Therefore, targeting NPs can not only significantly improve the antitumor
ability of drugs against GC, but also reduce the inflammatory response in the body.
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Figure 7. (a) The antitumor effects of different samples in orthotopic Luc MKN45 xenograft mice model. Mice were divided
into three groups of six mice each and treated with FD/TH/PG solution (�), EGCG/DX combination solution (•), or
EGCG/DX-loaded FD/TH/PG NPs (�). * Statistically significant difference of p < 0.05 and ** p < 0.01. (b) Distributions of
fluorescent Rh6G-EGCG/DX-loaded Cy5-FD/Alexa594–TH/VivoTag750-PG in tumor and organs after treatment. Gastric
tumors were detected with a bioluminescent in vivo imaging system. (c) Immunofluorescence staining of P-selectin and
CD44 proteins in gastric tumor slides treated with Rh6G–FD/FA-TH/PG/EGCG NPs.
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Figure 8. (a) Histological analysis and immunohistochemical analysis of Ki67 (proliferation marker) or M30 (apoptosis
marker) of gastric tumor biopsy after treatment with EGCG/DX combination solution or EGCG/DX-loaded FD/TH/PG
NPs; (b) Histological analysis of different organs in mice bearing gastric tumor after treatment with EGCG/DX combination
solution or EGCG/DX-loaded FD/TH/PG NPs.

4. Discussion

Cell adhesion is the process by which cells interact and attach to neighboring cells
through specialized molecules, regulating cell motility and migration [37,38]. Adhesion
molecules of the selectin family (E-, L-, and P-selectin) are a class of membrane-bound
protein that participate in the initial adhesion of leukocytes to the site of infection or
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inflammation [37]. P-selectin expression increases in the vasculature of human cancers
and facilitates metastasis by promoting the adhesion of circulating cancer cells to activated
platelets and endothelial cells in distant organs [39,40]. P-selectin can also bind with high
affinity to some sulfatides and sulfated polysaccharides, such as heparin, dextran sulfate,
and FD [41,42]. Park et al. used FD extracted from Fucus vesiculosus to cause autophagic
cell death of human GC cells and show antiproliferation activity via Beclin1 upregulation
and the conversion of microtubule-associated protein (MAP) light chain 3-I (LC3-I) to
LC3-II [43]. P-selectin binds to CD44 and promotes the capture of vascular endothelial
cells and cancer cells by leukocytes [44]. HA, a major extracellular matrix component, is
a physiological ligand that is overexpressed in CD44 on the surface of malignant tumor
cells and can be used to selectively activate multiple oncogenic signaling pathways that
lead to tumor cell-specific phenotypes [45]. CLSM showed that the fluorescence signals
(Rh6G-FD (red dot) and FA-TH (orange dot)) of the prepared NPs were co-localized
and interacted with P-selectin (purple dot) and CD44 (green dot) in gastric tumor tissue
(white arrows)(Figure 7c). Rh6G-EGCG and DX fluorescence signals emanated by Rh6G-
EGCG/DX-loaded Cy5-FD/Alexa594-TH/Atto425-PG NPs were attached to Luc MKN45
cells, and more drugs (EGCG and DX) were released into the cell cytoplasm compared
with EGCG/DX combination treatment (Figure 5). Furthermore, the carrier EGCG/DX
induced cell cycle arrest in the G2/M phase, inhibited GC proliferation, and enhanced the
expression of apoptosis-related proteins (Figure 6).

Tumor cell growth generates a complex physiological environment that is distinct from
regions surrounding healthy tissues. Both the extracellular and intracellular pH values
of tumor cells are considered to be acidic and lower than those of normal cells [46,47].
Physiological pH is generally believed to be in the range of 7.2–7.4 for normal tissues
and the circulatory system [48]. However, the pH value of tumor cells is weakly acidic,
between 6.5 and 7.0, and the pH value of endosomes and lysosomes is between 5.0 and
6.0 [49]. Therefore, the pH of the tumor microenvironment and tumor cells plays an
important role in the development and treatment of cancer. The NP system adopts a
pH-sensitive adjustment strategy to prevent the untimely release of drugs. In the present
study, NPs containing EGCG/DX were designed with a matrix structure that minimizes
drug release into normal physiological environments, such as nontarget tissues and blood,
and promotes the release of EGCG and DX into lysosomes and late endosomes of the tumor
cells. The cumulative release of EGCG and DX at pH 5.0 amounted to 59.74% ± 3.31% and
75.74% ± 2.08%, respectively (Figure 2). Specifically, in vivo experiments confirmed that
the lower bioluminescence intensity after intravenous injection of EGCG/DX-loaded NP
(20 mg/kg EGCG/0.4 mg/kg DX) treatment significantly inhibited tumor growth (Figure
7). Histological analyses showed that the delivery of EGCG/DX to tumors through NPs can
induce GC cell apoptosis, as indicated by increased levels of caspase-cleaved cytokeratin
18 (M30, ccK18) as an apoptotic cell death pharmacodynamic biomarker, accompanied by a
reduction in inflammatory pulmonary lesions (Figure 8).

5. Conclusions

In summary, we applied an FD-based and TH-based NP system for the active, targeted
co-delivery of EGCG and DX through P-selectin and CD44 ligand recognition to GC cells.
Drug release was regulated by the NP system using a pH-sensitive adjustment strategy.
In addition, the NPs prepared for the co-drug delivery system significantly improved
the synergistic anti-cancer effect of EGCG and DX compared with that of the EGCG/DX
combination solution. Targeting enhanced NP distribution in GC cells and decreasing it in
major organs in the orthotopic gastric tumor could lead to the development of novel cancer
therapies and facilitate their clinical trials.
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Abstract: The nucleolin-binding G-quadruplex AS1411 aptamer has been widely used for cancer
therapy and diagnosis and linked to nanoparticles for its selective targeting activity. We applied a
computational and experimental integrated approach to study the effect of engineering AS1411 ap-
tamer on an octahedral truncated DNA nanocage to obtain a nanostructure able to combine selective
cancer-targeting and anti-tumor activity. The nanocages functionalized with one aptamer molecule
(Apt-NC) displayed high stability in serum, were rapidly and selectively internalized in cancer
cells through an AS1411-dependent mechanism, and showed over 200-fold increase in anti-cancer
activity when compared with the free aptamer. Comparison of Apt-NCs and free AS1411 intracel-
lular distribution showed that they traffic differently inside cells: Apt-NCs distributed through the
endo-lysosomal pathway and were never found in the nuclei, while the free AS1411 was mostly
found in the perinuclear region and in nucleoli. Molecular dynamics simulations indicated that
the aptamer, when linked to the nanocage, sampled a limited conformational space, more confined
than in the free state, which is characterized by a large number of metastable conformations. A
different intracellular trafficking of Apt-NCs compared with free aptamer and the confined aptamer
conformations induced by the nanocage were likely correlated with the high cytotoxic enhancement,
suggesting a structure–function relationship for the AS1411 aptamer activity.

Keywords: G-quadruplex; nucleolin; DNA nanocages; intracellular localization; cancer targeting;
molecular dynamics simulations

1. Introduction

Aptamers are short single-stranded DNA or RNA oligonucleotides with stable three-
dimensional structures capable of binding with high affinity to a variety of molecular
targets [1]. A unique class of aptamers is constituted of G-rich sequences that, under
physiological conditions, spontaneously fold into non-canonical four-stranded structures
named G-quadruplexes. These are characterized by the stacking of two or more successive
planes of four guanine residues arranged in a square planar array via Hoogsteen hydrogen
bonding (a G-quartet). G-quadruplex structures are highly polymorphic, and a single se-
quence can fold into several different conformations, depending on the relative orientations
of strands and types of loops [2–4]. The 26-base G-rich AS1411 aptamer has been identified
as an anti-cancer agent, which specifically recognizes nucleolin on the cancer cell surface
with high selectivity and affinity [5,6]. As other G-quadruplex aptamers, AS1411 adopts
a mixture of multiple structures in solution, and one of them has been solved through
NMR spectroscopy, studying a DNA sequence named AT11, where a single guanine has
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been substituted by a thymine. This mutated version shows a preferential G-quadruplex
conformation and exhibits an anti-proliferative activity comparable to that of AS1411 [4,7].

The AS1411 target molecule, nucleolin, is a multifunctional cyto-nucleoplasmic protein
mostly localized in the nucleoli in normal cells and aberrantly overexpressed in many types
of cancers, where it is also located on the cell surface [8]. In cancer cells, the surface nucleolin
acts as a receptor of oncogenic ligands and shows protumorigenic function regulating
the biosynthesis of specific oncomiRNAs [9]. Following its interaction with nucleolin,
AS1411 inhibits cancer cells proliferation and induces cell death, with little effects on normal
cells. AS1411 exhibits antiproliferative effects by upregulating p53, downregulating Bcl-2,
and inhibiting cancer cell migration and invasion in an Akt1-dependent manner [10–12].
Due to its unique properties, AS1411 has been used for its anticancer therapeutic effect
and, when linked to nanoparticles, as a selective tumor-targeting ligand [13,14]. Notably,
AS1411 aptamer treatment was evaluated in phase II clinical trials in patients with acute
myeloid leukemia and renal cell carcinoma [15], but it never reached phase III.

In the last years, we have been involved in the in silico, in vitro, and in cell characteri-
zation of a DNA-based truncated octahedral nanocage family [16–21]. These nanocages
are made by 12 double helices, obtained by assembling 8 oligonucleotides whose ends are
covalently linked in order to produce fully covalent structures, which ensure high stability
in biological fluids and inside cells. We have characterized the receptor-mediated cell
internalization of DNA nanostructures and their efficacy in selective doxorubicin delivery
and miRNA silencing in cancer cells [22–24]. When functionalized with folate molecules
and tailored with anti-miR21 complementary sequences, DNA nanocages induce selective
miR21 sequestering and cytotoxicity to tumor cells overexpressing the α isoform of the
folate receptor [25].

In this work, with the aim of increasing AS1411 stability and therapeutic efficacy, we
designed octahedral DNA nanocages harboring one AS1411 molecule (Apt-NC) and stud-
ied its efficiency as targeting ligand and cytotoxic molecule against cancer cells. We studied
the in vitro and intracellular stability, the time-dependent cell internalization, the targeting
selectivity, and the therapeutic efficacy of the new assembled nanocages. Interestingly,
the AS1411-functionalized nanocages displayed higher cytotoxic efficacy and different
intracellular trafficking than the free AS1411 aptamer. Molecular dynamics simulations of
two 3D models of free AS1411 in comparison with the aptamer-functionalized nanocage
indicated that the free aptamer sampled a large number of metastable conformations, while
the conformations were more localized and confined into a low-energy conformational
basin when linked to the nanocage. These results indicate that the nanocage constrains
the aptamer in a more defined conformation, likely correlated to the different intracellular
localization and higher therapeutic effect.

2. Materials and Methods

2.1. Preparation of Aptamer-Functionalized DNA Nanocages

AS1411-functionalized nanocages (Apt-NC) and non-functionalized nanocages (NC)
were prepared as described [21]. A biotin molecule was added on one edge of the struc-
ture for the detection of nanostructures through the streptavidin–biotin reaction. Briefly,
nanocages were assembled by mixing equimolar amounts of 8 oligonucleotides in TAM
buffer (40 mM Tris–acetic acid, pH 7.0, 12.6 mM magnesium acetate). The sequences of the
oligonucleotides used for the assembly of NCs and the sequence of free AS1411 aptamer
are reported in Supplementary Table S1. After assembly, nanocages were incubated for 2 h
at 25 ◦C with T4 DNA ligase (New England Biolabs Inc., Ipswich, MA, USA) to covalently
link the obtained structures and run on native 5% polyacrylamide gels in TAEM buffer
(40 mM Tris–acetic acid, pH 7.0, 1 mM EDTA, 12.6 mM magnesium acetate). The band
corresponding to the correctly assembled nanocages was cut out of the gel, eluted, and
concentrated by 2-propanol precipitation.
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2.2. Cell Cultures

HeLa cells, derived from human cervix cancer, and CHO, Chinese hamster ovary,
cells were grown in DMEM (Dulbecco’s modified Eagle medium, Euroclone, Devon,
UK) and DMEM/F-12 (Dulbecco’s modified Eagle medium/Nutrient Mixture F-12, Euro-
clone, Devon, UK), respectively, supplemented with 10% FBS (Gibco, Paisleg, UK), 1 mM
L-glutamine (Sigma Aldrich, St Louis, MO, USA), 1mM sodium pyruvate (Biowest, Miami,
FL, USA), and 100 U/ml penicillin–streptomycin (Euroclone, Devon, UK).

2.3. DNA Nanocages Stability

Biotinylated cages were incubated in TBS (Tris-HCl 50 mM, NaCl 150 mM, pH 7.8) or
in culture medium supplemented with 10% FBS at 37 ◦C for different times. Each sample
was then digested with proteinase K (100 μg/mL) for 1 h at 37 ◦C, and analyzed by DNA
blot, as previously described [21]. Biotin detection was carried out using streptavidin–
HRP (horseradish peroxidase) (Abcam Inc., Toronto, ON, Canada), and visualized by
enhanced chemiluminescence (ECL Extend, Euroclone, Devon, UK). For image processing
and densitometric analysis, photographic films were digitized by scanning and bands
analyzed by ImageJ software.

2.4. Purification of DNA Nanocages and DNA Blot

Cells were plated in 48-well plates one day before treatments. After incubation with
DNA nanocages for different time periods, cells were lysed, centrifuged, digested with
proteinase K, and DNA blot was performed as previously described [21].

2.5. Confocal Analysis

Cells were seeded onto poly-L-lysine-coated glass cover-slides. For binding exper-
iments, cells were incubated with biotinylated nanocages in DMEM 10% FBS for 1 h at
4 ◦C, washed in PBS, fixed in 4% paraformaldehyde, and incubated for 5 min with NaBH4.
For uptake experiments, cells were incubated with nanocages at 37 ◦C for different time
periods, fixed with 4% paraformaldehyde, and permeabilized for 4 min with Tris/Triton
(Tris HCl 0.1 M, Triton 0.1%, pH 7.7). Rabbit polyclonal anti-flotillin-1 antibody (Santa Cruz
Biotechnology Inc., Dallas, TX, USA) was used to detect the flotillin-1 protein. Early endo-
somes were visualized with polyclonal EEA1 antibody (Abcam Inc., Toronto, ON, Canada)
and lysosomes with mouse monoclonal anti-LAMP-1 antibody (Abcam Inc., Toronto, ON,
Canada). Donkey anti-rabbit IgG and donkey anti-mouse IgG, both Rhodamine Red-X-
conjugated AffiniPure (Jackson ImmunoResearch, Cambridgeshire, UK) were used as
secondary antibodies [24]. Biotinylated cages were detected by using streptavidin–FITC
(Jackson ImmunoResearch, Cambridgeshire, UK). The nuclei were stained with DAPI
(Invitrogen, Carlsbad, CA, USA). Images were obtained with a laser confocal fluorescent
microscope Olympus FV1000 at 60× magnification, and the fluorescence signal was eval-
uated with the IMARIS software. Co-localization events were evaluated as previously
described [24].

2.6. Cell Viability Assay

HeLa and CHO cells were plated in 96-well plates at a density of 5 × 103 cells/well
and 7 × 103 cells/well, respectively, grown for 24 h, and treated with different concentra-
tions of Apt-NCs, NCs, or free AS1411 aptamer for 24 h at 37 ◦C. The MTS assay (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Pro-
mega, WI, USA) was used for evaluating cell proliferation. Multiskan Ascent 96/384 plate
reader (MTX Lab Systems, Bradenton, FL, USA) was used for measuring the absorbance at
492 nm. Cell viability was normalized to control condition (untreated cells).

2.7. Statistical Analysis

All experiments were carried out in triplicate and data analyzed using GraphPad
Prism. Results were expressed as a mean ± S.E.M and statistical analyses performed using
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Student’s t-test. Differences were considered statistically significant when p < 0.05 (*),
p < 0.01 (**) and p < 0.001 (***).

2.8. Computational Methods

Two models of the AS1411 G-quadruplex were generated. The first one (Supplemen-
tary Figure S1, AS1411) was generated starting from the PDB structure with ID:2N3M
corresponding to the AT11 variant of the aptamer [4] using the fiber module of the 3DNA
program [26] to generate the PDB file. The nucleotide sequence of the strand composing
the G-quadruplex was modified through the 3DNA mutate_bases module [26] to fully
match the AS1411 oligonucleotide sequence. The PyMol sculpting module [27] was used
to generate an additional conformation, imposing guanines 11 as part of the first G-quartet
of the aptamer (Supplementary Figure S1, AS1411*). The structures were minimized us-
ing the UCSF Chimera program [28] to remove any clashes and unwanted interactions
introduced by the modeling procedure. The octahedral scaffold of the DNA nanocages
was built through our Polygen software [16] designing eight oligonucleotide sequences
(Supplementary Table S1) based on those previously used to experimentally assemble dif-
ferent truncated octahedral geometries [22,29]. The AS1411-NC and AS1411*-NC structures
were modeled using the SYBYL 6.0 program (TRIPOS, http://www.tripos.com, accessed
on 30 June 2021), manually adding one copy of the AS1411 aptamer to the octahedral
scaffold, using a 7-thymidine spacer to keep the structure accessible for nucleolin target-
ing. The system topologies and the coordinates of AS1411, AS1411*, AS1411-NC, and
AS1411*-NC models, used as input for the AMBER 16 MD package [30], were generated
through the AmberTools tLeap module, parametrizing the structures through the AMBER
ff19SB force field with the parmbsc1 corrections [31]. The structures were immersed in a
rectangular box filled with TIP3P water molecules, imposing a minimum distance between
the solute and the box of 14 Å, neutralizing the charges adding Mg2+ counterions to the
solvated systems in favorable positions, as implemented in the tLeap program, together
with 4 K+ ions for G-quadruplex stabilization [32]. All systems were minimized using
2500 steps of the steepest descent algorithm to remove unfavorable interactions and pre-
vent Mg2+ ions from binding to DNA, applying harmonic restraints of 50 kcal·mol−1·Å−2.
The systems were then equilibrated to 300 K in the NVT ensemble for 500 ps using the
Langevin thermostat, with a coupling coefficient of 1.0 ps and including cartesian restraint
of 15 kcal·mol−1·Å−2 on nucleotide atoms. After the equilibration phase, the systems
were subjected to an equilibrium simulation of 500 ps removing all constraints and to
relax all atoms. The systems were then simulated using the NPT ensemble for a period of
10 ns, applying periodic boundary conditions, a 2.0 fs time-step, and the PME method [33]
for the long-range electrostatic interactions with a cutoff of 9.0 Å for the evaluation of
short-range nonbonded interactions. The SHAKE algorithm [34] was used to constrain
covalent bonds involving hydrogen atoms. The temperature was fixed at 303 K using the
Langevin dynamics [35], while pressure was kept constant at 1 atm through the Langevin
piston method [36]. Atomic positions were saved every 1000 steps (2.0 ps) for the analyses.

2.9. Gaussian Accelerated Molecular Dynamics Simulations

For each system, 100 ns dual-boost Gaussian accelerated molecular dynamics (GaMD)
simulations [37] were performed, saving the atomic positions every 1000 steps. GaMD is an
enhanced sampling method in which a harmonic boost potential is applied to smooth the
potential energy surfaces and reduce the systems energy barriers [37]. Using this approach,
it is possible to sample a large conformational space, which cannot be normally accessed by
classical MD simulations. Moreover, by constructing a boost potential following Gaussian
distribution, using cumulant expansion to the second order, GaMD simulations can be
correctly reweighted to recover the original biomolecular free energy profiles [37]. GaMD
simulations were entirely performed using an NVIDIA TITAN XP GPU using the default
parameters suggested for the method (http://miao.compbio.ku.edu/GaMD/, last accessed
30 June 2021).
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2.10. Trajectory Analysis

The GROMACS 2020.3 analysis tools [38] were used to compute the root mean square
fluctuations (RMSFs) and principal component analysis (PCA) over the entire 100 ns
trajectories. A clustering analysis was performed on all the saved configurations through
the gmx cluster module of GROMACS using the GROMOS algorithm [39], forcing a cut-off
of 0.12 nm for the geometrical clustering procedure. In order to recover the original free-
energy profiles of the simulated structures, the GaMD trajectories were reweighted using
PyReweighting, a toolkit of Python scripts designed to facilitate the GaMD simulation
analyses [37]. The UCSF Chimera program [28] was used to generate the pictures of the
representative structures.

3. Results

3.1. Design, Assembly, and In Vitro Stability of AS1411 Functionalized DNA Nanocages

AS1411 has been shown to adopt multiple conformations characterized by very similar
hydrodynamic and electrophoretic properties [7]. A single G-quadruplex conformation,
named AT11, can be obtained by mutating a guanine in thymine in the position 10 [4]. The
AT11 structure was obtained by NMR spectroscopy, and we started from this PDB structure
to build the AS1411 atomic 3D model, introducing the original AS1411 sequence through
the 3DNA mutate_bases module (Supplementary Figure S1) [26]. A second 3D model of
the aptamer, called AS1411*, was generated replacing guanine 10 with guanine 11 in the
formation of the first G-quartet of the aptamer (Supplementary Figure S1). A 3D model
with one AS1411 or AS1411* aptamer (Apt) attached to a DNA nanocage (NC) was built
to form the Apt-NC structure (Figure 1A). The octahedral nanocage was obtained from
8 oligonucleotide sequences (OL1–OL8, Supplementary Table S1) to form a scaffold made
up of 12 double stranded B-DNA helices forming the edges of a covalently closed octa-
hedron, connected by short single-stranded five-thymidine linkers, corresponding to the
square truncated faces [21,23,25]. AS1411 aptamer was connected to the nanocage scaffold
through a seven-nucleotide linker made by thymidine, using a modified oligonucleotide
(OL8Apt) (Supplementary Table S1).

The assembly of AS1411-octahedral nanocages was performed as described [21],
using the oligonucleotides reported in Supplementary Table S1. In electrophoresis, the
assembled nanocages ran in the gel as a single well-defined product with a molecular
weight of about 530 bp (Supplementary Figure S2). As depicted in Figure 1A, Apt-NCs
were functionalized with a biotin molecule on one edge of the structure. The presence
of biotin enabled detection of the assembled nanocages after transfer from the gel to a
membrane, through the streptavidin (HRP)–biotin reaction in the DNA blot, a system with
a sensitivity up to 100 times higher than the ethidium bromide staining, as we calculated
in a comparative test.

Figure 1B shows the stability of biotinylated Apt-NCs incubated at 37 ◦C in DMEM
cell culture medium supplemented with 10% FBS for different time points. After incubation,
each sample was treated with proteinase K (100 μg/mL), run in 5% polyacrylamide gel,
and analyzed in DNA blot using streptavidin–HRP [21]. Apt-NCs were stable and fully
intact for at least 5 h of incubation with serum, then they started to be slowly degraded
as a function of time and were still detectable after 48 h (Figure 1B, top panel). In detail,
the half-life of Apt-NCs in DMEM–10% FBS was 25 h, calculated by the relative intensity
of each band visualized through DNA blot (Figure 1B, bottom panel). Since K+ ions act
as stabilizing agents for G-quadruplex structures [40], we tested the in vitro stability of
Apt-NCs in serum in the absence or in the presence of 5 mM KCl. DNA blot analysis
showed that the presence of only K+ ions increased the resistance of Apt-NCs to serum
nucleases, extending their half-life from 16 to 22 h (Supplementary Figure S3). Notably, the
presence of both monovalent and bivalent cations in DMEM culture medium guaranteed
excellent stability to Apt-NCs (Figure 1B).
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Figure 1. (A) Schematic representation of the Apt-NC nanostructure model. (B) DNA blot analysis of Apt-NCs incubated
in DMEM supplemented with 10% FBS at 37 ◦C for different times, as indicated. Apt-NCs before incubation with serum
proteins are indicated as time 0. Biotinylated Apt-NCs were detected with streptavidin–HRP. The graph shows the
densitometric analysis of three different experiments, performed using the ImageJ software. The relative intensity of each
band was normalized to the intensity of the band corresponding to time 0 and reported in the graph. Values are expressed
as an average ± SEM.

3.2. Intracellular Stability and Targeting Efficiency

The targeting efficiency and intracellular stability of AS1411-modified NCs were stud-
ied by DNA blot in HeLa cells, a human cervical cancer cell line with high surface nucleolin
expression [41]. Figure 2 shows HeLa cells incubated with 30 nM biotinylated Apt-NCs
or non-functionalized NCs (NC) for 1 and 24 h at 37 ◦C. After incubation, nanostructures
were purified from cell lysates and analyzed by DNA blot, using streptavidin–HRP [21].
Lanes 1, 4, 7, and 10 show the band corresponding to DNA nanocages before incubation
with cells (time 0). After purification from cell extracts, Apt-NCs ran as one band in the
gel, with a mobility comparable to the input (time 0), confirming that we were visualizing
only Apt-NCs that were intact inside cells. Interestingly, a similar band intensity was
detected at 1 and 24 h of incubation (compare lanes 2–3), suggesting that Apt-NCs were
rapidly internalized inside cells, but they did not accumulate in a time-dependent man-
ner. Notably, NCs without aptamer functionalization were almost non-detectable (lanes
5–6), demonstrating that efficient cell uptake occurred only through a nucleolin-mediated
AS1411-dependent mechanism. As a control, non-cancer CHO cells, which express very low
amount of membrane nucleolin [42], did not show any significant entry of nanocages after
1 and 24 h of incubation with either biotinylated Apt-NCs (lanes 8–9) or non-functionalized
NCs (lanes 11–12).
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Figure 2. DNA blot of Apt-NC (lanes 2–3 and 8–9) and non-functionalized NC (lanes 5–6 and 11–12)
purified from HeLa and CHO cell extracts after 1 and 24 h incubation. In lanes 1, 4, 7, and 10, 30 ng of
nanocages before incubation with cells (time 0) are shown. Biotinylated nanostructures were detected
with the streptavidin (HRP)–biotin reaction.

3.3. Intracellular Trafficking of Apt-NCs

The membrane binding and cellular internalization of AS1411-functionalized NCs
were studied by confocal microscopy in HeLa cells. To distinguish between membrane-
bound and internalized nanostructures, cells were incubated at 4 ◦C or at 37 ◦C, respectively.
At 4 ◦C, nanostructures can only enter the cell through direct translocation, because en-
docytosis, an energy-dependent process, is inhibited at this temperature. Moreover, for
visualizing the membrane-bound nanostructures, cells were only fixed, whilst for studying
the internalized NCs, cells were incubated for different time periods, then fixed and per-
meabilized. Representative confocal images of biotinylated-Apt-NC binding at 4 ◦C and
uptake at 37 ◦C are shown in Figure 3A. Apt-NCs efficiently bound to HeLa cells and ap-
peared as many small green fluorescent dots on the plasma membrane (Figure 3A, panel a).
At 37 ◦C, after 30 minutes, most of the green fluorescent dots were already visible inside
cells (Figure 3A, panel b) and remain visible after 4 h of incubation (Figure 3A, panel c),
showing a vesicular distribution. In line with DNA blot experiments shown in Figure 2,
very low fluorescent signal is observed in HeLa cells treated with NCs (Figure 3A, panel d),
confirming that nanocages are entering in cells through a AS1411-dependent mechanism.

The nucleolin-dependent internalization mechanism was clarified by performing a
double fluorescence staining of Apt-NCs and Flotillin-1, a lipid raft marker protein which
associates with nucleolin in membrane lipid rafts [43]. As shown in Figure 3B (panels a–e),
after 30 min of incubation, the green punctate staining of Apt-NCs (panel b) significantly
overlapped with the red fluorescence of flotillin-1 (panel c), as confirmed by merged images
of green and red fluorescence in panel d. The correlation of the intensity values of the
green and red pixels is reported in the scatter plot (panel e) used to calculate the Pearson’s
coefficient (PCC) [44]. The PCC was 0.47 ± 0.03, confirming that Apt-NCs were internalized
through a nucleolin-mediated mechanism involving flotillin endocytosis.

The intracellular distribution was further studied by colocalization analysis of Apt-
NCs with the early endosomal antigen (EEA1) after 1 h incubation or the lysosomal-
associated membrane protein 1 (LAMP-1) [24] after 4 h incubation. Figure 3B shows
representative images of double immunofluorescence of Apt-NCs, shown as green dots
inside cells (panels g and l), and EEA1 and LAMP-1 (panels h and m) as red dots. The
intracellular distribution was only partially overlapping, as visualized in merged images
(panels i and n) and the corresponding scatter plots (panels j and o). The correlation of
the intensity values of the green and red pixels evaluated by the Pearson’s coefficient
(PCC) [44], analyzing the scatter plot, is shown in panels e and j. In detail, the PCC was
0.20 ± 0.02 with the EEA1 marker after 30 min of internalization and 0.27 ± 0.01 with
the LAMP-1 marker after 4 h, indicating that Apt-NCs partially trafficked through the
endo-lysosomal pathway.
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Figure 3. (A) Confocal analysis of membrane-binding and intracellular distribution of Apt-NCs. HeLa cells were incubated
with 60 nM of biotinylated Apt-NCs (panels a–c) or non-functionalized NCs (panel d) for 1 h at 4 ◦C (panel a) or for 30 min
and 4 h at 37 ◦C (panels b–d), as indicated. (B) Co-localization analysis of Apt-NCs (panels b,g,l) with flotillin-1 (panel c),
endosomal marker EEA1 (panel h), and lysosomal marker LAMP-1 (panel m). The (b,c) images are merged in (panel d,g,h)
images are merged in (panel i), and the (l) and m images are merged in (panel n). Cell nuclei are visualized in (panels a,f,k).
The correlation of the intensity values of the green and red pixels was performed using the IMARIS software and scatter
plots are reported in (panels e,j,o). Biotinylated NCs were visualized using streptavidin–FITC and nuclei were stained with
DAPI. Scale bar: 20 μm.

Guided by these observations, we compared the intracellular distribution of free
AS1411 and Apt-NC in HeLa cells and verified whether the presence of a large excess
of free AS1411 was able to impair the uptake and the intracellular distribution of Apt-
NCs. HeLa cells were incubated with Apt-NCs (Figure 4, panels a and b) or AS1411-Cy5
(Figure 4, panels c and d) for 1 h at 37 ◦C and analyzed by confocal microscopy. Apt-NCs
appeared as green fluorescent punctate staining in the cytoplasm (Figure 4, panel b), whilst
free AS1411-Cy5 appeared as red dots mostly localized in nucleoli and in the perinuclear
region (Figure 4, panel d). It was evident that Apt-NCs and free AS1411 aptamer trafficked
inside cells differently and that the AS1411-functionalized nanocages were never found in
the nuclei.
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Figure 4. Comparison of intracellular distribution of Apt-NCs and Cy5-AS1411. Cells were incubated
with 60 nM biotinylated Apt-NCs (panels a,b) or 3 μM free Cy5-AS1411 (panels c,d) for 1 h at 37 ◦C.
(panels e,f) show cells incubated with Apt-NCs in the presence of 500 molar excess of free AS1411.
Biotinylated Apt-NCs were visualized using streptavidin–FITC, and nuclei were stained with DAPI.
Scale bar: 20 μm.

Interestingly, incubation of Apt-NCs in the presence of 500 times molar excess of
free AS1411 (Figure 4, panel f) did not lead to significant reduction of the green signal
(compare panels b and f), as also confirmed by green fluorescence intensity profiles of
the confocal images (Supplementary Figure S4), indicating that cell uptake of Apt-NCs
was not impaired by the presence of a large excess of free aptamer and demonstrating
that the receptor-mediated uptake of AS1411-linked to the nanocages in HeLa cells had a
higher efficiency compared with the free aptamer. All together, these results suggest that
AS1411-NC functionalization may facilitate AS1411-nucleolin or other membrane proteins
interactions, activating a different entry pathway.

3.4. Cytotoxic Effect of Apt-NCs

The cytotoxic activity of Apt-NCs was tested in comparison with non-functionalized
NCs and free AS1411 in cancer HeLa and non-cancer CHO cells. Cells were treated for
24 h with NCs at concentrations ranging from 3.75 nM to 60 nM and with free AS1411 at
concentrations ranging from 3.75 nM to 30 μM (Figure 5). Figure 5A shows that incubation
of HeLa cells with free AS1411 aptamer was not cytotoxic up to micromolar concentrations.
On the other hand, we observed a dose-dependent reduction of cell viability of HeLa
cells when treated with Apt-NCs already in the nanomolar range, indicating more than
200-fold increase in cytotoxicity, in comparison with the free aptamer (Figure 5A). No
significant reduction in cell viability was observed when treating HeLa cells with NCs
not functionalized with the aptamer. As a control, we analyzed the cytotoxic effect of
Apt-NCs and free AS1411 on the non-cancer cell line CHO (Figure 5B). No reduction in cell
proliferation was observed in CHO cells at all tested concentrations, demonstrating that
AS1411 linked to DNA nanocages is not toxic in non-cancer cells. In agreement with this
result, free AS1411 induced low cytotoxicity in CHO as in other non-cancer cells [42]. Flow
cytofluorimetry was performed for detecting apoptotic cells by a double staining with
annexin V–FITC/propidium iodide (PI) (Supplementary Figure S5). In detail, after 24 h
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treatment with Apt-NCs the percentage of apoptotic cells reached 33.2 ± 1.2% at 45 nM,
while in cells treated with pristine NCs at the same concentration, the percentage was
9.8 ± 1.9%, similar to that observed in untreated control cells (9.9 ± 0.3%). The analysis
confirmed the MTS results, showing that Apt-NCs induced a significant dose-dependent
apoptosis in HeLa cells while no effect was observed in non-cancer CHO cells.

Figure 5. Cytotoxic effect of Apt-NCs in HeLa (A) and CHO cells (B). Cell proliferation after 24 h
treatment with Apt-NCs, non-functionalized NCs, and free AS1411 at different concentrations was
assessed by MTS. The values are the means of six replicates normalized to untreated cells. Statistical
significance: (***) p < 0.001 (Student’s t-test) compared with NCs treated cells in the case of Apt-NCs
and untreated cells in the case of AS1411.

3.5. GaMD Simulations

G-quadruplex-forming sequences are remarkably polymorphic. A single sequence
may reach a different 3D structure depending on the physicochemical conditions, such as
different folding conditions or presence of a different counterion bound in its core. The
high-resolution 3D structure of AS1411 has never been reported due to the high complexity
resulting from the simultaneous presence of several conformers that has been demonstrated
through multiple spectroscopic techniques [7]. We performed four 100 ns long GaMD
simulations, two for each model generated for the free aptamers (AS1411 and AS1411*)
and two for the models of the aptamers linked to the octahedral nanocage (AS1411-NC
and AS1411*-NC), in the presence of potassium ions. Figure 6 shows that the RMSF values,
describing the time-averaged deviation of C2′ atom positions of the nucleotides, were
higher for the free AS1411 (black line) than for the NC-linked aptamer (AS1411-NC) (red
line), suggesting a lower conformational space sampling for the latter structure. A similar
result was obtained comparing the RMSF of the free AS1411* and of the AS1411*-NC
models (Supplementary Figure S6). A PCA analysis of the motions, coupling the projection
of the first two main motions to the reweighting of the GaMD simulations, was carried out
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to recover the original free energy profile of the molecules (Figure 7 and Supplementary
Figure S6). In this representation, the conformational space sampled by the structure
is directly proportional to the number of points plotted on the graph, while the color
indicates the energy of the sampled conformations, whose values increase from blue to
red. The free AS1411 and AS1411* structures (Figure 7A and Supplementary Figure S7A)
sampled several metastable conformations, characterized by small energy differences of
about 1–2 kcal/mol. On the other hand, in the AS1411-NC and AS1411*-NC structures,
the aptamer sampled a more localized conformational space, confined into low-energy
basins (Figure 7B and Supplementary Figure S7B). Indeed, by clustering the different
frames obtained from the four trajectories, we found two main representative clusters
for the AS1411-NC and AS1411*-NC (Supplementary Figure S8, green and yellow bars),
while the two free aptamer structures were characterized by more than 40 low-populated
different clusters (Supplementary Figure S8, red and blue bars), confirming a much lower
conformational variability for the aptamer linked to the nanocage scaffold.

Figure 6. RMSF values calculated for the C2′ atoms of the AS1411 aptamer. Black and red filled
circles indicate the values calculated for the free and cage-linked aptamers, respectively.

Figure 7. Free energy principal component projection of the free (A) and cage-linked (B) AS1411
aptamers.

4. Discussion

Here we report a marked enhancement of the G-quadruplex AS1411 therapeutic
efficiency due to its functionalization over octahedral DNA nanocages. Aptamer-linked
nanocages (i) are stable both in serum and inside cells, similarly to other previously
characterized covalently linked DNA nanostructures [21,22,29], (ii) are selectively and
efficiently internalized by cancer cells, and (iii) increase the cytotoxic efficacy by more than
two orders of magnitude compared with a free aptamer. At least two main explanations
can be conceived for the enhanced AS1411 cytotoxicity observed in cancer cells when
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linked to DNA nanostructures: (i) a more defined conformation adopted by the cage-linked
AS1411 and (ii) a different intracellular entry pathway in cancer cells followed by the
cage-linked AS1411 compared with free aptamer.

Analysis of the conformational variability of two 3D models of the free aptamers
(AS1411 and AS1411*) and of the aptamers linked to the octahedral nanocage (AS1411-NC
and AS1411*-NC) through GaMD simulations showed that the free AS1411 or AS1411*
aptamers generated more than 40 conformational clusters, indicating that the free aptamer
samples many metastable conformations, characterized by small energy differences. On the
other hand, MD simulations of Apt-NC pointed out that the nanocage scaffold constrains
the aptamer to adopt a more defined conformation, independently of the starting structure,
mainly described by two representative clusters (Supplementary Figure S6). Consequently,
the structure of the free aptamer appears to be more floating, as confirmed by the RMSF
analyses. These results are likely correlated to the higher efficiency of the cage linked
AS1411 in targeting nucleolin and/or other membrane proteins in cancer cells and in
improving cell toxicity compared with the free aptamer. Indeed, this may represent an
example of structure–function relationship, since the enhanced AS1411 cytotoxicity appears
correlated to a confinement of the aptamer in a more defined conformation than that of the
free aptamer.

AS1411 has been linked to various types of nanoparticles due to its selective binding
to nucleolin, a protein overexpressed on the cell surface and inside cancer cells [45–49].
Notably, a marked improvement of cytotoxicity has been previously obtained by increasing
the loading (more than 100 molecules) of AS1411 on the surface of gold nanostars [50].
However, the here described inhibition of cancer cell proliferation by AS1411 linked to NCs
(up to two orders of magnitude greater than that by the free aptamer) is the most powerful
reported so far.

We demonstrated that the aptamer AS1411 confers a selective targeting activity to
Apt-NCs, when compared with pristine nanocages, showing a clear targeting preference for
the nucleolin-positive HeLa cancer cells compared with the nucleolin-negative control cells.
Apt-NCs are efficiently taken up by cancer cells using a flotillin-dependent endocytosis
mechanism, traffic through the endo-lysosomal pathway, and never reach the nuclei, whilst
AS1411 traffics both to the cytoplasm and to the nuclei, accumulating in nucleoli. By
competition experiments, we also demonstrated that aptamer-linked nanocages display a
higher internalization efficiency than free AS1411. The different intracellular traffic and
localization may be responsible for the higher cytotoxicity, changing the mechanism of
action of AS1411, although further studies are required to definitely confirm it and to
identify the pathway.

The proposed AS1411-functionalized DNA nanocages are very stable and, beyond the
marked increase of cytotoxicity to cancer cells, present the advantage of being a potential
multifunctional scaffold. In fact, the octahedral DNA nanocages can be tailored with seques-
tering units for selective oncomiR inhibition [25] and/or loaded with DNA intercalating
drugs, such as doxorubicin [23,25], and used as multipurpose delivery vehicles.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13101671/s1, Table S1: Sequences of the oligos for the assembly of octahe-
dral DNA nanocages, Figure S1: Schematic representation of G-quadruplex folding topology of
AS1411 and AS1411* in K+ solution, Figure S2: Gel electrophoresis analysis of pristine (NCs) and
AS1411-functionalized nanocages (Apt-NCs), Figure S3: Stability of Apt-NCs in the absence or
presence of K+ ions, Figure S4: Intensity profiles of streptavidin–FITC signal, Figure S5: Annexin
V-FITC/propidium iodide assay in HeLa and CHO cells, Figure S6: RMSF values calculated for the
C2′ atoms of the AS1411* structures, Figure S7: Free energy principal component projection of the
isolated (A) and cage-linked (B) AS1411* aptamers, Figure S8: Bar chart representing the distribution
of the clustered AS1411, AS1411-NC, AS1411*, and AS1411*-NC conformations.
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Abstract: Immunomodulation by radiotherapy (RT) is an emerging strategy for improving cancer
immunotherapy. Nanomaterials have been employed as innovative tools for cancer therapy. This
study aimed to investigate whether mesoporous silica nanoparticles (MSNs) enhance RT-mediated
local tumor control and the abscopal effect by stimulating anti-cancer immunity. Hepa1-6 murine
hepatocellular carcinoma syngeneic models and immunophenotyping with flow cytometry were
used to evaluate the immune responses. When mice harboring bilateral tumors received 8 Gy of
X-rays on a single tumor, the direct injection of MSNs into irradiated tumors enhanced the growth
inhibition of irradiated and unirradiated contralateral tumors. MSNs enhanced RT-induced tumor
infiltration of cytotoxic T cells on both sides and suppressed RT-enhanced infiltration of regulatory T
cells. The administration of MSNs pre-incubated with irradiated cell-conditioned medium enhanced
the anti-tumor effect of anti-PD1 compared to the as-synthesized MSNs. Intracellular uptake of MSNs
activated JAWS II dendritic cells (DCs), which were consistently observed in DCs in tumor-draining
lymph nodes (TDLNs). Our findings suggest that MSNs may capture tumor antigens released after
RT, which is followed by DC maturation in TDLNs and infiltration of cytotoxic T cells in tumors,
thereby leading to systemic tumor regression. Our results suggest that MSNs can be applied as an
adjuvant for in situ cancer vaccines with RT.

Keywords: mesoporous silica nanoparticles; radiotherapy; immunotherapy; tumor microenvironment;
abscopal effect

1. Introduction

In recent years, immunotherapy has gained interest as an option in cancer treat-
ment. Immune checkpoint inhibitors targeting cytotoxic T lymphocyte-associated protein 4
(CTLA-4), programmed cell death protein 1 (PD1), and programmed cell death ligand 1
(PD-L1) have been approved by the United States Food and Drug Administration (FDA)
and are considered promising systemic therapies based on clinical trials for various types
of cancers [1]. Radiotherapy (RT) is one of the major types of cancer treatments and is
known to modulate cancer immunity. Preclinical studies and some clinical cases have
reported surprising results of the abscopal effect of combining immunotherapy with RT [2].
However, this has not yet become standard treatment in the clinic, and not all patients have
experienced this positive outcome. Clinical trials to determine the optimal combination of
RT and immunotherapy are ongoing.
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Immunotherapy has been tested clinically for hepatocellular carcinoma (HCC), which
is the second leading cause of cancer-related deaths worldwide [3–5]. Studies have shown
positive results, with objective response rates of up to 20% [5]. Despite these encouraging
results, immunotherapy does have clinical limitations, such as a relatively low response
rate and acquired resistance [6]. In particular, immune checkpoint inhibitors are known
to be less effective for HCC because of the lack of tumor-infiltrating lymphocytes and the
immunosuppressive tumor microenvironment [7]. Thus, there is an unmet need to find
innovative ways to enhance such treatment effects [8]. RT, one of the strategies to overcome
this problem, has been considered as an option to boost the efficacy of immunotherapy for
HCC [9]. Clinically, in a study investigating the role of RT in advanced HCC patients treated
with nivolumab, patients with previous or concurrent RT showed better clinical outcomes
than those without RT [10]. We previously studied a syngeneic murine HCC model and
confirmed the abscopal effect and immunological mechanisms of the combination of RT
and anti-PD1 antibody [11]. However, the mechanism by which RT stimulates the immune
system is not yet clear, and effective immune modulation by RT itself needs to be tested
to better understand the synergy between RT and immunotherapy. Researchers have
suggested that RT induces immunogenic cell death and that this property could be useful
for in situ vaccination [12].

Various types of engineered nanomaterials have been developed for medicinal pur-
poses. Among them, mesoporous silica nanoparticles (MSNs) have attracted growing
attention as nanocarriers for drug delivery or antigen targeting for vaccination. Owing
to their large surface area and porous structure, MSNs possess the absorbing property of
small biomaterials, such as proteins [13]. They effectively deliver absorbed biomaterials to
target cells [14,15]. Researchers have made progress in the development of this property of
MSNs for cancer treatment. In addition to chemotherapeutic drug delivery, MSNs have
been studied for cancer vaccination, which could elicit an anti-cancer immune response by
delivering cancer antigens to antigen-presenting cells [16].

In this study, we used a syngeneic murine HCC model to investigate anti-cancer
immune stimulation by using MSNs in combination with RT. We tested the hypothesis
that MSNs effectively deliver RT-releasing cancer antigens to local immune cells and
investigated whether MSNs can enhance local tumor control and the abscopal effect.

2. Materials and Methods

2.1. Synthesis and Characterization of Nanoparticles

MSNs were synthesized via the sol-gel reaction of silane agents in the presence of
structure-directing agents [17]. We dissolved 3 g of cetyltrimethylammonium chloride
(CTAC, 25% solution, 12 mL, Sigma-Aldrich, St. Louis, MO, USA) and 60 mg of tri-
ethanolamine (Sigma-Aldrich, St. Louis, MO, USA) in 120 mL of deionized water. After
heating to 95 ◦C, 2.25 mL of tetraethyl orthosilicate (TEOS, Acros Organics, Fair Lawn,
NJ, USA) was added. After 2 h, the solution was cooled to room temperature, and the
nanoparticles were collected by centrifugation at 11,000 rpm for 30 min and washed with
ethanol three times. To extract residual structure-directing agents from the pores of MSNs,
1.3 mL of hydrochloric acid was added to the solution, which was refluxed for 3 h. For
amine functionalization, 2.8 mL of (3-aminopropyl) triethoxysilane (APTES, 99%, Sigma-
Aldrich, St. Louis, MO, USA) was added to the pore-extracted MSN solution and reacted
for 3 h at 80 ◦C.

Fluorescently labeled MSNs were prepared by the co-addition of a fluorescence dye-
conjugated silane agent with TEOS. The fluorescence dye-conjugated silane agent was
synthesized by reacting 5 mg of fluorescein isothiocyanate (FITC, Sigma-Aldrich, St. Louis,
MO, USA) with 44 μL of APTES in 1 mL of ethanol for 12 h in the dark. Immediately after
the addition of TEOS (2.25 mL) to a solution containing CTAC (12 mL) and triethanolamine
(60 mg), 250 μL of pre-conjugated FITC-APTES solution was added. After 2 h, the solution
was cooled to room temperature, and the nanoparticles were collected by centrifugation at
11,000 rpm for 30 min and washed with ethanol three times. To extract residual structure-
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directing agents from the pores of MSNs, 1.3 mL of hydrochloric acid was added to the
solution, which was refluxed for 3 h. For amine functionalization, 2.8 mL of APTES was
added and reacted for 3 h at 80 ◦C.

The morphology of the MSNs was analyzed using a transmission electron microscope
(JEM-2010, JEOL, Mitaka, Tokyo, Japan) at an accelerating voltage of 200 kV. A transmission
electron microscopy (TEM) sample was prepared by dropping a diluted solution containing
MSNs on a TEM grid, which was followed by air drying. TEM images were obtained
without staining. The hydrodynamic sizes and zeta potentials of MSNs were measured
by dynamic light scattering (Zetasizer ZS90, Malvern Instrument, Malvern, Worcester-
shire, UK). The Brunauer-Emmett-Teller (BET) surface area and pore volume of MSNs
were measured by nitrogen (N2) adsorption using a BELSORP-mini II (BEL, Toyonaka,
Osaka, Japan).

2.2. Measurement of Antigen-Capturing Capacity

Fluorescein-conjugated ovalbumin (F-OVA, Invitrogen, Carlsbad, CA, USA) was used
as a model antigen to evaluate the antigen-capturing capacity of MSNs. MSNs (1 mg)
were incubated with 0.2 mg of F-OVA at 4 ◦C for 24 h. Next, the mixture was centrifuged
at 11,000 rpm for 15 min. The F-OVA content was measured using a spectrophotome-
ter (RF-6000, Shimadzu, Nakagyo, Kyoto, Japan). The amount of adsorbed MSNs was
calculated from the change in the amount of F-OVA before and after adsorption.

2.3. Cell Culture

Murine hepatoma Hepa1-6 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Hepa1-6 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum
(FBS, Gibco) at 37 ◦C under a humidified atmosphere of 5% CO2.

2.4. Measurement of Tumor Growth in Mice Co-Treated with MSNs and Radiation

Five-week-old male C57BL/6 mice were purchased from Orient Bio (Seongnam,
Gyeonggi, Korea). All animal procedures were conducted in accordance with the ap-
propriate regulatory standards under the study protocol (ID: 20181227001). To observe
the abscopal effect, a bilateral syngeneic HCC model was established as previously de-
scribed [11]. Briefly, Hepa1-6 cells (1 × 106 cells) were injected into the right hind leg
of the mice, and the same number of Hepa1-6 cells was injected into the left leg of the
same mice 3 days after the first injection. The mice were randomized into four groups
(n = 10 per group): (i) sham treatment, (ii) radiation treatment, (iii) MSN treatment and
(iv) radiation + MSNs. The right leg bearing a Hepa1-6 tumor was given with sham treat-
ment or irradiated with 8 Gy of X-ray 14 days after cell inoculation. Irradiation was
performed using a linear accelerator (Varian Medical System, Palo Alto, CA, USA), as
previously described [8]. The as-synthesized MSNs (400 μg per tumor) were intratumorally
injected into the irradiated tumors twice on days 14 and 15 after cell inoculation. The
size of the tumors in both legs was measured every 2–3 days using calipers. The tumor
volume was calculated using the formula: volume (mm3) = (W2 × L)/2 (W, width (mm); L,
length (mm)), as previously described [11,18]. The mice were sacrificed 42 days after cell
inoculation.

2.5. Flow Cytometry Analysis

Tumors were harvested from both legs of the mice on days 20 and 42 after cell
injection. A single-cell suspension was prepared as described previously [11]. Briefly, after
the removal of red blood cells, the cells were fixed with Cytofix (BD554655, BD Biosciences,
San Jose, CA, USA) for 30 min at 4 ◦C and resuspended in staining buffer (BD554656).
The cells were permeabilized using the Fix/Perm kit (00-5523, eBioscience, San Diego,
CA, USA). For T cell analysis, cells were stained with anti-Foxp3 (BD560408) and anti-
IFNγ (BD557724) antibodies for 30 min at 4 ◦C. After washing, the cells were stained with
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antibodies specific for CD4 (BD552051), CD8 (BD560469), CD25 (BD551071), and CD45
(BD559864). Data were acquired using a BD FACSVerse flow cytometer (BD Biosciences)
and analyzed using FlowJo software version 10.6.1 (Three Star Inc., Ashland, OR, USA).

For dendritic cell (DC) analysis, inguinal lymph nodes of the irradiated tumor side
were harvested four days after irradiation, and DCs were isolated using the EasySep
mouse plasmacytoid DC isolation kit (STEMCELL Technologies, Vancouver, BC, Canada).
The DCs were stained with anti-CD11c (BD553801), anti-CD80 (BD560016), anti-CD86
(BD560582) and anti-MHC II (BD562363), and subjected to flow cytometry.

2.6. Pre-Incubation of MSNs with Irradiated Cell Conditioned Medium

Hepa1-6 cells were seeded in a 100 mm dish and irradiated with 100 Gy of γ-rays
using an IBL437C blood irradiator (CIS Bio International, Gif-sur-Yvette, Essone, France).
After 48 h of incubation without FBS, the conditioned medium (CM) was collected and
centrifuged at 1500× g for 10 min to remove cell debris. The MSNs were resuspended
at a concentration of 2.5 mg/mL in the cell culture supernatant and incubated for 72 h
at 4 ◦C. After centrifugation at 11,000 rpm for 15 min, CM-incubated MSNs (CM-MSNs)
were collected and washed twice with PBS. CM-MSNs were resuspended in PBS at a final
concentration of 8 mg/mL.

2.7. Cellular Uptake of MSNs

The immortalized immature DC line JAWS II was purchased from ATCC. JAWS II
cells were seeded onto a cover slip (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen,
Baden-Württemberg, Germany) and incubated with 250 μg/mL of rhodamine-preloaded
MSNs for two days. Cells were fixed with 4% formaldehyde and permeabilized with
0.01% Triton X-100. Cells were stained with Alexa-Fluor488-conjugated phalloidin (Life
Technologies, Eugene, OR, USA) and DAPI (Sigma-Aldrich, St. Louis, MO, USA). Fluo-
rescence images were acquired using a Zeiss Observer D1 fluorescence microscope (Carl
Zeiss, Oberkochen, Baden-Württemberg, Germany). The activation of JAWS II cells by
CM-MSNs was determined by flow cytometry. JAWS II cells (5 × 106 cells) were seeded
in 12-well plates and incubated with 100 or 200 μg/mL of CM-MSNs for two days. Cells
were stained with anti-CD40 (BD562846), anti-CD80, anti-CD86, anti-MHC I (BD742859),
anti-MHC II and anti-PD-L1 (12-5982-82, eBioscience, San Diego, CA, USA). Stained cells
were analyzed by a BD FACSVerse flow cytometry.

2.8. Measurement of Tumor Growth in Mice Co-Treated with CM-MSNs and Anti-PD1

To test the immune-boosting effect of CM-MSNs, a single Hepa1-6 tumor model was es-
tablished by injecting into the right hind leg of C57BL/6 mice. When the tumors were palpa-
ble, the mice were randomly divided into four groups (n = 4 per group): (i) MSNs + isotype
IgG, (ii) MSNs + anti-PD1, (iii) CM-MSNs + isotype IgG and (iv) CM-MSNs + anti-PD1.
Isotype IgG and anti-PD1 (BE0089 and BE0146; Bio X Cell, West Lebanon, NH, USA) were
intraperitoneally administered at a dose of 2 mg/kg twice per week. MSNs or CM-MSNs
(8 mg/kg) were subcutaneously injected into the left hind leg on the same day as the
antibody injection. Tumor size was measured every 2–3 days using calipers, as described
above. The mice were sacrificed 28 days after cell inoculation.

2.9. Immunohistochemistry

Formalin-fixed paraffin-embedded tumor tissue specimens were prepared as de-
scribed previously [18]. For immunohistochemistry (IHC), the tumors were sliced into
4-μm-thick sections, deparaffinized in xylene, rehydrated in graded alcohol, and washed
with 0.01 M PBS, pH 7.4. Heat-induced epitope retrieval was performed using citrate buffer
(pH 6.0; Dako, Carpinteria, CA, USA), followed by blocking with a blocking buffer (Dako).
The tissue sections were stained with anti-CD4 and CD8 antibodies, followed by incubation
with horseradish peroxidase-conjugated secondary antibodies and 3,3′-diaminobenzidine
substrate chromogen solution (DAB, Dako). IHC images were obtained using an Aperio
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ScanScope AT slide scanner (Leica Biosystems Inc., Buffalo Grove, IL, USA) and analyzed
using ImageScope software 12.4.3 (Leica Biosystems, Buffalo Grove, IL, USA).

2.10. Statistical Analysis

All quantitative data are presented as the mean ± standard deviation (SD) or standard
error of the mean (SEM). Statistical analyses were performed using Prism 9.2 (GraphPad
Software, San Diego, CA, USA). p-values were calculated using one-way analysis of vari-
ance (ANOVA), Kruskal-Wallis test, or unpaired two-tailed t-test. Statistical significance
was set at p < 0.05.

3. Results

3.1. Characterization of MSNs

MSNs were synthesized via the sol–gel reaction of TEOS in the presence of CTAC as
a pore-directing agent. TEM images showed that the MSNs had a spherical mesoporous
structure (Figure 1A). The average size of MSNs was 100.82 ± 13.41 nm (Figure 1B). To
optimize the antigen-capturing capacity, the surface of the MSNs was modified using
APTES. The zeta potential of the strongly negative as-synthesized MSNs changed to a
positive value after surface modification, confirming successful amine functionalization
(Figure 1C). The hydrodynamic diameter of MSNs measured by dynamic light scattering
was 104.22 nm (Figure 1D). The BET surface area and pore size determined via N2 adsorp-
tion/desorption experiments were 325.31 m2/g and 4.21 nm, respectively (Figure 1E). The
antigen-capturing capacity of MSNs was estimated by the adsorption of F-OVA. Poly(lactic-
co-glycolic acid) (PLGA) was employed as a control because its antigen-capturing capacity
was recently reported [19]. After incubation of F-OVA with PLGA and MSNs, only 9% and
7% of F-OVA was adsorbed, respectively (Figure 1D). Surface modification with APTES
significantly increased the affinity to F-OVA and 45% of F-OVA was captured by amine-
functionalized MSNs. The interaction between MSNs and F-OVA can be attributed mainly
to electrostatic interactions. After the adsorption of F-OVA, the zeta potential and hydro-
dynamic size of MSN were changed to −11.1 mV and 191 nm, respectively (Figure 1C,D).
Owing to the enhanced capturing capacity, subsequent experiments were performed using
amine-functionalized MSNs.

3.2. Effects of Intratumorally Injected MSNs on Radiation-Induced Abscopal Tumor Growth

Given that MSNs with a tumor microenvironment can capture biomaterials released
after RT, we tested the effect of intratumoral injection of MSNs on radiation-induced tumor
growth inhibition. To observe the abscopal effect, the bilateral Hepa1-6 tumor model was
used, as in a previous study [11]. Hepa1-6 cells were injected into both legs 3 days apart.
X-rays (8 Gy) were delivered to the primary tumor site in the right hind leg, and MSNs were
directly injected into the same primary tumor (Figure 2A). Radiation alone significantly
decreased the growth of primary tumors but not secondary tumors (p < 0.001; Figure 2B–E).
Intratumoral administration of MSNs did not affect the growth of unirradiated primary
and secondary tumors, but it significantly decreased the growth of both primary and
secondary tumors when injected into irradiated primary tumors (Figure 2B–E) compared
with sham treatment. The difference in tumor volume between radiation and radiation
plus MSNs was not statistically significant. These data indicate that MSNs in combination
with RT inhibited the growth of distal and primary tumors.
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Figure 1. Synthesis of mesoporous silica nanoparticles (MSNs) with antigen-capturing capacity. (A) Transmission electron
microscopy image of MSNs and (B) diagraph showing size distribution. (C) Zeta potentials of MSN, MSN-NH2 and
MSN-NH2 after capturing fluorescein-conjugated ovalbumin (F-OVA). (D) Hydrodynamic diameter of MSN-NH2 before
and after capturing F-OVA. (E) N2 absorption/desorption isotherms of MSNs. (Inset: pore size distribution from the
adsorption branch). (F) Amount of F-OVA captured by poly-lactic-co-glycolic acid (PLGA), MSNs and MSN-NH2.
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Figure 2. Intratumoral administration of MSNs enhances the radiation-induced abscopal effect in a
bilateral Hepa1-6 tumor model. (A) Schedule of MSN or radiation treatment. (B) Growth curves of
irradiated primary Hepa1-6 tumors implanted into C57BL/6 mice. (C) Growth curves of unirradiated
secondary Hepa1-6 tumors in the same mice receiving RT. (D,E) Comparison of tumor volumes
between treatment groups 42 days after tumor inoculation. ** p < 0.01; *** p < 0.001.

3.3. Effects of Intratumorally Injected MSNs on Tumor-Infiltrating Lymphocytes

To further understand how MSNs facilitate radiation-induced abscopal effects, we
evaluated the immunophenotype of tumor-infiltrating T lymphocytes. Primary and sec-
ondary tumors were harvested 6 and 28 days after irradiation (Figure 3A). Flow cy-
tometric analysis revealed that in the tumors harvested on day 6, radiation increased
the percentage of CD4+IFNγ+ T cells (p < 0.05) and CD8+IFNγ+ T cells (p < 0.05) in
the primary tumors but not in the secondary tumors compared to the sham treatment
(Figure 3B,C). Injection of MSNs into the irradiated primary tumors, but not the unirradi-
ated tumors, further augmented the percentage of activated T cells, although this increase
did not reach statistical significance. Instead, MSNs significantly decreased the number
of CD4 + CD25 + Foxp3 + regulatory T cells (Tregs) in primary tumors (Figure 3B). In the
tumors harvested on day 28, the number of activated CD4 + or CD8 + T cells significantly
increased in the secondary tumors as well as the primary tumors co-treated with MSNs and
radiation compared to that in sham or single treatments (Figure 3D,E). This correlates with
a greater reduction in tumor size (Figure 2D,E). Radiation increased the number of Tregs in

97



Pharmaceutics 2021, 13, 1811

the unirradiated secondary tumors, which was suppressed by co-treatment with MSNs
(Figure 3C,E). These data suggest that MSNs may enhance RT-induced tumor regression at
the distal site via modulation of the T cell response.

Figure 3. Direct injection of MSNs into irradiated primary tumors increases the number of cytotoxic T cells infiltrating the
distal tumors. (A) Illustration of the treatment schedule and timing of tumor harvesting. (B,C) Profiling of activated T cells
and Treg cells from primary (B) and secondary tumor tissues (C) harvested 20 days after tumor inoculation. (D,E) Profiling
of activated T cells and Treg cells from primary (D) and secondary tumor tissues (E) harvested 42 days after tumor
inoculation. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.4. Effects of MSNs on Dendritic Cell Activation

It is likely that the systemic anti-tumor effect of MSNs is linked to the activation of
DCs residing in lymph nodes. To verify this, we tested whether MSNs could activate DCs
in vitro. To recapitulate the in vivo situation, conditioned medium (CM) was prepared
from Hepa1-6 cells irradiated with 100 Gy of γ-rays and incubated with MSNs to generate
CM-MSNs (Figure 4A). First, to test whether DCs can take up CM-MSNs, immortalized
immature dendritic JAWS II cells were incubated with rhodamine-preloaded CM-MSNs.
Fluorescence imaging showed an efficient uptake of nanoparticles into the cytoplasm of
JAWS II cells without visible toxicity (Figure 4B). Flow cytometry showed that CM-MSNs
increased the surface expression of DC maturation markers, including CD86, MHC I and
MHC II, in a dose-dependent manner (Figure 4C). CM-MSNs also upregulated PD-L1
expression in JAWS II cells. In contrast, MSNs without preconditioning in medium did not
activate JAWS II cells at 200 μg/mL (Figure 4D).

Next, we examined whether MSNs injected into irradiated tumors facilitated DC
maturation in tumor-draining lymph nodes (TDLNs) collected from mice. In mice bearing
bilateral Hepa1-6 tumors, the right hind legs were exposed to X-rays (8 Gy) and then
injected with FITC-preloaded MSNs or PBS. TDLNs were collected 3 days after irradiation
and subjected to flow cytometry (Figure 4E). DCs obtained from mice co-treated with
radiation, and MSNs showed an increase in the FITC-positive cell population compared
to that in mice treated with radiation alone (p < 0.001; Figure 4F), suggesting uptake of
MSNs by DCs. Injection of MSNs into irradiated tumors increased the expression of DC
maturation markers such as CD80, CD86 and MHC II in DCs from TDLNs (Figure 4F),
which is consistent with the in vitro results.

3.5. Effects of CM-MSNs on Hepa1-6 Tumor Growth in a Syngeneic Mouse Model

To test the function of CM-MSNs as a cancer vaccine therapy in vivo, we inoculated
Hepa1-6 cells into the right hind legs and then evaluated the combined effect of the
nanomaterials and anti-PD1 on tumor growth (Figure 5A). Treatment with CM-MSNs
delayed tumor growth compared to treatment with the as-synthesized MSNs (Figure 5B,C).
CM-MSNs augmented anti-PD1-mediated tumor growth inhibition to a greater extent than
the as-synthesized MSNs (p < 0.05; Figure 5B,C). Immunohistochemical analysis of CD4
and CD8 in Hepa1-6 tumor tissues showed that CM-MSNs and anti-PD1 greatly increased
the infiltration of both CD4- and CD8-positive cells within the tumor tissues (Figure 5D,E).
These data suggest that CM-MSNs could be applied in cancer vaccine therapies to boost
cancer immunotherapy.
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Figure 4. MSNs pre-incubated with the irradiated cell conditioned medium activates dendritic cells in vitro and in vivo.
(A) Schematic diagram for the preparation of conditioned medium-incubated MSNs (CM-MSNs). (B) Uptake of CM-MSNs
into JAWS II cells. Representative images of CM-MSNs labeled with rhodamine. (C) CM-MSNs activated JAWS II, an
immortalized immature dendritic cell line. (D) MSNs without preconditioning did not activate JAWS II cells. (E) Schedule
of timing of harvesting tumor-draining lymph nodes. (F) Flow cytometry data showing the MSN-increased population of
activated DCs in TDLNs. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. MSNs pre-incubated with irradiated cell conditioned medium augments the anti-tumor
effect of programmed cell death protein 1 (anti-PD1) in a syngeneic hepatocellular carcinoma (HCC)
model. (A) Schedule of MSN or anti-PD-1 treatment. (B) Growth curves of Hepa1-6 tumors im-
planted into C57BL/6 mice. (C) Comparison of tumor volume 27 days after tumor inoculation.
(D) Representative immunohistochemistry (IHC) images and quantitative data of CD4 staining in
Hepa1-6 tumor tissues. (E) Representative IHC images and quantitative data of CD8 staining in
Hepa1-6 tumor tissues. * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

MSNs have a large surface area and porous structure that aid in absorbing nano-level
materials such as drugs, proteins, and DNA fragments [15]. Based on this ability, numer-
ous studies on MSNs have been conducted for various therapeutic purposes, including
drug delivery, diagnosis and imaging [13,15]. MSNs have also been explored for cancer
vaccination because MSNs that absorb tumor antigens increase the anti-tumor adaptive
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immune response [20]. Hong et al. [21] showed that the encapsulation of ovalbumin in
MSNs enhanced DC internalization, lysosomal degradation escape, and cross-presentation,
resulting in tumor growth inhibition. The efficacy and clearance of MSNs depend on their
physical characteristics, such as surface charge, diameter, and pore size [13]. In terms of
size, MSNs with diameters of 30–200 nm are efficient for drug loading, and those less
than 100 nm are sufficient for lymph node drainage [21]. Larger pore sizes have shown
better antigen-presenting functions [22]. In this study, we designed MSNs that can capture
antigens released after RT and tested their efficacy in combination with RT. PLGA particles
have been shown to improve the abscopal effect by capturing RT-releasing antigens [19].
The measurement of antigen-capturing capacity revealed that the as-synthesized MSNs
adsorbed a similar amount of F-OVA as the PLGA particles. However, the amine func-
tionalization of MSNs increased the absorption capacity by more than 6-fold. Since the
interaction between MSNs and biomolecules depends on physicochemical properties such
as electrostatic interactions, hydrogen bonding, and hydrophobic interactions, we expect
that the antigen-capturing capacity can be further improved using various silane agents.

Based on the finding that MSNs efficiently captured F-OVA, we speculated that
MSNs directly injected into tumors could absorb biomolecules from irradiated tumor cells,
thereby eliciting anti-tumor immunity. In the bilateral Hepa1-6 tumor model, MSNs plus
RT showed better regression of both primary and secondary tumors. Since MSNs alone did
not show any significant effect on tumor growth, it is likely that the capturing process of
RT-released antigens by MSNs is necessary for boosting systemic anti-tumor effects. CM-
MSNs were prepared to mimic the MSN-absorbing antigens released during RT treatment
in vivo. As expected, CM-MSNs showed better tumor control and boosted the anti-cancer
effect of the anti-PD1 antibody compared with the as-synthesized MSNs. The action of
CM-MSNs may be related to the increase in the number of CD4+ and CD8+ T lymphocytes
infiltrating the tumor tissues, which was further enhanced by co-treatment with anti-PD1.
These data suggest that MSNs could work as an effective nanocarrier for RT-released
antigens and exert a systemic anti-tumor effect. Finally, we expect that CM-MSNs or a
combination of MSNs and RT will make the outcome of immunotherapy much stronger
and more sustainable.

The key steps in anti-cancer immunity are the maturation of DCs for antigen presenta-
tion and the activation of tumor-infiltrating T lymphocytes [23]. Similar to the mechanism
of general vaccination, cell-mediated immune responses proceed as follows: drainage to
lymph nodes, uptake by DCs, maturation of DCs, and presentation of peptide–MHC I com-
plexes to CD8 + T cells, which are termed as the DUMP cascade process [24]. In this study,
the uptake of CM-MSNs by DCs and subsequent DC activation in TDLNs was confirmed
in vitro and in vivo (Figure 4). To test the early and late responses of T lymphocytes to RT
and MSNs, tumors were harvested on days 6 and 26, and the immune cell populations
were profiled (Figure 3). While the infiltration of cytotoxic T cells in the primary tumors
was increased by either RT or RT plus MSNs in the early phase, there was no significant
increased infiltration in secondary tumors. In the late phase, the number of cytotoxic T
cells increased in the group treated with RT plus MSNs in both primary and secondary
tumors, suggesting that MSNs may boost the RT-induced abscopal effect in the late phase.
In addition, regulatory T cell numbers increased in the secondary tumors in the group that
received RT alone, but not in the group treated with RT plus MSNs, which may endow
effector T cells with cytotoxic activity. It could be inferred that MSNs balance immunity
toward anti-tumor responses within the tumor microenvironment through continuous
antigen delivery [14]. Taken together, our data suggest that MSNs capturing RT-induced
antigens may strengthen the DUMP cascade, resulting in a significant suppression of both
local and abscopal tumors via systemic anti-tumor immunity [21].

High doses of RT kill tumor cells, thus releasing large amounts of various antigens,
including damaged double-stranded DNA, which is a powerful stimulator of the immune
system [25]. The antigens that were released by RT and captured by MSNs may be non-
selective. These antigens can be mixed with neoantigens from tumors and self-antigens
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shared with normal tissue [26,27]. However, theoretically, there might be no immune
response to the materials from normal tissues as an immune tolerance [28]. This study
found that CM-MSN or MSNs as adjuvants with RT acted in similar way as in vivo vac-
cines [29]. Despite many efforts, numerous typical cancer vaccines have failed [29]. One of
the reasons is immune resistance to vaccine therapy because most cancer vaccines have a
specific antigen target [30]. In contrast, in situ vaccines have the advantage of generating
multiple antigens that can act simultaneously [31]. In addition, to overcome this resistance,
various combination therapies, including immunotherapy, have been recently tested [29].
Our data on CM-MSNs might be consistent with the clinical data that hypofractionated RT
or stereotactic body RT show better effects with immunotherapy [32]. Furthermore, MSNs
may provide tumor antigens for longer periods [21], which is an important condition for
successful therapeutic cancer vaccines.

The development of therapeutic nanoparticles has been successfully achieved through
recent technical advances. However, clinical translation remains a challenge owing to
several issues such as biocompatibility and safety. Fortunately, silica-based nanomaterials
have been extensively tested because of their non-toxic nature [33]. After the injection
of MSNs, their accumulation was found in the liver and spleen, and MSNs were mainly
secreted by the intestine and kidneys [33]. Toxicity was rarely observed, although the
properties of MSNs, such as their size, would be related to their safety [33,34]. The FDA
approved the first human trial of multimodal silica nanoparticles termed “Cornell dots”
in 2011 [35]. Thus, MSNs with novel multifunctionality have great potential to be tested in
humans. Although biocompatibility needs to be tested, our study suggests that MSNs are
promising for cancer treatment in combination with RT. However, questions still remain
about optimal treatment settings, including optimal conditions of MSNs (pore size, injection
dose, etc.) and combination with immunotherapy and RT (dose and timing) [15].

In this study, we confirmed the mechanism of stimulating the cancer immune system
by MSNs with RT and showed their potential for combination with immunotherapy. Future
studies will need to test MSNs combined with RT and immunotherapy.

5. Conclusions

In this study, we evaluated the combined effect of MSNs and RT on local tumor control
and the abscopal effect using syngeneic murine HCC models. Our findings suggest that
MSNs may capture tumor antigens released after RT, which is followed by DC maturation
in TDLNs and the infiltration of cytotoxic T cells in tumors, thereby leading to systemic
tumor regression. MSNs could be applied to in situ cancer vaccines with RT in the future.
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Abstract: Development of chemo-resistance is a major challenge in glioblastoma (GB) treatment. This
phenomenon is often driven by increased activation of genes associated with DNA repair, such as
the alkyl-removing enzyme O6-methylguanine-DNA methyltransferase (MGMT) in combination
with overexpression of canonical genes related to cell proliferation and tumor progression, such as
Polo-like kinase 1 (Plk1). Hereby, we attempt to sensitize resistant GB cells using our established
amphiphilic poly(α)glutamate (APA): small interfering RNA (siRNA) polyplexes, targeting Plk1.
Furthermore, we improved brain-targeting by decorating our nanocarrier with sulfonate groups.
Our sulfonated nanocarrier showed superior selectivity towards P-selectin (SELP), a transmembrane
glycoprotein overexpressed in GB and angiogenic brain endothelial cells. Self-assembled polyplexes
of sulfonated APA and siPlk1 internalized into GB cells and into our unique 3-dimensional (3D) GB
spheroids inducing specific gene silencing. Moreover, our RNAi nanotherapy efficiently reduced
the cell viability of both chemo-sensitive and chemo-resistant GB cells. Our developed sulfonated
amphiphilic poly(α)glutamate nanocarrier has the potential to target siRNA to GB brain tumors. Our
findings may strengthen the therapeutic applications of siRNA for chemo-resistant GB tumors, or as
a combination therapy for chemo-sensitive GB tumors.

Keywords: nanocarrier; polyplexes; siRNA delivery; glioblastoma therapy; amphiphilic poly(α)glutamate;
P-selectin

1. Introduction

Glioblastoma (GB) is the most common and the deadliest type of malignant primary
brain tumor in adults, with an annual age-adjusted incidence rate of 4.4 per 100,000 popu-
lation. GB patient prognosis is extremely poor, with a 5-year survival rate of only 5.5% [1].
The current treatment regimen includes maximal surgical resection, followed by radiation
and chemotherapy with alkylating agents, such as temozolomide (TMZ) [2]. This regimen
increases patients’ median survival of 3 to 14 months [3,4]. Complete surgical removal
is nearly impossible, due to the invasive nature of GB tumors; therefore, tumor relapse
frequently occurs. Recurrence developed in more than 90% of patients within several years,
and often displays enhanced resistance to initial chemotherapy treatment [5]. One of the
most investigated mechanisms for TMZ chemotherapy-resistance in GB is the activation of
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the O6-methylguanine–DNA methyltransferase (MGMT) enzyme. This enzyme, highly
active in GB tumors, is responsible for removing the methyl group from the O6 position in
guanine nucleotides, thus resolving DNA damage induced following TMZ treatment. The
lack of DNA methylation directs the cells to DNA damage repair and rescues them from
apoptosis. The activity of the MGMT enzyme can be “switched off” by inducing methy-
lation on the MGMT promoter itself. High levels of MGMT promoter methylation have
been shown to correlate with prolonged survival in TMZ treated-GB patients [6]. There-
fore, targeting the MGMT gene may sensitize tumor cells to TMZ and increase treatment
efficiency in TMZ-resistant patients [7–9]. In order to investigate the naturally developed
resistance towards TMZ, we have established a resistant clone of U251 human GB cells by
culturing the U251 TMZ-sensitive cells (referred to in here as “U251”) in the presence of
increasing doses of TMZ for a period of over 6 months (referred to in here as TMZ resistant
or “TMZ-R”). Nonetheless, treatments targeting alternative cellular pathways which can
potentially overcome TMZ-resistance are still lacking. Gene therapy in general, and RNA
therapies in particular, have emerged as a promising approach for the downregulation
of oncogenic pathways in GB [10–13]. In particular, RNA interference (RNAi) is known
for its ability to selectively silence upregulated genes at the mRNA level. Among the
oncogene-activated pathways that sustain GB progression, we focused on Polo-like kinase
1 (Plk1), traditionally not linked to upregulation of TMZ-resistance genes, which may
however attenuate GB aggressiveness and may provide an alternative to GB patients that
do not respond to TMZ [14]. This serine/threonine kinase has a pronounced role in mitotic
regulation and cell cycle progression. It is overexpressed in various cancers, including GB,
and associated with poor prognosis and high risk of cancer metastasis [15–17]. We have
previously shown that silencing the expression of Plk1 efficiently reduced tumor growth
rate and prolonged survival of mice bearing ovarian cancer [18]. In addition, in a mouse
model of pancreatic ductal adenocarcinoma (PDAC), Plk1 silencing was shown to synergize
with microRNA 34a (miR-34a), via the downregulation of the activated pathway, resulting
in tumor growth inhibition [19]. Systemic delivery of RNAi is known to be challenging
since short oligonucleotides (OLN) are subjected to rapid renal clearance, degradation
while circulating in the body, poor cellular penetration, short half-life, and aggregation
in the blood [20–22]. In order to overcome these hurdles, a delivery system needs to be
developed. Using a well-designed nanocarrier enabled enhanced tumor accumulation,
taking advantage of the enhanced permeability and retention (EPR) effect [23,24]. This
phenomenon, observed in the tumor vasculature, is defined by high permeability which
allows extravasation of macromolecules, as opposed to the tightly bound healthy endothe-
lium. Furthermore, impaired lymphatic drainage associated with cancer may increase
drugs accumulation [23]. We have previously developed a polymeric nanocarrier based on
poly(α)glutamic acid (PGA), a biodegradable and water-soluble polymer further modified
with physiologically-protonated amine groups. Electrostatic-based complexation with the
negatively-charged siRNA formed a defined population of nanoparticles with the ability to
internalize into cancer cells via endocytosis [25] and induce gene silencing [26]. Further-
more, we introduced a modification with alkyl groups forming inner hydrophobic core
exposing the positively-charged moieties outwards in a micellar-like structure [26,27]. Our
active polymeric micelles demonstrated biocompatibility and preferential accumulation in
several tumor types when systemically injected, leading to an anticancer therapeutic effect.
Furthermore, these micelles selectively delivered siRNA to mammary adenocarcinoma
tumors without accumulating in the liver and crossed the dense stroma of PDAC, inter-
nalizing into tumor cells and achieving silencing of the target [19]. However, delivery of
drugs to the central nervous system (CNS) is extremely difficult since the brain is protected
by a highly selective mechanism of capillaries, called the blood–brain barrier (BBB) [28].
Even though brain tumors often display compromised BBB and permeable endothelium,
the latter varies with tumor type, location, and prior treatment [29]. The inflamed cerebral
endothelium often expresses P-selectin (SELP) protein, a transmembrane adhesive glyco-
protein that facilitates leukocytes and platelets adhesion [30]. We have previously shown
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that SELP enhances GB progression by promoting tumor cell proliferation and invasion and
immunosuppression via microglia/macrophages anti-inflammatory polarization [31,32].
Recently, we have shown that targeting SELP by the addition of sulfonate moieties on
dendritic polyglycerol nanocarrier facilitated nanoparticles accumulation into tumors and
enhanced the anticancer activity of Paclitaxel (PTX) in a mouse model of GB [33]. There-
fore, we have modified our previously designed amphiphilic poly(α)glutamate amine
(APA) [19,27] with sulfonate groups, in order to mimic the tyrosine sulfate moieties of
P-selectin glycoprotein ligand-1 (PSGL-1), the natural ligand of SELP [34], and improve
drug targeting to the brain. This chemical modification resulted in increased accumulation
of the polyplexes into 3D spheroids of U251 TMZ-sensitive or -resistant cells, compared
to untargeted nanocarrier. These results highlight the great potential of our nanocarrier
as a parenteral injectable, non-toxic, and efficient delivery vehicle for siRNA, now being
evaluated for its potential in reaching brain tumors and reducing GB tumorigenesis. We
hypothesize that our treatment can serve as combination therapy for chemo-resistant and
chemo-sensitive GB tumors.

2. Materials and Methods

2.1. Materials

All chemicals and solvents were A.R. or HPLC grade. Chemical reagents were pur-
chased from Merck (White House Station, NJ, USA) and Sigma–Aldrich (St. Louis, MO,
USA). O-benzyl protected glutamic acid (H-Glu(OBzl)-OH) was purchased from Chemim-
pex (Dillon Drive, IL, USA). HPLC grade solvents were purchased from BioLab (Jerusalem,
Israel). Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco (Crofton Rd, Dún Laoghaire, Dublin, Ireland). All other tissue
culture reagents were purchased from Biological Industries Ltd. (Kibbutz Beit Haemek,
Israel). MGMT siRNA (siMGMT) was purchased from Ambion (Invitrogen, Waltham,
MA, USA). Plk1 siRNA (siPlk1) and green fluorescent protein (GFP) siRNA (siGFP) were
purchased from Biospring (Frankfurt am Main, Germany). Cy5-labeled negative control
siRNA (Cy5-siNC) was purchased from Sigma–Aldrich (St. Louis, MO, USA). TMZ was
purchased from Petrus chemicals (Herzeliya, Israel).

2.2. Cell Culture

Glioblastoma (GB) cell lines. Human U251 cells were purchased from the European
Collection of Authenticated Cell Cultures (ECACC). Murine GL261 cells were purchased
from the National Cancer Institute (Frederick, MD, USA). All GB cells were cultured in
DMEM supplemented with 10% FBS, 100 μg/mL of streptomycin, 12.5 U/mL of nystatin,
100 U/mL of penicillin, and 2 mM of L-glutamine. All cells were tested for mycoplasma
with a mycoplasma detection kit (Biological Industries Ltd., Beit Haemek, Israel). Cells
were grown at 37 ◦C; 5% CO2.

2.2.1. Establishment of mCherry and iRFP Stably-Expressing U251 Cells

mCherry/iRFP infecting viral particles were produced as described previously [35,36].
Briefly, HEK 293T cells were transfected with pQC-mCherry [35] and with the compatible
packaging plasmids pCMV-VSV-G (#8454, Addgene, Watertown, MA, USA) and pUMVC
(#8449, Addgene, Watertown, MA, USA), or with pLVX-iRFP [37] together with pCMV-VSV-
G (#8454, Addgene, Watertown, MA, USA) and psPAX2 (#12260, Addgene, Watertown,
MA, USA). Viral particle-containing media were collected after 48 h. For cell infection,
U251 cells were incubated with viral particles and polybrene (8 μg/mL) (hexadimethrine
bromide) for 8–16 h prior medium replacement. Following 48 h, mCherry-infected cells
were selected by puromycin and iRFP infected cells by hygromycin.

2.2.2. Establishment of mCherry U251 Chemo-Resistant Cell Line (U251 TMZ-R)

U251 cells were cultured with increasing doses of temozolomide (TMZ 1 μM to
10 μM) over a period of 6 months.
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2.3. IC50 Determination Assay

U251 or U251 TMZ-R cells were plated onto 96-well plates at a density of 2.5 × 104

cells/well. Twenty-four hours later, cells were treated with TMZ at increasing concen-
trations (0.001–1000 μM). Following 5 days, cells were counted using Beckman Coulter
counter (Beckman Coulter Life Sciences, Indianapolis, IN, USA). Results are presented as
the percentage of confluence compared to untreated cells.

2.4. RNA Isolation and Quantitative Real-Time RT-PCR (qRT-PCR)

RNA was isolated using EZ-RNA II total RNA isolation kit (Biological Industries, Kib-
butz Beit Haemek, Israel) according to the manufacturer’s protocol. Actin was used for nor-
malization as a house-keeping gene. Primers used: PLK1 FOR:5′-CACAGTTTCGAGGTGG
ATGT-3′, PLK1 REV:5′-ATCCGGAGGTAGGTCTCTTT-3′. MGMT FOR:5′-GTTTGCGACTT
GGTACTTGG-3′, MGMT REV:5′-TGCCCAGGAGCTTTATTTCG-3′. Actin FOR: 5’-CCAAC
CGCGAGAAGATGA-3’, Actin REV: 5’-CCAGAGGCGTACAGGGATAG-3’.

2.5. Animal Models

In order to assess Plk1 and SELP expression in GB tumors by histology, 6-week-
old male SCID mice (Envigo CRS, Ness-Ziona, Israel) were anesthetized by ketamine
(150 mg/kg) and xylazine (12 mg/kg) injected intraperitoneally (IP). Then, iRFP-labeled
U251 human GB cells (5 × 104 cells) were stereotactically implanted into the brain striatum
(N = 10) as previously described [32]. Tumor development was followed by MRI (MR
Solutions Ltd., Guildford, UK) and Maestro™ imaging system (CRI Inc., Woburn, MA,
USA) as previously described [10].

Animals Ethics Statement

Animals were housed in the Tel Aviv University animal facility. All experiments
received ethical approval by the animal care and use committee (IACUC) of Tel Aviv
University (approval no. 01-19-097, Approval and expiry dates 15 December 2019–15
December 2023) and conducted in accordance with NIH guidelines.

2.6. Frozen OCT Tissue Fixation

Tumor-bearing mice were anesthetized by IP injection of ketamine (100 mg/kg) and
xylazine (12 mg/kg), followed by PBS perfusion and 4% paraformaldehyde (PFA). Brains
were harvested, then incubated with 4% PFA for 4 h and with 0.5 M of sucrose (BioLab Ltd.,
Jerusalem, Israel) for 1 h, and 1 M of sucrose for overnight (ON). Brains were embedded in
optimal cutting temperature (OCT) compound (Scigen, Thermo Fisher Scientific, Waltham,
MA, USA) on dry ice, then stored at −80 ◦C.

2.7. Immunostaining

OCT-embedded tumor samples were cryo-sectioned (5 μm thick sections), and stained
using BOND RX autostainer (Leica Microsystems, Wetzlar, Germany). Cryo-sections
were immunostained for: Plk1- using rabbit anti-human/mouse Plk1 antibody (Cat. No.
BS-3535R dilution 1:50, Bioss Antibodies, Woburn, MA, USA) and Alexa Fluor 488-goat
anti-rabbit secondary antibody (Cat. No. ab150077, dilution 1:300, Abcam, Cambridge,
UK); SELP- using mouse anti-human SELP antibody (Cat. No. BBA1, Clone BBIG-E,
dilution 1:30, R&D systems, McKinley, MN, USA) and Alexa Fluor 568-goat anti-mouse
secondary antibody (Cat. No. ab175473, dilution 1:300, Abcam, Cambridge, UK). Slides
were blocked by incubating with 10% goat serum in PBS containing 0.02% Tween-20, for
30 min. Then, slides were incubated with primary antibodies for 1 h, washed, and incubated
with secondary antibodies for 1 h at room temperature. Then, slides were washed using
BOND Wash Solution (Leica Microsystems, Wetzlar, Germany) and treated with ProLong®

Gold mounting with DAPI (Thermo Fisher Scientific, Waltham, MA, USA). Then slides
were covered with coverslips. Images were obtained using the EVOS FL Auto cell imaging
system (Thermo Fisher Scientific, Waltham, MA, USA).
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2.8. Survival Analysis Based on TCGA Data

For survival analysis we used OSgbm, which assesses the prognostic value of our
selected genes [38]. Briefly, OSgbm contains 684 samples with transcriptome profiles and
clinical information from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus
(GEO), and Chinese Glioma Genome Atlas (CGGA). Survival analysis data were presented
by Kaplan–Meier (KM) plot with hazard ratio (HR) and log-rank p value.

2.9. Synthesis of APA-Sulfonate (APAS)

APA was synthesized by conjugating ethylenediamine and hexylamine groups to a
poly(α)glutamate backbone via the pending carboxylic acid moieties as was previously
described [19,27]. To a solution of APA (130 mg, 0.592 mmol per monomer) in dry dimethyl-
formamide (DMF) (5 mL), tributylamine was added (270 μL, 1.14 mmol, 1.93 equiv. per
monomer), and the reaction was left to stir for 20 min. Then, the reaction mixture was stirred
for 1.5 h at 25 ◦C, under Argon atmosphere (Ar(g)). Propanesultone (20 μL, 0.237 mmol,
0.4 equiv. per monomer) was added, and the reaction was left to stir for ON under
Ar(g). DMF was removed under vacuum. The remaining residue was suspended in water
(30 mL). pH was adjusted to 3.0 with HCl, and the remaining solution was dialyzed against
water (8 L), freeze-dried, and lyophilized to obtain a white powder at a yield of 70%.

2.10. Multi-Angle Static Light Scattering (MALS)

The molecular weight of APA was determined using Agilent 1200 series HPLC system
(Agilent Technologies Santa Clara, CA, USA), equipped with a multi-angle light scattering
detector (Wyatt Technology, Santa Barbara, CA, USA). APA was separated using Kw404-4F
column (Showa Denko America Inc., New York, NY, USA) and a mixture of 0.5 M AcOH in
ACN: double distilled water (DDW) 4:6 (v/v%) as a mobile phase. Sample was prepared at
a concentration of 4 mg/mL in the mobile phase buffer, then filtered using a 0.2-μm filter
prior to the analysis. Sample was ran at a flow of 0.5 mL/min. Molecular weight (Mw) was
analyzed using the ASTRA software (Wyatt Technology, Santa Barbara, CA, USA).

2.11. Scanning Electron Microscope (SEM)

APA:siPlk1 sample was prepared in DDW at 0.1 mg/mL concentration (APA equiv.).
The sample was dropped on a silicon wafer and allowed to dry. SEM images were obtained
using Quanta 200 FEG Environmental SEM (FEI, Hillsboro, OR, USA) at high vacuum and
3.0 KV. Images were collected using secondary electrons detector.

2.12. Dynamic Light Scattering (DLS) and Phase Analysis Light Scattering (PALS)

Samples were prepared at a polymer concentration of 0.1 mg/mL in 15 mM of HEPES.
Size and zeta potential measurements were made with a Mobius DLS/PALS instrument
(Wyatt Technology, Santa Barbara, CA, USA). Sixty μL of the sample was loaded into the
dip cell. Data were analyzed according to the isotropic sphere method, and were mea-
sured as intensity distribution. Average values were calculated based on 3–5 independent
measurements. All measurements were performed at 25 ◦C.

2.13. Elemental Analysis (EDS)

APA and APAS samples were prepared in DDW at a concentration of 10 mg/mL, then,
dropped on a silicon wafer, allowed to dry, and dropped again several times. EDS was
performed by an LN Oxford thin window detector of 138 eV resolution and ISIS software
using Quanta 200 FEG Environmental SEM (FEI, Hillsboro, OR, USA) at high vacuum and
20.0 KV.

2.14. Proliferation Assay

U251 and U251 TMZ-R cells were plated onto 96-well plates at densities of 7.5 ×
104 and 5 × 104 cells/well, respectively. Twenty four hours later, cells were treated with
APA:siPlk1 or APA:siGFP at 5 N/P ratio and 250/500 nM. Following 20 h, cells were
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imaged using IncuCyte ZOOM™ (Satorius, Goettingen, Germany). Red channel images
were taken using a 10× objective. Results were calculated by the IncuCyte™ Software.
Results were presented as confluence percentage compared with untreated cells.

2.15. Multicellular Tumor Spheroids (MCTS)

MCTS were prepared from GL261 cells, mCherry-labeled U251, or U251 TMZ-R
cells by a modified hanging-drop method [33]. Briefly, cells were seeded in droplets
(2500 cells/25 μL for staining/internalization assay and 8000 cells/25 μL for flow cytometry
analysis) in 4:1 DMEM:methylcellulose. Following 72 h, spheroids were embedded in
Cultrex® Reduced Growth Factor Basement Membrane Matrix (R&D systems, McKinley,
MN, USA) and incubated for 48 h. The matrix was then dissolved using Cell Recovery
Solution (Corning, Watertown, NY, USA) and spheroids were transferred to Eppendorf
tubes for further treatment with APA:Cy5-siRNA, APAS:Cy5-siRNA, or Cy5-siRNA alone.
For SELP staining, spheroids were incubated with mouse anti-human SELP primary
antibody for ON (Cat. No. BBA1, Clone BBIG-E, dilution 1:50, R&D systems, McKinley,
MN, USA), then washed and incubated with mouse IgG kappa binding protein (m-IgGκ

BP) conjugated to CruzFluor™ 488 (CFL 488) (Cat. No. sc-516176, dilution 1:300, Santa
Cruz Biotechnology Inc., Dallas, TX, USA) secondary antibody for 3 h. SELP inhibitor
(KF38789, Cat. No. 2748, Tocris BioScience, Bristol, UK) was added 1 h prior to treatment
at a concentration of 2 μM to the relevant tubes. For confocal imaging, spheroids were
collected, washed, fixed with 4% PFA in PBS solution, and mounted on coverslips. The
Leica SP8 imaging system (Leica Microsystems, Wetzlar, Germany) was used for imaging.
For FACS analysis, recovered spheroids were dismantled to create a single-cell suspension.
Cells were incubated with mouse anti-human SELP primary antibody (BBA1, R&D) for 1 h
on ice. Then, cells were washed and incubated with mouse IgG kappa binding protein (m-
IgGκ BP) conjugated to CruzFluor™ 488 (CFL 488) (sc-516176, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) for 1 h on ice. Cells were then washed with PBS supplemented with
5 mM of EDTA, 1% sodium azide, and 1% FBS. Fluorescent intensity was analyzed by flow
cytometry using Attune NxT cytometer (Thermo Fisher Scientific, Waltham, MA, USA)
and analyzed by Kaluza 2.1 software (Beckman Coulter, Brea, CA, USA).

2.16. SELP Expression in 3D vs. 2D Cell Culture

To assess SELP expression, iRFP-labeled U251 GB cells were grown in 10-cm2 petri-dish
(1 × 106 cells) or as 3D spheroids (as detailed above in the MCTS section) for 48 h. Cells from
2D cell culture were harvested using a cell scraper, whereas cell suspension from 3D spheroids
was obtained by matrix digestion using Cell Recovery Solution, as previously described. SELP
expression was evaluated using flow cytometry analysis as described above.

2.17. Infra-Red Spectroscopy

ATR-IR spectroscopy was performed using TENSOR 27 spectrometer (BRUKER, Bil-
lerica, MA, USA).

2.18. Electrophoretic Shift Assay (EMSA)

Evaluation of polymer:siRNA complexation at N/P ratios between 1 and 25 was
performed by mixing 50 pmol of siRNA and APA/APAS polymers at different concen-
trations in DDW and incubate for 20 min at room temperature. Mobility of free and
nanocarrier-complexed siRNA was then analyzed by agarose-gel electrophoresis.

2.19. Western Blot

Cells were seeded in 6-well plates at a density of 3 × 105 cells/well. After 24 h, cells
were treated with 100 nM of siRNA-equivalent dose. Following 48 h, cells were harvested
and lysed using NP40 reagent. Lysates were loaded and ran into a 12% acrylamide gel
under 120 V for ~2 h. Proteins were transferred to nitrocellulose membrane under a current
of 250 mA for 2 h. The nitrocellulose membrane was blocked with 5% skim milk in TBST
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(15 mM of NaCl, 1 mM of Trisma base, pH = 8.0, 0.1% Tween 20) for 1 h, and incubated
with rabbit MT3.1 anti-MGMT antibody (Abcam, Cambridge, UK) (1:1000 in TBST), or
mouse anti-HSC 70 antibody (Cat. Sc-7298, Clone B6, Santa Cruz Biotechnology, Dallas, TX,
USA) (1:40,000 in TBST) ON at 4 ◦C. Secondary horseradish peroxidase (HRP)-conjugated
goat anti-rabbit, or goat anti-mouse antibodies (Jackson Immunoresearch, Baltimore, PA,
USA; Abcam, Cambridge, UK) were incubated with nitrocellulose membrane at 1:10,000 in
TBST for 1 h. Blots were developed using Westar Supernova ECL kit (Cyanagen, Bologna,
Italy) in accordance with the manufacturer’s protocol.

2.20. H-Nuclear Magnetic Resonance (NMR)

APA/APAS samples were dissolved in deuterium oxide. NMR spectroscopy was
obtained using 400 MHz Avance, (Bruker, Billerica, MA, USA).

2.21. Internalization of APA/APAS:Cy5-siRNA Polyplexes into U251 Cells (2D)

Cells were seeded (5 × 104 cells/well) on 13-mm cover glasses in a 24-well plate and
incubated for 24 h. Cells were treated with 100 nM of siRNA-equivalent concentration
alone or complexed with APA/APAS for 20 min, then washed several times with PBS, fixed
with 4% PFA for 30 min at room temperature, and washed with PBS again. Cells were then
mounted on slides using ProLong®® Gold antifade reagent with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA). Internalization was followed using Leica SP8 confocal
imaging systems (X60 Magnification) (Leica Microsystems GmbH, Wetzlar, Germany).

2.22. Statistical Analysis

Data were presented as mean ± standard deviation (represented graphically as error
bars). Statistical significance was analyzed by Student’s t-test.

3. Results and Discussion

3.1. TMZ-Induced Resistance in U251 GB Cells Enhances MGMT mRNA Levels but Does Not
Alter Plk1 mRNA Levels

To establish a correlation between the expression levels of MGMT or Plk1 and GB
patient’s survival, we obtained data from the OSgbm database [38]. Survival data of
684 GB patients (25% long term and 25% short term survivors) revealed that high expression
of both MGMT and Plk1 significantly correlated with short-term survival, while low
expression of both proteins significantly correlated with long-term survival of GB patients
(Figure 1A). In order to investigate the expression levels of these two proteins in the context
of TMZ-resistance, we first evaluated the establishment of a TMZ- resistant (U251 TMZ-R)
clone. Hence, the proliferation assay performed on U251 and U251 TMZ-R cells showed
that cell viability was reduced to 50% following 72 h incubation with 30 and 300 μM TMZ
in U251 and U251 TMZ-R cells, respectively (Figure 1B,C). Furthermore, the expression
levels of MGMT and Plk1 mRNA in both U251 and the U251 TMZ-R clone were evaluated
by real-time qPCR (Figure 1D). The obtained results confirmed that in comparison to
parental U251, TMZ-R cells express significantly higher levels of MGMT, while Plk1′s
expression remained unchanged following the acquirement of TMZ resistance. Therefore,
we concluded that the inhibition of Plk1 could be an additional and attractive strategy to
use in combination with TMZ in order to improve the survival of GB patients, whether
sensitive or resistant to chemotherapy. Figure 1D shows low expression of MGMT in U251
compared with U251 TMZ-R cells (~230-fold change), while Plk1 expression in both cell
lines was similar. Furthermore, cryosection of U251 tumors, obtained in intracranially
injected SCID mice, confirmed the expression of Plk1 in our GB mouse model (Figure 1E).
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Figure 1. The development of resistance to TMZ enhances MGMT expression without altering Plk1
oncogene levels in GB. (A) Survival analysis performed on OSgbm database comparing MGMT
expression (left panel) and Plk1 expression (right panel) of the top 25% longest GB survivors versus
the bottom 25% shortest survivors. (B) Inhibitory concentration 50% (IC50) plot of parental U251
glioblastoma cells vs. TMZR clone. (C) Table summarizing the IC50 of wild-type U251 cells versus
U251 TMZ-R cells. (D) TMZ resistance in U251 occurred via upregulation of MGMT, without
changing Plk1 levels. (E) Intracranial U251 GB tumors show Plk1 expression (scale = 100 μm).
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3.2. APA:siPlk1 Complexes Efficiently Silence Plk1 Expression in Both U251 and U251
TMZ-R Cells

RNAi therapeutics have the potential to silence “undruggable targets” such as Plk1.
To overcome the multiple barriers associated with RNAi delivery, we used our previously
published APA RNAi nanocarrier [19,27]. MALS analysis showed APA bears the Mw
of 17,870 g/mol, ascribed to 70 repeating units, and have Mw/Mn of 1.29 (Figure 2A).
APA was complexed with Plk1 siRNA at N/P ratio of 5, to yield a main population
of nanoparticles with a hydrodynamic diameter of 133 ± 7 nm (79.3 ± 1.15% of the
nanoparticles by intensity distribution) and an almost neutral zeta potential of 0.75 ±
0.97 mV (Figure 2C, Supplementary Materials Figure S1). Furthermore, the polydispersity
index (PDI) of this main population was narrow (0.05 ± 0.005). SEM images of the dry
droplet of complexes matched the DLS diameter (110 ± 15 nm) and showed spherical
morphology. Similar properties were exhibited by APA:siGFP polyplexes, used in this
study as a negative control. The hydrodynamic diameter of the main population (82.6 ±
12.5%) of APA:siGFP polyplexes was 115 ± 32 nm, and its zeta potential was 0.52 ± 0.17 mV
(Supplementary Materials Figure S1B,C). Polyplexes at the size range of ~10–150 nm were
previously shown to benefit from selective accumulation at the tumor site due to the EPR
effect [10,18,36]. Elemental analysis of APA:siPlk1 and APA:siGFP polyplexes confirmed
that both complexes contained similar weight percentages of nitrogen and phosphorus
(15.14 ± 3.14% of nitrogen and 2.8 ± 0.15% phosphorus in APA:siPlk1 and 13.29 ± 3.02%
of nitrogen and 3.11 ± 0.2% phosphorus in APA:siGFP, respectively) (Supplementary
Materials Figure S1D). These data verified the fact that the same N/P ratio was used for
the two polyplexes to treat GB cells. The ability of APA:siPlk1 polyplexes to induce specific
gene silencing in both U251 and U251 TMZ-R cells was evaluated at the mRNA level by
RT-PCR. Cells were treated with APA:siPlk1, APA:siGFP, or siPlk1 alone at a concentration
of 100 nM siRNA for 48 h. APA:siPlk1 reduced Plk1 mRNA level by ~95% in U251 cells
and by ~90% in U251 TMZ-R cells compared to untreated cells, while siPlk1 alone did not
induce any silencing in both cell lines examined. APA:siGFP did not significantly reduce
Plk1 mRNA levels, showing ~35% and ~13% silencing in U251 and U251 TMZ-R cells,
respectively (Figure 2D).

3.3. Treatment with APA:siPlk1 Polyplexes Reduces the Viability of Both U251 Cells and U251
TMZ-R Clone

Next, the effect of treatment with APA:siPlk1 polyplexes on the viability of U251 and
U251 TMZ-R cells was evaluated. Cells were treated with APA:siPlk1, APA:siGFP, or siPlk1
alone at siRNA concentrations of 100, 250, and 500 nM for 20 h. Representative images at
20 h are presented (Figure 3A), and bar graphs of cell viability are presented (Figure 3B).
While treating U251 and U251 TMZ-R with 100 nM APA:siPlk1, APA:siGFP polyplexes,
or siPlk1 alone, did not affect the viability of the cells, 250 nM of APA:siPlk1 polyplexes
reduced the viability of U251 and TMZ-R cells by ~40%. On the other hand, treating U251
and U251 TMZ-R with 250 nM APA:siGFP or siPlk1 alone did not cause any cell toxicity.
When U251 and U251 TMZ-R cells were exposed to 500 nM of APA:siPlk1 polyplexes, the
viability of U251 and U251 TMZ-R cells was reduced by ~80% compared to untreated cells,
while siPlk1 alone did not affect the cell viability. Nonetheless, such a high concentration
of APA:siGFP polyplexes induced cell toxicity, therefore reducing the cell viability by ~70%
and ~60% in U251 and U251 TMZ-R, respectively, compared to untreated cells. The specific
and selective activity of APA:siPlk1 polyplexes at 250 nM siRNA equivalent treatment dose
demonstrated to be an efficient treatment that affected the proliferation of GB cells.
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Figure 2. Physico-chemical characteristics and silencing activity of APA:siPlk1 polyplexes. (A) Table summarizing the Mw
(Mn), PDI (Mw/Mn), and theoretical degree of polymerization (DP) as obtained by multi-angle light scattering (MALS).
(B) Scanning electron microscope (SEM) image of the dry droplet of polyplexes (scale = 500 nm). (C) Table summarizing
the hydrodynamic diameter, polydispersity index (PDI) and zeta potential of the main population of polyplexes, obtained
by Mobius and PALS instruments, and the average diameter obtained by SEM. (D) Specific mRNA silencing obtained by
RT-PCR, performed on U251 and U251 TMZ-R GB cells following treatment with APA:siPlk1 polyplexes.
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Figure 3. APA:siPlk1 treatment reduced the viability of U251 and U251 TMZ-R cells. (A) Representa-
tive phase-contrast images of the cells following 20 h of treatment. (B) Bar graph of cells viability
following 20 h of treatment based on red-channel images (scale = 20 μm).

3.4. SELP Is Expressed on the Membranes of GB Cells and Represents a Suitable Candidate for
Active Targeting for the Delivery of siRNA Polyplexes

SELP was previously found to be upregulated on both GB tumors and inflamed
cerebral endothelium at the tumor site, as opposed to its basal expression in healthy brain
tissue. Aiming to optimize our APA:siPlk1 by the addition of active targeting, we evaluated
the relevance of targeting SELP using U251 GB cells. We first assessed the expression
of SELP in U251 and U251 TMZ-R GB spheroids, and in U251 tumor slices (Figure 4).
Immunostaining of SELP in U251 and U251 TMZ-R spheroids demonstrated that 3D
cultures of GB cells expressed SELP (Figure 4A). Interestingly, flow cytometry analysis for
SELP on spheroids of U251 and U251 TMZ-R revealed slightly higher expression of SELP
in the TMZ-R cells (34% in U251 compared with 39% positive cells in U251 TMZ-R clone).
These findings suggest that targeting SELP would be effective for GB tumors, whether
sensitive or resistant to chemotherapy (Figure 4B). Furthermore, flow cytometry analysis
for SELP expression in U251 cells grown in 2D monolayer or 3D spheroids demonstrated a
remarkable increased expression of SELP in the 3D culture (Supplementary Materials Figure
S2A). This highlights the importance and the relevance of using SELP as active targeting
for the delivery of our polyplexes to GB tumors [28]. The BBB represents a challenge for
the delivery of drugs to the brain. Hence, targeting SELP that is normally expressed on
brain endothelium and is upregulated in cancer can facilitate accumulation in GB tumors,
as previously observed [33]. Furthermore, the expression of SELP in in vivo settings
was validated on slices of U251 intracranial tumors resected from SCID mice (Figure 4C,
Supplementary Materials Figure S2B). Immunostaining demonstrated high expression
of SELP, nearby to the expression of both the endothelial marker CD31 (Supplementary
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Materials Figure S2B) and Plk1 (Figure 4C), emphasizing the rationale for targeting SELP
in combination with specific Plk1-downregulating therapeutic modality.

Figure 4. SELP expression on U251 and U251 TMZ-R 3D spheroids. (A) Imaged by confocal
microscopy (scale = 20 μm) and (B) analyzed by fluorescence activated cell sorting (FACS). (C) SELP
expression on slices of U251 intracranial tumors and co-localization with Plk1 (scale = 100 μm).

3.5. Sulfonation of Amphiphilic Poly(α)glutamate Amine (APA)

In order to improve the delivery of our polyplexes to brain tumors, APA was conju-
gated with sulfonate groups. These groups were shown before to enhance brain uptake and
to accumulate in GB tumors due to mimicry of the natural ligand of SELP [33]. APA was
modified with sulfonate groups using propanesultone reagent (Figure 5A). Ten equivalents
of base (tributylamine) per propanesultone were required for the substitution of 15% of the
amine groups. The product was characterized by 1H-NMR and the addition of sulfonate
groups was validated by the appearance of 2 peaks at the regions of 3.6 and 2.9 ppm
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(Figure 5B). Furthermore, infrared (IR) spectrum demonstrated the addition of a band at
the region of 1000–1050 cm−1 characteristic to sulfonic acid group [39] (Supplementary Ma-
terials Figure S3). Elemental analysis approved sulfonation ratio of ~15%, corresponding
to Sulfur weight % of 1.53 ± 0.07, while APA did not have a detectable amount of Sulfur
(0.04 ± 0.04, Figure 5C).

Figure 5. Synthesis and characterization of APAS. (A) Modification of APA with sulfonate groups
using propanesultone. (B) 1H-NMR spectrum of APA and APAS in D2O. (C) Elemental analysis
demonstrating the weight percent of Sulfur (S) in dry samples of APA and APAS, as obtained by
energy-dispersive X-ray spectroscopy (EDS) analysis.

3.6. APAS forms Active Complexes with siRNA and Enables Silencing of GB-Relevant Genes

We further evaluated complexes formed by self-assembly of APAS and siRNA and
compared them with APA:siRNA polyplexes. Hence, we complexed either APA or APAS
polymers with siRNA at increasing N/P ratios. Complexes were loaded on an agarose gel
supplemented with ethidium bromide, and allowed to run under 100 V for 15 min. Retar-
dation of migration of the free siRNA following neutralization of its negative charge by
complexing with the positively charged polymer was evaluated under UV light (Figure 6A).
As shown, while APA neutralized the charge of siRNA already at N/P ratio of 5, a higher
N/P ratio was required to complex siRNA in the case of APAS. Full complexation between
APAS and siRNA was shown only at N/P ratio of 15, due to the extra negative charge
of sulfonate groups in physiological pH. Therefore, polyplexes at N/P ratio of 15 were
selected for additional characterization and silencing evaluation (Figure 6B,C, Supplemen-
tary Materials Figure S4). DLS measurements demonstrated a hydrodynamic diameter of
113 ± 35 nm (80.3 ± 12.5% of the population by intensity distribution) similar to APA:siPlk1
polyplexes, and a slightly higher polydispersity (0.2 ± 0.3) compared to APA:siPlk1 poly-
plexes. Surface charge was negligibly higher compared to APA:siRNA polyplexes (1.5 ±
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0.3 mV), due to the higher N/P ratio used for the complexation of APAS:siRNA polyplexes.
Next, selective silencing of APAS:siPlk1 polyplexes was evaluated at the mRNA level in
U251 and U251 TMZ-R cells (Figure 6C). While APAS:siGFP did not silence Plk1 mRNA,
APAS:siPlk1 reduced Plk1 mRNA levels to ~25% compared to untreated cells in both U251
and U251 TMZ-R cells. To demonstrate silencing of MGMT in TMZ resistant GB cells, U251
TMZ-R cells were treated with APAS:siMGMT, and the mRNA and protein levels were
evaluated (Figure 6D,E). The highly MGMT-expressing U251 TMZ-R cells were treated with
polyplexes of APAS:siMGMT, APAS:siGFP, or siMGMT alone for 48 h. RT-PCR analysis
demonstrated that treatment with APAS:siMGMT reduced the mRNA levels to ~15% of
untreated cells, while APAS:siGFP or siMGMT alone did not affect MGMT mRNA levels.
Furthermore, western blot analysis corroborated our previous results, showing a reduction
of MGMT at the protein level following APAS:siMGMT treatment (Figure 6E).

3.7. Sulfonate Modification Facilitated Internalization of Cy5-siRNA into U251 and U251
TMZ-R Spheroids

Next, the effect of the SELP targeting on internalization was evaluated using 3D
settings of U251 and U251 TMZ-R 3D spheroids. 3D spheroids were treated with APA:Cy5-
siRNA, APAS:Cy5-siRNA, or Cy5-siRNA alone for 20 min. While Cy5-siRNA alone was
unable to internalize to the 3D spheroids, APA:Cy5-siRNA internalized to both U251 and
U251 TMZ-R 3D spheroids. Strikingly, much higher internalization into the 3D spheroids
was shown by the APAS:Cy5-siRNA polyplexes (Figure 7). Supplementary Materials
Figure S5A shows internalization of APA/S:cy5-siRNA polyplexes into U251 cells grown
in 2D culture. As the expression of SELP is much lower in 2D settings compared with the
3D spheroids (Supplementary Materials Figure S2), the effect of targeting SELP in 2D is
less pronounced, and the internalization into the cells was only slightly higher following
treatment with APAS:Cy5-siRNA compared to APA:Cy5-siRNA (Figure 7). Furthermore,
Cy5-siRNA was unable to enter into U251 cells seeded in 2D monolayer as well. To validate
the specific targeting of SELP, GL261 murine GB 3D spheroids were disintegrated and
treated with either APA:Cy5-siRNA, APAS:Cy5-siRNA or Cy5-siRNA alone in the presence
of 2 μM of the SELP inhibitor KF38789 (Supplementary Materials Figure S5B). APAS:Cy5-
siRNA polyplexes demonstrated higher internalization into GL261 spheroids-derived cells
within 5 min post-treatment (median fluorescence intensity of 3536 compared with 2931,
respectively). Furthermore, the addition of SELP inhibitor reduced the internalization of
APAS:Cy5-siRNA polyplexes to the level of 2016, while it did not alter the internalization
of APA:Cy5-siRNA polyplexes (median fluorescence intensity = 2847, Supplementary
Materials Figure S5).
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Figure 6. Sulfonate modification maintained size and activity of APA complexes. (A) Electrophoretic
shift assay (EMSA) of polyplexes of APA and APAS with siRNA at increasing N/P ratios. (B) Table
summarizing the hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the main
population of APAS:siPlk1 polyplexes as obtained by Mobius and PALS instruments. (C) Specific
Plk1 mRNA silencing obtained by RT-PCR, performed on U251 and U251 TMZ-R GB cells following
treatment with APAS:siPlk1 polyplexes. (D,E) Specific MGMT mRNA silencing obtained by RT-PCR
(D) and western Blot (E) performed on U251 and U251 TMZ-R GB cells following treatment with
APAS:siMGMT polyplexes.
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Figure 7. Sulfonate modification of APA facilitated internalization of Cy5-siRNA carrying polyplexes
into both U251 and U251 TMZ-R spheroids (scale = 50 μm).

4. Conclusions

Resistance to chemotherapy is frequently observed in GB patients that undergo surgi-
cal resection and radiotherapy; hence, alternative therapeutic approaches are in need. While
targeting signaling pathways that are associated with resistance may improve the outcome
of TMZ treatment, silencing oncogenes that are not related to developing chemotherapy
resistance such as Plk1, may be an alternative treatment suitable for both chemo-sensitive
and chemo-resistant tumors. APA complexed with siPlk1 formed size-controlled, injectable,
and non-toxic polyplexes that were able to induce specific gene silencing and affected the
proliferation of U251 and U251 TMZ-R cells. In order to maximize the therapeutic benefit,
APA was modified with sulfonate groups targeting the siRNA to SELP overexpressed on
GB endothelial and tumor cells which led to higher internalization into U251 3D spheroids.
Our results highlight the therapeutic potential of sulfonated APA as RNAi nanocarrier, for
maximal therapeutic response in chemo-resistant and chemo-sensitive GB brain tumors,
which should be further evaluated in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13122199/s1, Figure S1: Physicochemical characteristics of APA:siGFP poly-
plexes. Figure S2: A. High expression of SELP on U251 spheroids (3D) compared with tissue culture
(2D) as obtained by fluorescence activated cell sorting (FACS). B. Co-localization of SELP with CD31
in U251 intracranial tumors. Figure S3: IR spectrum of APA and APAS. Figure S4: APAS:siPlk1 repre-
sentative histogram of the main population of polyplexes as obtained by Mobius DLS instrument.
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Figure S5: A. Sulfonate modification had minor effect on internalization of Cy5-siRNA carrying
polyplexes into U251 cells (2D). B. Inhibition of SELP reduced internalization of APAS:Cy5-siRNA
polyplexes into GL261 spheroids, but did not alter the internalization of APA:Cy5-siRNA polyplexes,
as obtained by fluorescence activated cell sorting (FACS).
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Abstract: Prodrugs are bioreversible medications that should undergo an enzymatic or chemical
transformation in the tumor microenvironment to release active drugs, which improve cancer se-
lectivity to reduce toxicities of anticancer drugs. However, such approaches have been challenged
by poor therapeutic efficacy attributed to a short half-life and low tumor targeting. Herein, we
propose cathepsin B-overexpressed tumor cell activatable albumin-binding doxorubicin prodrug,
Al-ProD, that consists of a albumin-binding maleimide group, cathepsin B-cleavable peptide (FRRG),
and doxorubicin. The Al-ProD binds to in situ albumin, and albumin-bound Al-ProD indicates
high tumor accumulation with prolonged half-life, and selctively releases doxorubicin in cathepsin
B-overexpressed tumor cells, inducing a potent antitumor efficacy. Concurrently, toxicity of Al-ProD
toward normal tissues with innately low cathepsin B expression is significantly reduced by maintain-
ing an inactive state, thereby increasing the safety of chemotherapy. This study offers a promising
approach for effective and safe chemotherapy, which may open new avenues for drug design and
translational medicine.

Keywords: prodrug; albumin; drug delivery; targeted therapy; chemotherapy

1. Introduction

Chemotherapy is still the first-line treatment option owing to its high sensitivity against
wide range of cancers, but it is often accompanied by serious side effects attributed to a
lack of cancer selectivity [1]. The risk of side effects by chemotherapy restricts drug dosage,
which may limit the tumors from being exposed to sufficiently high drug concentrations,
eventually leading to treatment failure [2]. Thus, many endeavors have been made to
overcome these issues by improving the cancer selectivity of anticancer drugs to tumors.
One of the promising approaches, prodrug, involves bioreversible medications that should
undergo an enzymatic or chemical transformation in the tumor microenvironment to
release active drugs, which greatly improve the cancer selectivity to reduce the off-target
toxicity of anticancer drugs [3–5]. Selective activation of prodrugs can be achieved by
intrinsic differences of enzyme expression between tumor and normal tissues [6]. Many
designed prodrugs that selectively release active drugs by overexpressed enzymes in the
tumor microenvironment, including caspases, cathepsins, and matrix metalloproteinases
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(MMPs), have greatly increased the safety of chemotherapy with minimal side effects [7–10].
However, such approaches have been challenged by unfavorable pharmacokinetics (PK),
indicating a short in vivo half-life and poor tumor targeting owing to their small molecule
structure, resulting in limited antitumor efficacy [11].

Albumin is the most abundant protein in the blood and has 17 disulphide bonds with
one free thiol from unpaired cysteine (Cys34), which has emerged as a versatile protein
carrier to improve the PK profile of anticancer drugs for tumor targeting [12]. The un-
derlying mechanism of albumin-based drug delivery is that anticancer drugs containing
thiol-reactive molecules selectively bind to accessible free thiol on Cys34 of endogenous
albumins, and thus enhance the half-lives of drugs [13]. This long half-life is attributable
mainly to its macromolecular size, being above the kidney filtration threshold, as well as
receptor-mediated salvage mechanism, preventing degradation, facilitated by the neona-
tal Fc receptor (FcRn) [14]. Therefore, anticancer drugs bound to albumin accumulate
within tumors via the enhanced permeability and retention (EPR) effect that is shown in
the macromolecular complex by the increased vascular permeability and low lymphatic
drainage [15,16]. In clinics, albumin-bound doxorubicin, Aldoxorubicin, has shown potent
antitumor efficacy with significantly prolonged patient survival [17]. However, the delivery
efficiency to tumors of even the effective drug carriers was, unexpectedly, found to be less
than 1~3% in many preclinical studies [18]. This means that a considerable amount of
drugs inevitably localized in the off-target tissues and blood stream, which can increase the
risk of systemic toxicity. Thus, albumin-based drug delivery of aldoxorubicin still indicated
representative side effects of chemotherapy in patients at various stages [19].

2. Materials and Methods

2.1. Materials

Phe-Arg-Arg-Gly (NH2-FRRG-COOH) peptide was synthesized from Peptron (Dae-
jeon, Republic of Korea). Cathepsin B-inhibitory siRNA, γ-maleimidobutyric acid, and
Monoclonal anti-mouse cathepsin B antibody were purchased from Santa Cruz Biotech-
nology (Dallas, TX, USA). Cell counting kit-8 (CCK-8) was purchased from Vitascientific
(Beltsville, MD, USA). TUNEL assays kit, recombinant cathepsin B, cathepsin E, cathepsin
D, caspase-9, and caspase-3 were purchased from R&D systems (Minneapolis, MN, USA).
BCA protein quantification kit was purchased from Thermo Fisher scientific (Oakville,
ON, USA). Maleimide-PEG2-NHS, human serum albumin (HSA), mouse serum albumin
(MSA), bovine serum albumin (BSA), hematoxylin and eosin (H&E) staining kit, and dox-
orubicin hydrochloride were purchased from Sigma Aldrich (Oakville, ON, USA). Fetal
bovine serum (FBS), RPMI 1640 medium, Dulbecco’s modified Eagle medium (DMEM)
high glucose medium, streptomycin, and penicillin were purchased from WELGENE Inc.
(Daegu, Korea). Anti-β-actin antibody was purchased from Abcam (Hanam, Republic of
Korea). MDA-MB231 (human breast cancer cells) and H9C2 (rat BDIX heart myoblasts) cell
lines were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA).
Six-week-old female Balb/c nude mice were purchased from NaraBio, Inc. (Seoul, Korea).

2.2. Synthesis of Cathepsin B-Overexpressed Tumor Cell Activatable Albumin-Binding
Doxorubicin Prodrug (Al-ProD)

Al-ProD was synthesized via a two-step reaction. At first, maleimide-PEG2-NHS
(100 mg, 1 equiv) was reacted with NH2-FRRG-COOH (251.4 mg, 2 equiv) in anhydrous
DMF (10 mL) at 37 ◦C for 12 h, and maleimide-PEG2-FRRG-COOH was purified using
HPLC. Second, subsequent synthesis of maleimide-PEG2-FRRG-DOX (Al-ProD) was per-
formed by dissolving maleimide-PEG2-FRRG-COOH (150 mg, 2 equiv), doxorubicin (DOX;
48.2 mg, 1 equiv), EDC (44.1 mg, 4 equiv), and NHS (40.9 mg, 4 equiv) in anhydrous 10 mL
DMF, while stirring at 37 ◦C for 24 h. Then, Al-ProD was further purified via HPLC, and
lyophilized at −90 ◦C to obtain a red powder (Freeze Dryer, ilShinBioBase, Republic of
Korea). After preparation, successful synthesis of Al-ProD was confirmed by measuring
purity and molecular weight via HPLC and MALDI-TOF mass spectrometer, respectively.
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2.3. Characterization of Al-ProD

The albumin-binding property of Al-ProD was firstly evaluated. Briefly, to a hu-
man serum albumin (HSA), mouse serum albumin (MSA), or bovine serum albumin
(BSA; 700 μM in PBS; pH 7.4), Al-ProD (100 μM) was added and incubated for 0, 5, and
60 min at room temperature. As a control, the HSA solution was pre-incubated with
γ-maleimidobutyric acid for 1 h before adding Al-ProD. After incubation, samples were
analyzed via native 12% SDS-PAGE gel. The gels were observed by trans-UV using the
iBrightTM Imaging System (Invitrogen by Thermo Fisher Scientiric), and then stained with
coomassie blue for visualizing proteins. The albumin-binding property of Al-ProD was
further analyzed using reverse-phased high performance liquid chromatography (RP-
HPLC; Agilent cary 300; Agilent Technologies) with ACN/H2O gradient from 80:20 to
20:80 for 30 min under a fluorescence detector (Ex/Em: 530/590 nm). In addition, mass
shift after incubation of HSA with Al-ProD for 5 min was confirmed by a matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF, AB Sciex TOF/TOF 5800 System,
Annapolis, MD, USA) mass spectrometer with a cyano-4-hydroycinnamic acid (CHCA)
matrix. Next, cathepsin B-specific cleavage of Al-ProD that was pre-incubated with HSA
for 5 min (HSA-bound Al-ProD; 10 μM) was assessed by incubating with cathepsin B,
cathepsin E, cathepsin D, cathepsin L, caspase-9, or caspase-3 (50 μg) at 37 ◦C for 24 h,
followed by an analysis using HPLC with ACN/H2O gradient from 20:80 to 80:20 for
30 min.

2.4. Cellular Uptake

To assess intracellular behavior of Al-ProD via fluorescence imaging, 3 × 105 MDA-
MB231 and H9C2 cells were seeded in confocal dishes. After 24 h stabilization, each cell
was incubated with free DOX or HSA-bound Al-ProD (2 μM) for 48 h at 37 ◦C. As a control,
MDA-MB231 cells were pre-incubated for 2 h with cathepsin B-inhibitory siRNA that was
pre-incubated with Lipofectamine 2000 for 40 min at room temperature. Then, cells were
washed twice with DPBS, fixed with 5% paraformaldehyde for 15 min, and stained with
4′,6-diamidino-2-phenylindole (DAPI) for 10 min. Fluorescence imaging was performed
using a Leica TCS SP8 confocal laser-scanning microscope (Leica Microsystems GmbH;
Wetzlar, Germany). The DOX fluorescence in images was quantitatively analyzed using an
Image Pro software (Media Cybernetic, Rockville, MD, USA).

2.5. Cytotoxicity Assay

The cytotoxicity of Al-ProD was assessed via cell counting kit-8 (CCK) assays. First,
5 × 103 MDA-MB231 or H9C2 cells were seeded in 96-well cell culture plates. After 24 h
stabilization, the free DOX or HSA-bound Al-ProD were added to each well and incubated
for 48 h. Then, the cells were additionally incubated with culture medium containing
10% CCK solution for 30 min. The cell viability was measured using a microplate reader
(VERSAmaxTM; Molecular Devices Corp., San Jose, CA, USA) with 450 nm of wavelength.

2.6. Western Blot

Cathepsin B expression in MDA-MB231 and H9C2 cells was analyzed via Western
blot [20]. Briefly, 2 × 105 MDA-MB231 or H9C2 cells were seeded in six-well cell culture
plates. After 24 h incubation, MDA-MB231 and H9C2 cells were solubilized using lysis
buffer including 1% protease inhibitors, and the resulting lysates were centrifuged at
3000 rpm for 40 min to remove debris. The proteins in lysates were quantified by BCA
protein quantification kit, and then separated using sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) gel electrophoresis and transferred onto PVDF membranes. Then, membranes
were incubated with TBS-T containing 5% bovine serum albumin (BSA) for 1 h to block
non-specific IgG binding and incubated with anti-cathepsin B primary antibody for 12 h at
4 ◦C. Finally, membranes were incubated with HRP-conjugated anti-mouse IgG antibody
for 2 h at room temperature and immunoreactive bands were observed via an enhanced
chemiluminescence (ECL) system.
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2.7. Pharmacokinetics (PK)

Mice were bred under pathogen-free conditions at the Korea Institute of Science and
Technology (KIST). All experiments with live animals were performed in compliance
with the relevant laws and institutional guidelines of Institutional Animal Care and Use
Committee (IACUC) in Korea Institute of Science and Technology (KIST), and IACUC
approved the experiment (approved number of 2020-123). To assess pharmacokinetic (PK)
profiles in vivo, BALB/c nude mice were intravenously injected with free DOX (3 mg/kg)
or Al-ProD (3 mg/kg based on DOX contents), and blood samples were collected from
mice at pre-determined times (0, 3 h, 6 h, 9 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, and 144 h).
Then, each drug in the blood samples was extracted with DMSO by intense vortex and
the samples were centrifuged at 2000 rpm for 40 min to obtain as a blood plasma. Finally,
amount of free DOX and Al-ProD in samples was analyzed by IVIS Lumina Series III
system (PerkinElmer; Waltham, MA, USA).

2.8. Biodistribution in Breast Tumor Models

The biodistribution of Al-ProD was assessed in breast tumor models, which were
prepared by subcutaneous inoculation of 1 × 107 MBA-MB231 cells into the left flank of
BALB/c nude mice. When the tumor volumes were approximately 200–250 mm3, the
mice were intravenously injected with free DOX (3 mg/kg) or Al-ProD (3 mg/kg based
on DOX contents). Then, noninvasive near-infrared fluorescence (NIRF) imaging was
performed using an IVIS Lumina Series III system after 0 h, 3 h, 6 h, 12 h, 24 h, 48 h, and
72 h of injection. Fluorescence intensities in tumor regions were quantified via Living
Image software. Mice were sacrificed after 12 h of injection for ex vivo imaging, followed
by the collection of lung, liver, kidney, spleen, heart, and tumor tissues. Tumor tissues were
also cut into 10 μm thick sections for histological assays. Slide-mounted tumor sections
were analyzed by Leica TCS SP8 confocal laser-scanning microscope.

2.9. Antitumor Efficacy and Toxicity Evaluation

To evaluate the antitumor efficacy, MDA-MB231 tumor-bearing mice were randomly
divided into three groups: (i) saline; (ii) free DOX; and (iii) Al-ProD. Then, mice were
treated once every three days with free DOX (3 mg/kg) or Al-ProD (3 mg/kg based on
DOX contents), at which time tumor volumes were approximately 60–80 mm3. Antitumor
efficacy was assessed by measuring tumor volumes once every two days, calculated as
largest diameter × smallest diameter2 × 0.53, once every 2 days. The body weights of mice
were also measured once every two days to assess in vivo toxicity. The in vivo toxicity
of Al-ProD was further assessed by histological analyses. At 20 days after treatment,
major organs were collected from mice and samples were stained with H&E following the
manufacturer’s protocol. Then, organ sections were observed using an optical microscope.

2.10. Statistics

The statistical significance between two groups was analyzed using Student’s t-test.
One-way analysis of variance (ANOVA) was performed for comparisons of more than
two groups, and multiple comparisons were analyzed using Tukey–Kramer post-hoc
test. Survival data were plotted as Kaplan–Meier curves and analyzed using log-rank test.
Statistical significance was indicated with an asterisk (* p < 0.05, ** p < 0.01, and *** p < 0.001)
in the figures.

2.11. Data Availability

All relevant data are available with the article and its Supplementary Information files,
or available from the corresponding authors upon reasonable request.
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3. Results

3.1. Albumin-Binding and Selective Activation of Al-ProD

Herein, we propose cathepsin B-overexpressed tumor cell activatable albumin-binding
doxorubicin prodrug, Al-ProD, which can effectively deliver anticancer drugs by in situ
albumin-mediated passive targeting with minimal side effects. The Al-ProD was prepared
by conjugating doxorubicin (DOX) to C-terminus of cathepsin B-cleavable peptide (NH2-
FRRG-COOH; NH2-Phe-Arg-Arg-Gly-COOH) and introducing a maleimide group to the
N-terminus of peptide (Figure 1a). The maleimide group in the Al-ProD selectively bound to
the thiol in physiological pH, thereby allowing the covalent binding with in situ circulating
albumin (Figure 1b). Moreover, FRRG peptide is a well-known substrate of cathepsin B,
which is associated with tumor invasion and metastasis as a promising cancer biomarker
overexpressed in malignant tumors compared with normal tissues in clinical studies [21,22].
Compared with other substrate peptide of cathepsin B, FRRG peptide exhibited high
specificity against the target enzyme without non-specific cleavage and, especially, it was
reported that G-DOX cleaved from FRRG-DOX by enzymatic cleavage was additionally
metabolized into free DOX by intracellular proteases [23,24]. Therefore, the in situ albumin-
bound Al-ProD greatly enhances tumor accumulation with prolonged in vivo half-life
and induces a potent antitumor efficacy by selectively releasing free DOX in cathepsin
B-overexpressed tumor cells (Figure 1c). Concurrently, toxicity toward normal tissues with
innately low cathepsin B expression is significantly reduced by maintaining a non-toxic
inactive state, thereby increasing the safety of chemotherapy (Figure 1d). In the present
study, albumin-binding of Al-ProD was confirmed on human serum albumin (HSA), mouse
serum albumin (MSA), and bovine serum albumin (BSA). Selective action of Al-ProD was
studied in breast cancer cells and cardiomyocytes, indicating differential levels of cathepsin
B. The in vivo pharmacokinetics and tumor regression effect with minimal toxicity were
also carried out in breast cancer models.

The cathepsin B-overexpressed tumor cell activatable albumin-binding doxorubicin
prodrug, Al-ProD, which consists of albumin-binding maleimide group, cathepsin B-
cleavable peptide (NH2-FRRG-COOH; NH2-Phe-Arg-Arg-Gly-COOH), and doxorubicin
(DOX), was designed for cancer-targeted therapy with minimal side effects. The Al-ProD
was synthesized by conjugating DOX to C-terminus of FRRG peptide and introducing
a maleimide group to the N-terminus of peptide (Figure S1). After the reaction, 99% of
Al-ProD was purified with HPLC (Figure S2). The successful synthesis was also confirmed
via matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometer, wherein the exact molecular weight of Al-ProD was calculated to be 1370.44 Da
for C64H83N13O21, and measured to be 1370.616 m/z [M] (Figure S3). First, the plasma
albumin-binding ability of Al-ProD was assessed by various in vitro studies. The Al-ProD
and albumin from different species of human (human serum albumin; HSA), mouse (mouse
serum albumin; MSA), and bovine (bovine serum albumin; BSA) were clearly observed via
the doxorubicin absorbance and coomassie blue staining in SDS-PAGE gel, respectively
(Figure 2a). Importantly, the band of Al-ProD was detected below 7 kDa, but the band
shifted to 50–75 kDa after incubation with HSA, BSA, or MSA for 1 h. MALDI-TOF mass
spectrometer further confirmed the molecular weight shift of the HSA from 66,409 to
67,780 m/z when incubated with Al-ProD, showing a mass difference comparable to that of
Al-ProD (1370.616 m/z), indicating the successful albumin-binding (Figure S4). In contrast,
the Al-ProD band was not shifted when each albumin (HSA, MSA, and BSA) was pre-
incubated with 4-maleimido butyric acid to block the thiol group. As a control, FRRG-DOX
with the absence of a maleimide group and free DOX were also not bound to all types of
albumin, only showing the band below 7 kDa. The HSA-binding of Al-ProD was further
analyzed by HPLC (Figure 2b). Binding of Al-ProD with HSA in HPLC spectrum was
confirmed by a shift of the Al-ProD peak (14 min) to a broad peak at 16 min that appeared
to be a free HSA peak, wherein the binding was accomplished within 5 min. However,
Al-ProD did not bound to HSA for 60 min when the thiol group of HSA was blocked.
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Figure 1. In situ albumin-mediated cancer-targeted therapy by Al-ProD. (a) The Al-ProD is pre-
pared by conjugating doxorubicin (DOX) to the C-terminus of cathepsin B-cleavable peptide (FRRG)
and introducing a maleimide group to the N-terminus of peptide. (b) Intravenously injected Al-
ProD efficiently binds to in situ circulating albumin in blood vessels. (c) Albumin-bound Al-ProD
greatly enhances tumor accumulation via albumin-mediated passive tumor targeting and induces
a potent antitumor efficacy by selectively releasing free DOX in cathepsin B-overexpressed tumor
cells. (d) Concurrently, Al-ProD significantly reduced toxicity toward normal tissues with innately
low cathepsin B expression by maintaining a non-toxic inactive state, thereby increasing the safety
of chemotherapy.

Figure 2. Albumin binding and selective activation of Al-ProD. (a,b) Albumin-binding of Al-ProD.
Al-ProD was incubated with human serum albumin (HSA), mouse serum albumin (MSA), or bovine
serum albumin at room temperature. As a control, the HSA solution was pre-incubated with γ-
maleimidobutyric acid to block thiol in HSA. In addition, free DOX or FRRG-DOX with the absence
of a maleimide group were also incubated with three types of serum albumin. After incubation,
samples were analyzed via (a) SDS-PAGE gel and (b) RP-HPLC. (c,d) HPLC chromatograms when
Al-ProD was incubated with (c) cathepsin B or (d) other enzymes.

132



Pharmaceutics 2022, 14, 83

Next, we assessed the cathepsin B-specific cleavage of Al-ProD by incubation with
various enzymes. As the Al-ProD releases the DOX molecules via enzymatic degradation in
the presence of cathepsin B, it is major of concern whether the cathepsin B can recognize and
cleave FRRG peptide without interference by albumin adjacent when Al-ProD was bound
to albumin. To address this concern, HSA-bound Al-ProD was incubated with enzyme
reaction buffer containing cathepsin B (MES buffer; 50 μg/mL). The result showed that
HSA-bound Al-ProD began to be cleaved to glycine-conjugated doxorubicin (G-DOX) after
3 h incubation and G-DOX release was gradually increased for 9 h incubation (Figure 2c).
These results were clearly supported by MALDI-TOF analysis, which confirm the molecular
weight of G-DOX (calculated mass: 600.58 Da, measured mass: 601.2019 m/z [M+H],
623.184 [M+Na], and 639.1573 [M+K]) at a newly appeared peak (14 min) after incubation
with cathepsin B in the HPLC spectrum (Figure S5). It was already reported that G-DOX
cleaved from FRRG-DOX by cathepsin B enzymatic cleavage are efficiently metabolized
into free DOX by intracellular proteases [23,24]. In contrast, HSA-bound Al-ProD was
not cleaved by other enzymes, such as caspase-3, caspase-9, cathepsin D, cathepsin E,
and cathepsin L, or saline (hydrolysis; Figure 2d). These results clearly demonstrate that
Al-ProD successfully binds to albumin via a maleimide group and selectively releases DOX
molecules in the presence of cathepsin B enzyme.

3.2. Cancer Cell-Selective Cytotoxicity of Al-ProD

The in vitro selective activation of Al-ProD premised on differential expression levels
of cathepsin B was assessed in breast cancer cells (MDA-MB231) and rat BDIX cardiomy-
ocytes (H9C2). As expected, MDA-MB231 cells expressed a 24.26 ± 3.08-fold high amount
of cathepsin B compared with H9C2 cells (Figure S6). Each cell showed a robust uptake
of HSA-bound Al-ProD (red color) after 48 h of incubation, as confirmed by confocal
laser scanning microscope (CLSM; Figure 3a). However, DOX fluorescence was limited
to the cytoplasm of H9C2 cells, whereas that in MDA-MB231 cells was observed in nu-
clei. The HSA-bound Al-ProD also remained in the cytoplasm of cathepsin B-suppressed
MDA-MB231 cells, which are pre-treated with cathepsin B-inhibitory siRNA for 24 h.
Quantitatively, DOX fluorescence in nuclei was 2.48–2.89-fold stronger in HSA-bound
Al-ProD-treated MDA-MB231 cells than H9C2 and cathepsin B-suppressed MDA-MB231
cells (Figure 3b). In contrast, intracellular free DOX was clearly observed at the nuclei in
both MDA-MB231 and H9C2 cells, regardless of cathepsin B expression (Figure 3c). As the
mode of action of DOX is intercalation into DNA base pairs, inducing breakage of DNA
strand and inhibition of DNA and RNA replication, the DOX moleucle inside the nuclei
of cells is an important indicator of its cytotoxicity. As a result, this differential cellular
uptake of Al-ProD resulted in cancer cell-selective cytotoxicity [25]. The IC50 value of
HSA-bound Al-ProD in MDA-MB231 was measured to be 7.33 μM, while it was >200 μM
in H9C2 cells after 48 h incubation, which showed about a 30-fold difference that indicates
cancer cell-selective cytotoxicity (Figure 3d). In contrast, free DOX exhibitied indiscriminate
cytotoxicity in both MDA-MB231 and H9C2 cells with nearly similar IC50 values (Figure 3e).
These results suggest that Al-ProD can efficiently eradicate cancers with minimal off-target
toxicities toward normal tissues by selective activation in cancer cells.
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Figure 3. Cellular uptake and cytotoxicity of Al-ProD. (a) Fluorescence images of MDA-MB231
and H9C2 cells treated with Al-ProD. As a control, MDA-MB231 cells were pre-incubated with
cathepsin B-inhibitory siRNA. (b) Quantification analysis of DOX fluorescence in nuclei or cytosol
of Al-ProD- or free DOX-treated MDA-MB231, H9C2, and cathepsin B-inhibitory siRNA-treated
MDA-MB231 cells. (c) Fluorescence images of MDA-MB231 and H9C2 cells treated with free DOX.
(d,e) Cytotoxicity of (d) Al-ProD or (e) free DOX in MDA-MB231 and H9C2 cells. Significance
(*** p < 0.001) was determined by Student’s t-test (d).

3.3. Pharmecokinetics and Tumor Targeting of Al-ProD

To evaluate the high tumor accumulation of albumin-binding Al-ProD by extended
in vivo half-life, the pharmacokinetics (PK) of Al-ProD and free DOX was firstly compared
in BALB/c nude mice after intravenous injection at a dose of molar equivalent to 3 mg/kg
of doxorubicin. In contrast to free DOX, showing fast in vivo clearance with a half-life of
15 min, Al-ProD showed a significantly extended half-life of more than 3 h (Figure 4a). In
addition, a detectable amount of the Al-ProD remained for 144 h in the body, indicating
the dramatically extended residence time in vivo. As a result, the area under the curve
(AUC) of Al-ProD was approximately sevenfold increased compared with that of free DOX.
The tumor accumulation of Al-ProD by extended in vivo half-life was further assessed
via noninvasive near-infrared fluorescence (NIRF) imaging in breast tumor models. The
breast tumor-bearing mice were prepared by subcutaneous inoculation of MDA-MB231
cells (1 × 107) into BALB/c nude mice, and free DOX (3 mg/kg) or Al-ProD (3 mg/kg
based on DOX contens) were intravenously injected into mice. In the case of free DOX, the
DOX fluorescence in tumor tissues was rapidly decreased for 6 h owing to its rapid in vivo
clearance by a short half-life (Figure 4b). However, DOX fluorescence of Al-ProD in tumor
tissues was significantly stronger than free DOX at all time points and was retained for
72 h of injection, which indicates high tumor accumulation by albumin-mediated passive
targeting effect. The DOX fluorescence from tumor tissues was quantitatively 3.33–4.08-fold
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stronger in mice treated with Al-ProD than free DOX after 12 h injection (Figure 4c). Ex
vivo imaging after 12 h of injection further confirmed the high tumor accumulation of
Al-ProD, wherein the DOX fluorescence in tumor tissues was 3.41–4.92-fold stronger than
the free DOX group (Figure 4d). Finally, histological analyses also indicated strong DOX
fluorescence (red color) in whole tumor tissues from mice treated with Al-ProD compared
with free DOX (Figure 4e). In contrast, only a small quantity of free DOX was observed
in tumor tissues. These results demonstrate that the abumin-binding property of Al-ProD
greatly extended the in vivo half-life of drugs, leading to high tumor accumulation via a
passive targeting effect.

Figure 4. Pharmacokinetics and biodistribution of Al-ProD. (a) PK profiles of Al-ProD and free
DOX. Area under the curve (AUC) was calculated by Origin 2020 software. (b) NIRF images of
MDA-MB231 tumor-bearing mice treated with Al-ProD of free DOX. (c) Quantification analysis on the
DOX fluorescence at tumor tissues in NIRF images. (d) Ex vivo imaging of organs from mice treated
with Al-ProD or free DOX after 12 h injection. (e) Quantification analysis of the DOX fluorescence
at major organs in ex vivo imaging. (e) Fluorescence images of whole tumor tissues after 12 h of
Al-ProD or free DOX treatment. Significance (** p < 0.01, *** p < 0.001) was determined by Student’s
t-test (c,d).

3.4. Antitumor Efficacy and Toxicity Studies of Al-ProD in Breast Tumor Models

To evaluate the antitumor efficacy, MDA-MB231 tumor-bearing mice prepared by
same protocol as in Figure 4b were treated with free DOX (3 mg/kg) or Al-ProD (3 mg/kg
based on DOX contens) once every three days. Importantly, Al-ProD (347.42 ± 25.9 mm3)
significantly decreased the tumor volume compared with free DOX (580.25 ± 139.92 mm3;
p < 0.05) and saline (1810.98 ± 544.56 mm3; p < 0.001) groups on day 20 after treatment
(Figure 5a). Tumor tissues stained with H&E and TUNEL also showed greatly elevated
damaged areas and apoptosis in the Al-ProD group compared with the free DOX and
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saline groups, which clearly indicated the potent antitumor efficacy by albumin-mediated
passive targeting of Al-ProD (Figure 5b). Next, we assessed the reduced off-target toxicity
of Al-ProD by high cancer selectivity during treatment. Body weights of mice in the free
DOX group gradually decreased during treatment owing to severe systemic toxicity, while
those in the Al-ProD group showed no significant body weight loss, similar to the saline
group (Figure 5c). Furthermore, normal organs stained with H&E exhibited structural
abnormalities in the free DOX group, whereas only negligible toxicity was observed in
organs of the Al-ProD group on day 20 after treatment (Figure 5d). In agreement with the
above results, the mice in free DOX group were all dead within 18 days, with a median
survival of 16 days, whereas Al-ProD-treated mice survived over 25 days (Figure 5e). As a
control, median survial of the saline group was measured to be 20 days, wherein the mice
were dead as a result of tumor progression. Collectively, our findings demonstrate that
Al-ProD effectively inhibits tumor growth without side effects, thereby allowing effective
and safe chemotherapy.

Figure 5. Antitumor efficacy and toxicity evaluation of Al-ProD. (a) Tumor growth curves of
MDA-MB231 tumor-bearing mice after saline, free DOX, or Al-ProD treatment once every three
days. (b) Tumor tissues stained with H&E or TUNEL to assess antitumor efficacy on day 20 after
treatment. (c) Body weights during treatment. (d) Major organs stained with H&E to assess structural
abnormalities on day 20 after treatment. (e) Mice survival during treatment. Significance (* p < 0.05
and *** p < 0.001) was determined by one-way ANOVA with the Tukey−Kramer post-hoc test (a,c) or
log-rank test (e).
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4. Conclusions

In summary, we proposed achieving the effective and safe chemotherapy with cathep-
sin B-overexpressed tumor cell activatable albumin-binding doxorubicin prodrug (Al-
ProD) via albumin-mediated drug delivery. Al-ProD, which consists of albumin-binding
maleimide, cathepsin B-cleavable peptide, and doxorubicin, efficiently bound to plasma
albumin, thereby dramatically extending the in vivo half-life of doxorubicin. Importantly,
highly accumulated Al-ProD in the tumor tissues via albumin-mediated passive targeting
selectively released doxorubicin in cathepsin B-overexpressed cancer cells, which pro-
voked potent antitumor efficacy. Concurrently, Al-ProD significantly reduced the toxicity
against normal tissues with innately low cathepsin B by maintaining an inactive state. As
a result, localized tumor delivery of doxorubicin by Al-ProD greatly inhibited the breast
tumor progression with minimized side effects. Compared with the conventional drug
delivery system that encapsultes active drugs into nanoparticles, Al-ProD can prevent
the off-target toxicities by accidental drug leakage during circulation. In addition, this
system also reduces the risk of potential side effects from carrier materials by using the
natural delivery carrier. Finally, presice and consice structures allow the simple preparation
protocol, thereby overcoming the fundamental problems of targeted drugs for clinical trans-
lation, such as difficulty in quality control (QC) and mass production. Therefore, this study
provides a promising approach for effective and safe chemotherapy, which may open new
avenues for drug design and provide significant advances for translational nanomedicine.
However, unexpectedly low delivery efficiency of targeted drugs is still a common lim-
itation of current drug delivery systems. Thus, many researchers are making efforts to
develop the advanced formulation and to increase the understanding of the complex tumor
microenvironment that reduces the delivery efficiency of targeted drugs. Considering
the clinical success of albumin-mediated drug delivery to improve the pharmacokinetics
and tumor targeting of drugs as well as ongoing pipelines like Al-ProD will further move
albumin-binding drugs from bench to bedside.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics14010083/s1, Figure S1. Synthetic scheme to prepare cathepsin B-overexpressed
tumor cell activatable albumin-binding doxorubicin prodrug (Al-ProD). Figure S2. The purity (>99%)
of Al-ProD was confirmed by high performance liquid chromatography (HPLC). Figure S3. The
molecular weight of Al-ProD was confirmed via MALDI-TOF mass spectrometer. Figure S4. MALDI-
TOF analysis results of human serum albumin and human serum albumin-bound Al-ProD. Figure S5.
Metabolite assay of Al-ProD. Glycine-conjugated doxorubicin (G-DOX) release from Al-ProD was
confirmed via MALDI-TOF mass spectrometer. Figure S6. Cathepsin B expression levels of MDA-
MB231 and H9C2 cells. (left) Western blot analysis of cathepsin B of MDA-MB231 cancer cells and
H9C2 normal cells. (right) Relative expression levels of cathepsin B in each cell.
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Abstract: Prostate cancer (PC) is the most common cancer in men over 50 and the 4th most prevalent
human malignancy. PC treatment may include surgery, androgen deprivation therapy, chemotherapy,
and radiation therapy. However, the therapeutic efficacy of systemic chemotherapy is limited due
to low drug solubility and insufficient tumor specificity, inflicting toxic side effects and frequently
provoking the emergence of drug resistance. Towards the efficacious treatment of PC, we herein
developed novel selectively PC-targeted nanoparticles (NPs) harboring a cytotoxic drug cargo. This
delivery system is based upon PEGylated nanostructured lipid carriers (NLCs), decorated with a
selective ligand, targeted to prostate-specific membrane antigen (PSMA). NPs loaded with cabazitaxel
(CTX) displayed a remarkable loading capacity of 168 ± 3 mg drug/g SA-PEG, encapsulation
efficiency of 67 ± 1%, and an average diameter of 159 ± 3 nm. The time-course of in vitro drug
release from NPs revealed a substantial drug retention profile compared to the unencapsulated drug.
These NPs were selectively internalized into target PC cells overexpressing PSMA, and displayed
a dose-dependent growth inhibition compared to cells devoid of the PSMA receptor. Remarkably,
these targeted NPs exhibited growth-inhibitory activity at pM CTX concentrations, being markedly
more potent than the free drug. This selectively targeted nano-delivery platform bears the promise of
enhanced efficacy and minimal untoward toxicity.

Keywords: prostate cancer; nanoparticles; nanostructured lipid carriers; prostate-specific membrane
antigen; targeted delivery; encapsulation; cabazitaxel

1. Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide. In this
respect, prostate cancer (PC) is the most common cancer in men over the age of 50 and the
4th most prevalent human malignancy [1]. The current modalities to treat early-stage PC
include surgery, radiation therapy, and for some men, androgen deprivation therapy [2,3].
Unfortunately, however, PC cells frequently acquire resistance to therapy, resulting in local
relapse, progression, and metastasis [2,3]. This latter phase of the disease is referred to as
castration-resistant prostate cancer (CRPC) or metastatic CRPC (mCRPC), which can further
become a lethal disease (see Figure 1 in reference [4]) [2,3,5]. The most common metastases
reside in lymph nodes and bone [6]. The current treatment of CRPC includes systemic
second-generation endocrine treatment, followed by combination chemotherapy, where
docetaxel (DTX) and cabazitaxel (CTX) are the cytotoxic drugs approved for the treatment
of this stage of the disease [6,7]. Like the parent drug paclitaxel (PTX), DTX and CTX are
taxanes that promote microtubule assembly and inhibit microtubule depolymerization,
thereby causing an antimitotic cytotoxic effect [8–10]. This treatment is limited by low
drug bioavailability due to the poor solubility of these therapeutic agents in the blood and
the side effects to healthy tissues, causing reduced quality of life [2,3,5–7]. The goal of
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cancer therapeutics is to achieve a curative targeted treatment which also reduces systemic
toxicity [11].

One of the strategies to overcome these serious therapeutic hurdles and limitations
is selective targeting using nanoparticles (NPs). The mode of drug accumulation and
cytotoxicity relies on passive targeting, which depends on the enhanced permeability and
retention (EPR) effect [11–15]. This effect is characterized by structural abnormalities in
tumor vasculature and lack of lymphatic drainage. Thereby, it enables extravasation of NPs
from the tumor’s leaky blood vessels into the tumor and results in marked accumulation in
the internal tumor microenvironment (TME) [11–15]. The EPR effect provides favorable
conditions for the use of long-circulating nanocarriers that can evade immune surveillance
and interaction with the reticuloendothelial system (RES) [11–15]. The RES is a global
system of macrophages, mainly in the liver and spleen, aimed at engulfing and eliminating
foreign particles that are recognized by antibodies, a process known as opsonization [11–15].
Thereafter, actively targeted NPs interact with, and undergo, internalization into target
cells via receptor-mediated endocytosis [11–17]. The mechanism underlying endocytosis is
based upon the interaction between ligand-decorated NPs, and a tumor-specific antigen, or
defined receptor, selectively overexpressed on the surface of PC cells.

Various cell surface antigens were used for the targeting of PC cells via selective
receptor-mediated endocytosis (see Figure 2 in reference [4]). One of the most highly
selective and well-characterized biomarker antigens of PC is prostate-specific membrane
antigen (PSMA), also known as glutamate carboxypeptidase II (GCP-II), N-acetyl-α-linked
acidic dipeptidase I, or folate hydrolase [2,3]. PSMA is a surface receptor overexpressed by a
factor of 100–1000 in 94% of PC cells, compared to normal tissues including healthy prostate
epithelial tissues [2,3,18]. Moreover, its expression increases with cancer progression,
aggressiveness, and metastasis [2,3,18]. Therefore, PSMA has been extensively used as
a bona fide target antigen for both diagnostic imaging and targeted drug delivery in the
treatment of PC [19–24]. Compounds based on a urea linkage between two amino acids
were found to have comparable affinities for PSMA and a strong interaction with the active
site of GCP-II via hydrogen bonds [25–27].

As NPs undergo internalization into target cells, intracellular drug release occurs,
thereby achieving a specific therapeutic effect [11–17]. Furthermore, uptake via receptor-
mediated endocytosis is usually followed by lysosomal degradation of the NPs, thus
facilitating the release of the encapsulated drug cargo into the cytoplasm, hence achieving
a potent therapeutic effect [11–17].

The selective internalization of targeted NPs is an effective strategy to overcome
cancer multidrug resistance (MDR), which remains a primary impediment towards effica-
cious cancer therapy [15,28–35]. This selective targeting constitutes a major advantage to
evade MDR efflux pumps including P-glycoprotein (Pgp/ABCB1), multidrug resistance-
associated protein 1 (MRP1/ABCC1), and breast cancer resistance protein (BCRP/ABCG2);
these ATP-driven transmembrane efflux pumps extrude a multitude of chemotherapeutic
drugs which are structurally and mechanistically distinct, resulting in a broad spectrum
resistance to multiple anticancer drugs known as MDR [15,36–40].

Several important physicochemical properties should be optimized to establish an
effective nanocarrier system with regards to: (a) permeation out of the leaky blood vessels
and accumulation in the TME through the EPR effect, and (b) specific interaction with
target cells and intracellular release of the encapsulated drug. The size and zeta-potential
of NPs are some of the most important factors to be considered. A size range of 50–200 nm
was found to be suitable for efficient extravasation from the tumor blood vessels, avoiding
filtration by the kidney and minimal capture by the liver [11,13]. NPs with negative or
neutral zeta-potential, as an indicator for anionic or neutral surface charge, respectively, are
less subjected to opsonization and are unlikely to undergo electrostatic interaction followed
by non-specific uptake by the negatively charged cellular membranes [13].

As part of the innovative development of pharmaceutical drug carriers, nanostruc-
tured lipid carriers (NLCs) constitute an effective option for stable and controlled drug
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delivery. NLCs consist of a nanostructured lipid matrix, made of a mixture of solid and
liquid lipids, surface-stabilized by a surfactant or a mixture of surfactants [41–43]. The in-
corporation of liquid lipids with solid lipids generates liquid domains within the crystalline
structure of the solid lipid lattice, which in turn enables the stable entrapment of the
lipophilic drug cargo for the enhancement of drug loading capacity and minimization of
premature outward diffusion [41–47]. In the current study, we developed NLCs which
are composed of biocompatible and biodegradable components, including an oleic acid
liquid core, surface-stabilized by solidifying stearic acid (SA), conjugated to polyethylene
glycol (SA-PEG). Coating the surface of NLCs with PEG, a process called PEGylation,
provides stealth functionality (i.e., immune system “transparency”) that contributes to a
markedly prolonged blood circulation time and is known to attenuate the clearance of the
NPs from the circulation by hindering the otherwise dominant uptake by the RES [48]. This
is critical for maximizing the passive uptake into the tumor and improving the pharma-
cokinetic and pharmacodynamic profiles of the nanocarriers. PEG is conjugated via an
amide linkage to the targeting ligand (TL) Glutamate-Urea-Lysine (Glu-Urea-Lys), a small
molecule urea-derivative which is an established ligand for specific binding to the PSMA
receptor [25–27,49,50].

We undertook a thorough literature and patent review to confirm the novelty of the
current nanodelivery system and delineate the differences of our nanomedicine system
compared to other previously described NPs for prostate cancer treatment. A variety
of nanocarrier drug delivery systems have been studied for the potential treatment of
prostate cancer, including lipid-based NPs [51–57], inorganic NPs [58–61], and polymeric
NPs [62–68]. Lipid NPs, including the NPs developed in our present study, have several
advantages over other nanodelivery systems. The most compelling advantages of lipidic
nanocarriers are their ease of scalability, low untoward toxicity, and more controllable
release patterns [69]. Various lipidic NPs for prostate cancer treatment have been studied,
and perhaps the most common lipidic drug delivery vehicles are liposomes. The major
advantage of NLCs over liposomes is that the distinctive nanostructure of NLCs allows for
a markedly enhanced loading capacity and sustained drug release profile. Hence, we chose
NLCs for the current study.

We herein developed a targeted nanodelivery platform for the encapsulation of the
therapeutic agent CTX. CTX is a novel second-generation anti-microtubule agent of the
taxane family, with enhanced anti-tumor activity in MDR cancer cells, as, advantageously,
it is a relatively poor efflux substrate of P-gp [70,71]. The current study aimed to construct a
novel targeted drug nanodelivery system, characterize it, and evaluate the selective uptake
and cytotoxicity to prostate cancer cells.

2. Materials and Methods

2.1. Materials

SA conjugated to polyethylene glycol (PEG) (2KDa) (SA-PEG) and SA-PEG with a
carboxylic end group at the PEG terminus were custom-synthesized (Creative PEGWorks,
Durham, NC). Glu-Urea-Lys with protecting groups of tert-Butyl esters was purchased
from ABX advanced biochemical compounds (Radeberg, Germany). Cyanine7 with amine
modification (Cy7-NH2) was purchased from Moshe Stauber Biotech Applications (Lod,
Israel). All other chemicals were obtained from Sigma-Aldrich (Merck, Rehovot, Israel).

2.2. Cell Cultures

Human prostate cancer cell lines LNCaP (overexpressing the PSMA receptor) and
PC-3 (devoid of PSMA expression), human non-small cell lung cancer (NSCLC) 1975 cells,
human embryonic kidney HEK-293 cells, and normal human bronchial epithelial BEAS2B
cells were cultured in an RPMI-1640 medium, supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, 100 μg/mL penicillin, and streptomycin (Biological Industries, Beit-
HaEmek, Israel). The growth medium of LNCaP cells was supplemented with 5 μg/mL
insulin (Sigma-Aldrich, Merck, Rehovot, Israel). Neonatal foreskin fibroblast FSE cells were
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cultured in a DMEM medium, supplemented with 10% FBS, 2 mM glutamine, 100 μg/mL
penicillin, and streptomycin. Cells were incubated at 37 ◦C in a humidified atmosphere of
5% CO2. NSCLC 1975, HEK-293, BEAS2B, and FSE cells were obtained from ATCC [72].
LNCaP and PC-3 cells were generously provided by Prof. David (Dedi) Meiri (Technion,
Haifa, Israel) and were also originally obtained from ATCC. The actual surface expression
of the PSMA receptor by LNCaP and PC-3 cells was determined by immunohistochemistry,
conducted by the department of pathology in Rambam Health Care Campus, Haifa, Israel.

2.3. Methods
2.3.1. Preparation of NLCs

Self-assembled NLCs were prepared by a surfactant-free nanoprecipitation method [72–74]
with several modifications for the stabilization of the nanocarriers system, as follows: For
the unloaded NPs, SA-PEG (20 mg/mL) was dissolved in distilled water (DW) that was
filtered through a 0.22 μm syringe filter prior to the addition of SA-PEG. The aqueous
phase remained at 70 ◦C in order for the SA to be in its liquid state, as the melting point
of SA was reported to be 69.6 ◦C [75]. A liquid lipid phase dissolved in ethanol (EtOH)
was then added dropwise into the preheated aqueous phase under magnetic stirring of
600 rpm. The mixture was agitated at room temperature for 10 min to reach equilibrium.
Different liquid lipids were used in the lipid phase including α-pinene, oleic acid (OA),
orange oil, lemon oil, and jasmine oil. Samples were then transferred to a cold-water bath
at 4 ◦C under stirring for another 10 min, for the solidification of the SA in the SA-PEG
shell of the NPs, and in order to reach a final equilibrium.

2.3.2. Synthesis of SA-PEG-TL and Preparation of Targeted NLCs

SA-PEG conjugated to PSMA targeting ligand (SA-PEG-TL) was synthesized by co-
valent coupling of SA-PEG-COOH with the amine group in the side chain of lysine in
the PSMA TL, Glu-Urea-Lys (Figure 1) [76]. The carboxylic groups of Glu-Urea-Lys were
masked by protecting groups of tert-Butyl esters. Briefly, SA-PEG-COOH (0.02 mmol), equal
molar ratio of Glu-Urea-Lys TL (0.02 mmol), reagents 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, 0.027 mmol), and 4-Dimethylaminopyridine (DMAP, 0.002 mmol)
were dissolved in dimethylformamide (DMF, 1 mL), with continuous stirring at room
temperature for 24 h. DMF was evaporated and 1H-NMR spectroscopy was conducted on
a Bruker AVENCE II 400 MHz (1H at 400 MHz) instrument in DMSO-d6 as a solvent to
validate the conjugation process [77]. Elimination of impurities was achieved by dialysis
(molecular weight cutoff of 500–1000Da, BDL (Beith Dekel) Ltd., Raanana, Israel) against
DW for 24 h. After conjugation and elimination of impurities, the SA-PEG-TL conjugation
product was quantified using back titration. The excess of SA-PEG-COOH that did not react
with the amine group on the PSMA TL was measured by titration with 0.01 M NaOH. The
molarity of the SA-PEG-TL was calculated by the difference between the original molarity
of SA-PEG-COOH and the molarity obtained by the acid-base titration. Thereafter, the
PSMA TL protecting groups were removed under acidic conditions using trifluoroacetic
acid (TFA) (Figure 1) and the isobutylene by-product was evaporated together with the
solvents. 1H-NMR spectroscopy was conducted on a Bruker AVENCE 200 MHz (1H at
200 MHz) instrument in DMSO-d6 as a solvent to confirm the exposure of the carboxylic
groups of the PSMA TL in the final SA-PEG-TL conjugation product [77]. For the prepa-
ration of targeted NLCs, SA-PEG-TL was added to the aqueous phase with SA-PEG at
70 ◦C. OA dissolved in EtOH was then added dropwise into the preheated aqueous phase
under magnetic stirring of 600 rpm at room temperature for 10 min. Samples were then
transferred to a cold-water bath at 4 ◦C under stirring for another 10 min.

2.3.3. Preparation of Drug-Loaded NPs

Drug-loaded NPs were prepared as described in Section 2.3.1, with the addition of
CTX dissolved in EtOH in the OA liquid lipid phase. The mixture was added dropwise to
the water phase, containing SA-PEG and SA-PEG-TL. Samples were stirred at room temper-
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ature for 10 min and transferred to 4 ◦C for another 10 min. Samples were then centrifuged
at 10,000× g at 4 ◦C for 20 min to sediment the unbound excess drug aggregates [72–74]. It
was verified that under these centrifugation conditions the sediment does not contain any
significant amount of the NPs, but only the crystalline drug excess.

Figure 1. Synthesis of SA-PEG with PSMA TL Glu-Urea-Lys. SA-PEG-COOH was conjugated to
Glu-Urea-Lys with protecting groups of tert-Butyl esters. The SA-PEG-TL was subjected to acidic
conditions for the removal of the protecting groups, hence regaining the carboxylic groups of the
PSMA TL.

2.3.4. Particle Size Distribution and Zeta-Potential Analyses

The colloidal stability of the NLCs and the drug-loaded NPs was studied according to
volume-weighted particle size distribution and zeta-potential using a dynamic light scatter-
ing (DLS)/zeta-potential analyzer, Zetasizer Ultra (Malvern Instruments Ltd., Worcester-
shire, UK). Samples were prepared by the nanoprecipitation method as described above
and size distribution and zeta-potential measurements were carried out. Zeta-potential was
calculated based on the Smoluchowski model [78]. Measurements from two independent
experiments, each performed in triplicates, are presented as means ± standard error (SE).

2.3.5. Analysis of Drug Loading Capacity and Encapsulation Efficiency

To quantify the amount of drug loaded into the NPs, NLCs were prepared at increasing
drug to SA-PEG molar ratios [72,79]. The drug-loaded NPs were prepared and centrifuged
as mentioned in Section 2.3.3 [72–74]. Quantification of the encapsulated drug in the
supernatant was performed by lyophilizing the supernatant and dissolving it in EtOH to
extract the CTX from the NLCs. Thereafter, the samples were filtered through a 0.45μm
membrane. The concentration of drugs was determined using reversed-phase HPLC (RP-
HPLC) and analyzed using a linear calibration curve [80,81]. RP-HPLC was conducted
using a 4.6 × 250 mm C18 Kromasil RP-HPLC column and a UV detector at 234 nm for CTX
detection. The mobile phase consisted of acetonitrile (ACN) and water (50:50, v/v). The
injection volume was 20 μL, at a flow rate of 1ml/min. The column temperature was kept at
25 ◦C, and the HPLC run was set for 25 min [80,81] with a 6 min ACN rinse between runs.
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Calculation of the loading capacity (LC, i.e., the mass ratio of drug to carrier) and
encapsulation efficiency (EE) (i.e., the percent of encapsulated drug from the added drug)
of the NPs was performed using Equations (1) and (2) [72–74]:

LC (mg drug/g SA-PEG) = WED/WSA-PEG (1)

EE (%) = (WED/WTD) × 100% (2)

WED is the amount of encapsulated drug; WSA-PEG is the total amount of SA-PEG in
the sample; WTD is the total amount of drug in the sample.

Results from two independent experiments, each performed in duplicates, are pre-
sented as means ± SE.

2.3.6. Cryogenic-Transmission Electron Microscopy Imaging (Cryo-TEM)

Cryo-TEM (Philips CM120 microscope) analysis was used for the imaging of NLCs
and NPs loaded with 0.6:1 CTX: SA-PEG molar ratio. Samples were prepared as described
and images were taken at 4 ◦C. A Gatan Multi Scan 791 cooled CCD camera was used to
acquire the images, using the Digital Micrograph 3.1 software package [72]. NPs size was
determined using ImageJ software.

2.3.7. Time-Course of In Vitro Drug Release

The time-course of in vitro release of drugs from the loaded NPs as compared to free
drugs was studied by the dialysis method [72,73]. One ml of drug-loaded NPs or free drugs
(both systems in DDW) were placed in dialysis tubes (molecular weight cutoff of 3.5 kDa,
Sigma-Aldrich, Merck, Rehovot, Israel) and incubated in 30 mL of buffer comprising
phosphate-buffered saline (PBS, 10 mM, pH 7.4) containing 0.1% wt Tween 80 for 72 h at
37 ◦C, with continuous gentle agitation (100 rpm). At defined time intervals (0, 2, 4, 6,
10, 23, 29, 36, 47, 58, 72 h), the dialysate was collected and replaced by the same volume
of fresh release buffer. To calculate the cumulative release of drugs, the dialysates from
each time point were freeze-dried, dissolved in EtOH for CTX extraction, filtered through
0.45 μm membrane, and quantified using RP-HPLC, as described in Section 2.3.5 above.
The results are presented as the means of two independent experiments ± SE.

2.3.8. Determination of NPs Concentration by Nanosight

NPs concentration was determined using Nanosight instrument (NS300, Malvern
Instruments Ltd., Worcestershire, UK). Samples were prepared as described above, diluted
with DW, and measured at 25 ◦C. Results are presented as the means of two independent
experiments ± SE.

2.3.9. Characterization of NPs Specificity by Confocal Laser Microscopy

Fluorescent NPs were formed as described above, with the addition of SA-PEG conju-
gated to the fluorophore Cy7 (SA-PEG-Cy7) in the aqueous phase during the NPs’ prepara-
tion. The conjugation between Cy7-NH2 and SA-PEG-COOH was performed using the
EDC and N-hydroxysuccinimide (NHS) conjugation method as previously described [82].
SA-PEG-COOH (0.0125 mmol) was incubated with excess of EDC and NHS (at a 1:2 EDC:
NHS molar ratio) for 15 min at room temperature with gentle shaking. The resulting
NHS-activated SA-PEG was covalently linked to Cy7-NH2 (0.0125 mmol). The sample
was allowed to react for 2 h with constant mixing at room temperature, and the final
conjugate was dialyzed against DW (molecular weight cutoff of 3.5kDa, Sigma-Aldrich,
Merck, Rehovot, Israel) for 24 h with five replacements of the dialysate to remove unre-
acted fluorophore.

Selective internalization of Cy7-labeled NPs was studied using confocal fluorescence
microscopy (inverted confocal microscope, Zeiss LSM 710) [72,79]. Prior to the experiments,
cells were seeded on μ-slides VI 0.4 (Ibidi, Martinsried, Germany) at 50% confluence and
incubated overnight. Cells were then washed with PBS and incubated with 1 μg/mL
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Hoechst 33342 in growth medium for 10 min to achieve nuclear DNA staining. Thereafter,
cells were incubated with different fluorescent NPs.

For selective internalization of targeted NPs as a function of the concentration of the
PSMA TL, LNCaP target cells were incubated for 2 h at 37 ◦C, with non-targeted NPs and
NPs decorated with increasing TL concentrations of 15 nM, 30 nM, and 80 nM (diluted
1:400 (v/v) in FBS-free medium). Thereafter, cells were washed twice with PBS to remove
free fluorescent NPs. Two fluorescence channels were used during image capture: (1) blue
for the viable DNA-dye Hoechst 33342 (Excitation/Emission: 350/461 nm); and (2) deep
red for the Cy7-labeled NPs (Excitation/Emission: 720/750 nm).

To explore the internalization specificity of the NPs, LNCaP and PC-3 cells were
incubated with non-targeted fluorescent NPs or 30 nM TL-decorated fluorescent NPs
(diluted 1:400 (v/v) in FBS-free medium) for 2 h at 37 ◦C. In addition, NSCLC 1975, HEK293,
BEAS2B, and FSE cells, were incubated with targeted fluorescent NPs (diluted 1:400 (v/v) in
FBS-free medium) for 2 h at 37 ◦C. Then, cells were washed twice with PBS to remove free
fluorescent NPs, and confocal microscope images were captured with the same fluorescence
channels as mentioned above.

For characterization of the active internalization of NPs, LNCaP cells were incubated
with a serum-free medium containing targeted NPs (diluted 1:400 (v/v)) for 1 h, at two dif-
ferent temperatures: 4 ◦C and 37 ◦C. Following incubation, cells were washed twice with
PBS and the cellular fluorescence pattern was examined. Images were analyzed with
IMARIS software.

2.3.10. Growth Inhibition Assays

The selective growth inhibition of CTX-loaded NPs was studied in LNCaP target
cells and PC-3 non-target cells, using an XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide)-based colorimetric cell proliferation kit as previously
described [72,79,83]. The preparation of CTX-loaded NPs was performed as described
above and the NPs had undergone 24 h dialysis before cell exposure, to simulate conditions
in the human body. The dialysis was conducted as described in Section 2.3.7, but with the
use of 10% FBS to capture the released CTX [83]. Prior to the experiment, 96-well plates
were coated with poly-L-Lysine before cell plating. LNCaP and PC-3 cells were seeded in
96-well plates at 5 × 104 and 2.5 × 104 cells/mL, respectively, and incubated overnight to
allow for cell attachment. Following exposure of the cells to CTX-loaded NPs at increasing
CTX concentrations of 0.001–100 nM for 24 h, cells were incubated for an additional 72 h
with a fresh growth medium. Cellular growth inhibition was determined by adding the
XTT reagent. Data were plotted using a nonlinear curve fitting of a sigmoidal model (Hill1)
with OriginPro 9.0 to obtain a dose-response curve according to Equation (3) [72,79,83]:

P = P∞ + (P0 − P∞) × ([D]n/((IC50)n + [D]n)) (3)

P stands for the percentage of live cells; P∞ represents the minimal percent of live cells
at infinite drug concentration; P0 is the maximal percent of surviving cells in the absence
of drug (100% = control); [D] stands for the drug concentration; IC50 stands for the drug
concentration exerting 50% inhibition of cell growth; n indicates the abruptness of the
dose-response curve.

Cells grown with free CTX at the same concentrations or medium with the addi-
tion of non-encapsulating NLCs served as the controls. Results shown are the means of
two independent experiments, each performed in triplicates ± SE.

3. Results and Discussion

3.1. Self-Assembly of the Delivery System

NLCs are typically composed of a mixture of solid and liquid lipids at different ratios,
designed to obtain stable core-shell (or multi-core-shell) structured spherical particles.
We examined different formulations, and a mixture of 60% SA-PEG and 40% liquid lipid
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was selected for further characterization. Self-assembled NLCs were prepared as described
in Section 2.3.1.

Various liquid lipids were studied for NP size distribution, as an assessment of the
compatibility between the crystalline shell created by solidifying SA and the liquid lipid
core (Figure 2).

Figure 2. Mean diameter of monomodal distribution of NLCs with various liquid lipids. NLCs
formulations of 60% SA-PEG and 40% of different liquid lipids were examined for size distribution.
Values presented are means ± SE, n = 2 (two independent experiments each performed in triplicates).
Significant differences between liquid lipids are marked as follows: * (p < 0.0080); ** (p < 0.0009);
*** (p < 0.0005).

To form a stable colloidal system of NPs suitable for effective accumulation in the TME
and internalization into target cancer cells via endocytosis, we aimed at forming NPs with
a mean diameter of 50–200 nm and a zeta-potential below −30mV (17, 19, 37). NPs with
40% oleic acid displayed a monomodal distribution with a mean size of less than 200 nm
and were therefore selected as the formulation for further experiments.

To generate NPs that will selectively target PC cells, the PSMA TL, Glu-Urea-Lys, was
conjugated via an amide linkage to SA-PEG. SA-PEG with a carboxylic end group at the
PEG terminus and the amine group in the lysine side chain of the Glu-Urea-Lys TL with
protecting groups of tert-Butyl esters, were conjugated for the synthesis of SA-PEG-TL
(Figure 1). Following the conjugation and elimination of unwanted impurities, the protect-
ing groups were removed to yield three carboxylic groups, constituting the binding motif
to the PSMA receptor (Figure 1). NLCs with the PSMA TL (Targeted-NLCs) were slightly
enlarged with an average diameter of 129 ± 3 nm, and a zeta-potential of −36.3 ± 0.3 mV.
This negative surface charge of NPs was achieved thanks to the reduction of the carboxylic
protecting groups of tert-Butyl esters, as shown in the H-NMR spectroscopy (Figure 3), thus
exposing the negative charge of the TL at physiological pH. It is known that PEGylation
(even without charge) provides good colloidal stability by steric repulsion of the NPs [84].
Moreover, the negative zeta potential provides additional colloidal stability by electrostatic
repulsion, and it is also known that zeta potential that is more negative than (−30 mV),
provides good colloidal stability [85] (even in the absence of PEGylation). Therefore, these
results indicate that we have successfully formed colloidally stable NPs that could serve as
a nanocarrier system that is decorated with a specific targeting ligand. This system was
subjected to further analyses.
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Figure 3. H-NMR spectroscopy. Tracings represent SA-PEG-TL with tert-Butyl esters protecting
groups (blue) compared to the final conjugation product SA-PEG-TL (red). The H-NMR spectroscopy
confirms that the tert-Butyl ester protecting groups were removed, thus revealing the carboxylic
groups of the TL. Measurements were performed in duplicates.

3.2. Physicochemical Characterization of NPs

The size distribution and zeta-potential of targeted-NLCs were determined at increas-
ing drug to SA-PEG molar ratios using DLS/zeta-potential analyzer [72–74,79]. CTX was
dissolved in the liquid lipid phase together with the OA and loaded into the targeted NLCs
by physical encapsulation. Following centrifugal sedimentation of the unbound excess
drug, CTX-loaded NPs were studied for size distribution and displayed a monomodal
distribution (Figure 4).
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Figure 4. Mean diameter and zeta-potential of NPs at increasing CTX: SA-PEG molar ratios. Columns
represent the mean diameter and black diamonds represent the zeta-potential. Values presented are
means ± SE, n = 2 (two independent experiments, each performed in triplicates).

Expectedly, at increasing drug to SA-PEG molar ratios, there was an increase in
the average diameter of NPs. This is due to the encapsulation of molecules that are
characterized by a hydrophobic taxadiene core, as in the case of CTX. As the drug: SA-PEG
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ratio increased, the volume-to-surface ratio increased and thus the average diameter of
the NPs increased. In contrast, the zeta-potential of the NPs remained negative and in
the range of −35 ± 3 mV. As we aimed to obtain NPs with an average size of less than
200 nm, a CTX: SA-PEG molar ratio of 0.2–0.6:1 appeared to be suitable, and the drug
loading capacity was hence studied.

3.3. Drug Loading Capacity (LC) and Encapsulation Efficiency (EE)

The LC and EE of CTX at increasing drug to SA-PEG molar ratios were determined by
centrifugal sedimentation of unbound excess drug and quantification of the encapsulated
drug in the supernatant by RP-HPLC (Figure 5). Expectedly, at increasing drug to SA-PEG
molar ratios, the EE decreased, whereas the LC increased. It is evident from Figure 5 that
increased concentrations of CTX led to a significant increase in LC, up to 0.6:1 CTX to
SA-PEG molar ratio. However, at higher drug concentrations, the increase in LC became
more moderate. These results are consistent with the DLS data showing a major increase in
the average diameter of NPs between 0.6:1 to 0.8:1 CTX: SA-PEG molar ratio (159 ± 3 nm
and 193 ± 19 nm, respectively). Taken collectively, the formulation displaying the optimal
relation between LC, EE, and particle size was 0.6:1 CTX: SA-PEG, with an average diameter
of 159 ± 3 nm, LC of 168 ± 3 mg CTX/g SA-PEG, and EE of 67% ± 1%.

 

59

109

168 179 186.8
201

180.3
71

65.5 67

54
44.8

32.2
22.2

0
10
20
30
40
50
60
70
80
90
100

0

50

100

150

200

250

0.2:1 0.4:1 0.6:1 0.8:1 1:01 1.5:1 2:01 En
ca

ps
ul

at
io

n 
ef

fic
ie

nc
y 

(%
)

Lo
ad

in
g 

C
ap

ac
ity

(m
g 

C
TX

/g
 S

A
PE

G
)

Cabazitaxel:SA-PEG Molar ratio

LC EE

Figure 5. CTX loading capacity (LC) and encapsulation efficiency (EE) at increasing CTX: SA-PEG
molar ratios. Columns represent the LC, whereas circles denote EE. Values shown are means ± SE,
n = 2 (two independent experiments, each performed in triplicates).

3.4. The Morphology of Drug-Loaded NPs

The morphology of the NPs was examined by analyzing cryogenic transmission elec-
tron microscopy (Cryo-TEM) images (Figure 6). NPs loaded with CTX (Figure 6A) appear
as spherical particles with an average diameter, which agrees with the DLS measurements.
As it was previously found that spherical particles are able to undergo faster internalization
than non-spherical NPs, this result contributes to the efficiency of the delivery system [86].
Additionally, non-encapsulated NLCs (Figure 6B) displayed a similar morphology, sup-
porting the incorporation of drugs into the NLCs nanocapsules.

3.5. In Vitro Profile of CTX Release from the NPs

The time-course of in vitro release of CTX from NPs was assessed by dialysis in a
large volume of a PBS buffer pH 7.4 containing 0.1% wt Tween 80 for 72 h at 37 °C, with
continuous mixing. We used a buffer containing Tween 80 so that the hydrophobic drug
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released from the NPs was efficiently bound and solubilized by Tween 80%, mimicking
human serum albumin binding of hydrophobic drugs. The above conditions were used
to simulate the systemic circulation of NPs in the blood over 24–48 h, assuming this was
a typical time for circulating NPs to accumulate in the tumor via the EPR effect [87]. At
defined time intervals, the dialysate was replaced with fresh buffer, and the drug was
quantified using RP-HPLC [72,73]. The complete replacement of fresh release buffer caused
a stronger release driving force and constituted stringent release conditions [72,73].

 

Figure 6. Analysis of the morphology of NPs by Cryo-TEM. Cryo-TEM images of (A) 0.6:1 CTX:
SA-PEG NPs; and (B) NLCs not encapsulating a drug, in water. The scale bars denote 100 nm. Note
that the CryoTEM images only show examples of the morphology of typical NPs. For size statistics,
please refer to the DLS data.

The in vitro release profile of CTX from NPs showed substantial drug retention, as
opposed to a burst-release of the unencapsulated drug during the first 10 h (Figure 7).
These results were affected by the ratio between the liquid and solid lipids in the NPs
formulation. As previously reported [41–43], the solid lipids of NLCs form a crystalline
shell that acts as a barrier, and the liquid lipids form a cohesive hydrophobic inner core
with strong interaction with the drugs loaded. Thus, a substantial reduction in drug release
from the NPs was observed. However, the initial release of the drug from the NPs, possibly
of some unencapsulated drug, or drug particles that were weakly adsorbed to the outer
shell of the NPs, was slightly more rapid.

3.6. Selective Targeting and Internalization of NPs into LNCaP Target Cells

The selective internalization of targeted NPs labeled with the deep red fluorescent dye,
Cy7, was studied using confocal laser microscopy. The cell lines that were examined were
LNCaP, PC cells overexpressing PSMA that were used as the target cells; PC-3, rare PC
cells lacking PSMA expression; NSCLC 1975 cells; human embryonic kidney HEK-293 cells;
normal human bronchial epithelial BEAS2B cells; and neonatal foreskin fibroblast FSE cells.

First, the actual surface expression of PSMA by the above PC cell lines was determined
by immunohistochemistry, conducted by the department of pathology in Rambam Health
Care Campus, Haifa, Israel. Expectedly, LNCaP cells displayed PSMA overexpression
(Figure 8A), whereas PC-3 cells were devoid of PSMA (Figure 8B). These results are shown
by the brown immunohistochemistry staining of the PSMA receptor that was largely
confined to the plasma membrane of LNCaP cells.
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Figure 7. Time-course of CTX drug release. In vitro drug release profiles of CTX-loaded NPs
(circles) compared to unencapsulated CTX (triangles). The values shown are means ± SE, n = 2
(two independent experiments).

 

Figure 8. Immunohistochemistry analysis of PSMA expression. PSMA expression (shown as a brown
diaminobenzidine immunohistochemistry staining) was examined in: (A) LNCaP; (B) PC-3 cell lines
by the department of pathology in Rambam Health Care Campus. Scale bars denote 100 μm.

The optimal amount of the TL conjugated to the NPs was examined by evaluation
of the fluorescence signal in LNCaP target cells (Figure 9). The NPs were decorated
with TL concentrations of 15 nM, 30 nM, and 80 nM, or no TL at all. We found that the
internalization of NPs into LNCaP target cells is dependent on the concentration of TL
decorating the NPs surface. Following 2 h incubation with NPs decorated with increasing
TL concentrations at 37 ◦C, LNCaP cells displayed some cellular internalization upon 15 nM
TL decoration and maximal internalization at 30 nM TL. The possible reasons for the result
that optimal internalization of NPs occurred at 30 nM TL decoration, and only decreased at
higher TL concentrations are: (a) A large number of TLs on the NPs surface may facilitate
over-binding of a single NP to multiple PSMA receptors [88], thereby impairing proper
internalization; (b) The large number of TLs sterically hindered these ligands from binding
to the cell surface PSMA receptors [89]; (c) The negative surface charge of the NPs, caused
by the large number of dissociated carboxylic groups on the PSMA TLs, resulted in an
extensive repulsion between NPs and the negatively charged outer leaflet of the plasma
membrane [13].
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Figure 9. Selective targeting of NPs decorated with increasing concentrations of the TL, to PSMA-
overexpressing LNCaP cells. Confocal laser microscopy images of LNCaP cells, following 2 h
incubation with: (A) NPs lacking TL decoration; (B) NPs decorated with 15 nM of TL; (C) with 30 nM
of TL; and (D) with 80 nM of TL (at 37 ◦C; samples were diluted 1:400 (v/v) in FBS-free medium).
Nuclear DNA staining was achieved with Hoechst 33342 (1 μg/mL) and is marked in blue, whereas
NPs labeled with Cy7 are marked in red. Scale bars denote 20 μm in (A–C), and 10 μm in (D).

The observation of the complete lack of internalization upon exposure of target cells
to non-targeted NPs confirmed that the targeting properties were specifically attributable
to the PSMA TL, Glu-Urea-Lys. In conclusion, the targeted NPs selected for further studies
were those decorated with 30 nM PSMA.

Determination of NPs concentration by Nanosight enabled to calculate the number of
TL molecules on the NPs surface. NPs concentration was found to be 0.28894 ± 0.00007 nM,
thus decoration of NPs with 30 nM TL resulted in ~100 TL molecules/NP.

To verify the specific internalization of targeted NPs to LNCaP target cells via the
PSMA receptor, different cell lines were examined including PC-3, NSCLC 1975, HEK-293,
BEAS2B, and FSE cell lines (Figure 10).
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Figure 10. Specific internalization of targeted NPs. Confocal microscopy images of: (A) LNCaP;
(B) PC-3; (C) NSCLC 1975; (D) HEK293; (E) BEAS2B; and (F) FSE cells, following 2 h incubation
with targeted NPs labeled with Cy7 (at 37 ◦C; Samples were diluted 1:400 (v/v) in FBS-free medium).
Nuclear DNA staining achieved with Hoechst 33342 (1 μg/mL) is marked in blue, whereas NPs
labeled with Cy7 are marked in red. Scale bars denote 20 μm.
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Neither binding nor internalization were observed in non-target cells, demonstrating
absolute specificity and enhanced internalization of NPs by PSMA-expressing PC cells.
Moreover, the accumulation of targeted NPs within LNCaP cells appeared as perinuclear
punctate staining. This suggests internalization via receptor-mediated endocytosis and
intracellular accumulation in endolysosomes [90].

For the characterization of active internalization by endocytosis, cells were incubated at
two different temperatures: 4 ◦C and 37 ◦C. As endocytosis is an energy-dependent process,
we assumed there will be higher accumulation at 37 ◦C, while at 4 ◦C only cell surface
binding to the PSMA receptor may occur [90]. Confocal microscopy analysis (Figure 11)
revealed that the uptake of targeted NPs was based on an endocytic process, with 17 red
fluorescent dots per target LNCaP cell and an average intensity of 120 ± 60 (A.U.) at 37 ◦C
compared to 4 dots per target cell and average intensity of 63 ± 30 (A.U.) at 4 ◦C. It should
be noted that cellular processes other than endocytosis, such as diffusion, are also impeded
at low temperatures and it is possible that TL binding to the PSMA receptor encouraged
the diffusion of the NPs into the cell [91].

 

Figure 11. Characterization of active internalization of targeted NPs by LNCaP cells. Confocal laser
microscopy images of LNCaP cells, following 1 h incubation with targeted NPs labeled with Cy7
(samples were diluted 1:400 (v/v) in FBS-free medium) at two different temperatures: (A) 37 ◦C;
(B) 4 ◦C. Nuclear DNA staining achieved with Hoechst 33342 (1 μg/mL) is marked in blue, whereas
NPs labeled with Cy7 are marked in red. Scale bars denote 20 μm.

3.7. Selective Growth Inhibition of CTX-Loaded NPs In Vitro

Cytotoxicity assays were performed using an XTT-based colorimetric cell proliferation
kit with PSMA-positive LNCaP cells and compared to PSMA-negative PC cells (PC-3). It
is evident from Figure 12 that CTX-loaded NPs displayed a remarkable dose-dependent
growth inhibitory effect on target LNCaP cells which overexpress PSMA, with an outstand-
ing half-maximal inhibitory concentration (IC50) of 4.0 ± 2.0 pM. In contrast, these NPs did
not exhibit any substantial growth inhibitory effect on PC-3 which lacked PSMA expression.

Cells exposed to free CTX in a growth medium for 72 h served as control and IC50 val-
ues obtained with LNCaP and PC-3 cells were similar: 0.25 ± 0.04 nM and 0.18 ± 0.04 nM,
respectively (Figure 13).

The ratio of 62.5-fold between the IC50 values of free CTX and CTX-loaded NPs
towards target LNCaP cells can be explained by the different exposure times and the
targeting ability of the CTX-loaded NPs. The active targeting of CTX-loaded NPs enables
the accumulation of NPs in target PC cells and thus a more potent anti-tumor activity. As a
result, even at shorter exposure times (24 h, compared to 72 h of free CTX), the cytotoxic
effect of the NPs was more significant against LNCaP target cells, as evident from the
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lower IC50 value. Moreover, it has been reported that the IC50 of free CTX exposure for
48 h towards LNCaP cells is 2.6–3.1 nM, which supports this conclusion [92,93]. Another
important aspect that was achieved in the current study is the remarkable LC of 168 ± 3 mg
CTX/g SA-PEG. In this respect, based on the concentration of NPs that was determined
by Nanosight, we calculated that each NP carries a cargo of as much as ~700,000 CTX
drug molecules. This remarkably large amount of potent cytotoxic drug molecules that are
efficiently and specifically internalized by target PC cells, not only eliminate these tumor
cells but may also kill neighbor PC cells upon apoptotic and lytic cell death. It is important
to emphasize that drug-free NLCs were found to be non-toxic to cells.
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Figure 12. Selective growth inhibition of LNCaP target cells by CTX-loaded NPs. Cell growth
inhibition as a function of the concentration of CTX encapsulated within NPs (0.6:1 CTX:SA-PEG
molar ratio) in LNCaP target cells (circles) and non-target PC-3 cells (triangle). Values presented are
means ± SE, n = 3 (three independent experiments, each performed in triplicates). The sigmoidal
model curve of LNCaP cells was fitted using Equation (3).
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Figure 13. Inhibitory effect of free CTX. Cell viability as a function of free CTX concentration of
LNCaP target cells (circles) and PC-3 non-target cells (triangle). Values presented are means ± SE,
n = 3 (three independent experiments, each performed in triplicates). Sigmoidal model curves were
fitted using Equation (3).
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4. Conclusions

Towards the efficacious treatment of PC, CRPC, and mCRPC, we herein developed
novel selectively PC-targeted NPs harboring a cytotoxic drug cargo. These targeted NPs
demonstrated efficient encapsulation of CTX, high specificity to, and potent eradication
of, PSMA-positive target PC cells. Moreover, targeting NPs to the PSMA receptor resulted
in uptake via receptor-mediated endocytosis, thus facilitating the intracellular release of
the drug cargo, enabling the therapeutic activity. Another important aspect of selective
internalization of these targeted NPs is the potential to overcome cancer MDR by evading
MDR efflux pumps that extrude a broad spectrum of anticancer drugs from multidrug-
resistant cancer cells. This selectively targeted nano-delivery platform should be able to
enhance the efficacy of PC treatment, while reducing drug doses and minimizing untoward
toxicity. Hence, these novel findings bear promise towards the improvement of patient
survival rates and quality of life. Future in vivo studies are warranted that should assess
the therapeutic efficacy of the targeted NPs against human PC in a xenograft murine model.
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Abstract: Combined therapy using photothermal and photodynamic treatments together with
chemotherapeutic agents is considered one of the most synergistic treatment protocols to ablate
hypoxic tumors. Herein, we sought to fabricate an in situ-injectable PEG hydrogel system having
such multifunctional effects. This PEG hydrogel was prepared with (i) nabTM-technique-based
paclitaxel (PTX)-bound albumin nanoparticles with chlorin-e6 (Ce6)-conjugated bovine serum al-
bumin (BSA-Ce6) and indocyanine green (ICG), named ICG/PTX/BSA-Ce6-NPs (~175 nm), and
(ii) an albumin-stabilized perfluorocarbon (PFC) nano-emulsion (BSA-PFC-NEs; ~320 nm). This
multifunctional PEG hydrogel induced moderate and severe hyperthermia (41−42 ◦C and >48 ◦C,
respectively) at the target site under two different 808 nm laser irradiation protocols, and also induced
efficient singlet oxygen (1O2) generation under 660 nm laser irradiation supplemented by oxygen
produced by ultrasound-triggered PFC. Due to such multifunctionality, our PEG hydrogel formula
displayed significantly enhanced killing of three-dimensional 4T1 cell spheroids and also suppressed
the growth of xenografted 4T1 cell tumors in mice (tumor volume: 47.7 ± 11.6 and 63.4 ± 13.0 mm3

for photothermal and photodynamic treatment, respectively, vs. PBS group (805.9 ± 138.5 mm3),
presumably based on sufficient generation of moderate heat as well as 1O2/O2 even under hypoxic
conditions. Our PEG hydrogel formula also showed excellent hyperthermal efficacy (>50 ◦C), ablating
the 4T1 tumors when the irradiation duration was extended and output intensity was increased.
We expect that our multifunctional PEG hydrogel formula will become a prototype for ablation of
otherwise poorly responsive hypoxic tumors.

Keywords: photothermal therapy; photodynamic therapy; combined antitumor effect; oxygenation;
hydrogel; hypoxic tumor

1. Introduction

Photodynamic therapy (PDT) has become a prominent therapeutic modality for cancer
treatment [1–3]. Briefly, PDT is based on the clinical use of reactive oxygen species (ROS)
such as singlet oxygen (1O2) or hydroxyl radicals (OH) generated from oxygen (O2) using
photosensitizers (PS) and light energy. The intracellularly generated ROS are able to
damage cancer cells and tumor vasculature and also induce immune-mediated tumor
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suppression [3]. To date, several PDT agents, such as Photofrin®, Foscan®, and Visudyne®,

etc., have been approved by the U.S. FDA, and the therapeutic availability of PDT has
expanded toward cancer therapy. However, the clinical application of PDT is often restricted
because most PS agents are effective only under focused laser illumination (650–900 nm) in
the presence of sufficient oxygen. Unlike normal tissues, oxygenation in primary tumors
is not regulated, and thus the partial oxygen pressure of tumors is often heterogeneous
and can be remarkably low [4]. Interestingly, the O2 concentration within human tumors is
known to be 1.3%~3.9% (mostly less than 0.33%), in comparison with 3.1%~8.7% within
normal tissues [4,5]. The efficacy of many PDT and chemotherapeutic agents is seriously
impaired by low oxygen concentrations within hypoxic tumors, which causes hypoxia-
induced resistance of tumors to antitumor therapy [6]. Therefore, increasing the oxygen
concentration in hypoxic tumors can be an effective method to overcome hypoxia-induced
resistance of tumors to PDT [7–9].

Photothermal therapy (PTT) is also a promising antitumor modality that acts by rais-
ing tissue temperature [10]. Cancer cells are susceptible to temperature elevation and
are often killed as a result of irreversible damage and subsequent induction of apoptosis
even after exposure to temperatures >48 ◦C for only 5 min [11]. Many organic PTT agents
emit heat in response to focused near-infrared (NIR) laser irradiation at wavelengths of
650−900 nm [10,12]. Because the hyperthermia can be concentrated within the area targeted
by the NIR irradiation, PTT may create relatively little damage to surrounding healthy
tissues [10,13]. Moreover, PTT can also be used to induce moderate local hyperthermia
(39–42 ◦C) that promotes the delivery of oxygen as well as chemotherapeutics into tumor
tissues due to elevated tumor blood flow [14,15]. This moderate PTT is useful in clini-
cal settings because it attenuates the tumor hypoxic state and improves the efficacy of
chemotherapeutic agents [16,17].

Albumin is a versatile carrier due to its excellent pharmaceutical advantages, such as
biodegradability, biocompatibility, high stability, and solubility [18,19]. It has been used as
a building material to fabricate a great number of therapeutic and diagnostic drug delivery
systems, including nanoconjugates [20,21], nano-/micro-particles [22–25], and hydrogels of
various sizes [26–29]. In practice, the nabTM (nanoparticle albumin-bound)-based paclitaxel
formulation Abraxane® (Celgene Corp.) has displayed enhanced antitumor efficacy over
the conventional paclitaxel formulation of Taxol®. In particular, this prototypical nabTM

formula has sufficient flexibility and expandability to entrap various hydrophobic drugs,
is better able to target the tumor gp60-mediated transcytosis pathway [18], and has been
extensively used as a biocompatible component of injectable hydrogels [26–29].

In this study, we developed a multifunctional in situ-forming PEG-albumin hydrogel
that was able to generate oxygen (O2) and singlet oxygen (1O2) and emit moderate or
severe heat for the combination treatment of hypoxic tumors using chemotherapeutic,
photodynamic, and photothermal therapy. This PEG hydrogel formula was designed to
include (i) albumin nanoparticles containing paclitaxel (PTX), chlorin e6 (Ce6), and indo-
cyanine green (ICG), and (ii) an albumin-stabilized perfluorocarbon (PFC) nano-emulsion
(NE). The capability of this PEG hydrogel formula to generate heat and oxygen/singlet
oxygen was carefully evaluated. The physicochemical and photo-induced properties of this
multifunctional PEG hydrogel were also assessed by using relevant analyses. Finally, the
combined chemotherapeutic, photodynamic and photothermal effects of this PEG hydrogel
formula were carefully evaluated in 4T1 cell spheroids under hypoxic conditions and in
4T1 tumor-bearing mice.

2. Materials and Methods

2.1. Materials

Paclitaxel (PTX) was obtained from JW Pharmaceutical Corporation (Dangjin, South
Korea). Indocyanine green (ICG) and icosafluoro-15-crown-5-ether (PFC) were purchased
from Tokyo Chemical Industry Co., LTD. (Tokyo, Japan). Chlorin e6 (Ce6) was sup-
plied by Frontier Scientific (Salt Lake City, UT, USA). Bovine serum albumin (BSA) and
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2-iminothiolane (2-IT; Traut’s reagent) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Four-arm polyethylene glycol maleimide (4-arm PEG-MAL; Mw 20 kDa) was
purchased from NOF Corporation (Tokyo, Japan). The 4T1 breast cancer cells were obtained
from the American Type Culture Collection (ATCC; Rockville, MD, USA). LIVE/DEAD™
viability/cytotoxicity assay kits, Singlet Oxygen Sensor Green reagent (SOSG), and Cell-
ROX™ Deep Red reagent were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Anti-HIF-1α primary and Alexa Fluor®-488-conjugated goat anti-rabbit secondary
antibodies were purchased from Abcam (Cambridge, MA, USA). Trypsin-EDTA and
penicillin-streptomycin (P/S) solution were purchased from Corning (Somerville, NY,
USA). Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were
purchased from Capricorn (Ebsdorfergrund, Hesse, Germany). All other reagents were
obtained from Sigma-Aldrich unless otherwise indicated.

2.2. Animals

The animals were cared for in accordance with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of Health. The
protocols were also approved by the Institutional Animal Care and Use Committee (IACUC)
of Sungkyunkwan University (IACUC number: 202106291, approval date 15 July 2021). The
BALB/c nu/nu mice (female, 6 weeks old) were purchased from ORIENT BIO (Seongnam,
South Korea). Mice were housed in microisolator cages on individually ventilated cage
racks with ad libitum access to an autoclaved standard rodent diet (LabDiet 5008, Purina,
St. Louis, MO, USA) and were kept under a 12 h light/dark cycle.

2.3. Synthesis of Ce6-Conjugated BSA (BSA-Ce6)

The BSA was covalently modified with Ce6 using a slight modification of the previous
method [2]. Briefly, Ce6 (1 mmol), N-dicyclohexylcarbodiimide (DCC, 4 mmol), and N-
hydroxysuccinimide (NHS, 5 mmol) were dissolved in 10 mL anhydrous dimethyl sulfoxide
(DMSO) in a glass tube. Triethylamine (TEA, 4 mmol) was added to the mixture, and the
reaction was performed in the dark at ambient temperature for 24 h. After removing the
precipitate, the NHS-activated Ce6 was stored at −70 ◦C until required. Separately, 1.5 mL
of Ce6-NHS (150 μmol) in DMSO was mixed dropwise with 50 mL of BSA (7.5 μmol;
0.1 M sodium borate buffer, pH 8.5) at a feeding ratio of 20:1 (Ce6:BSA). The reaction
was allowed to continue at 450 rpm in the dark condition for 24 h. Unreacted Ce6 and
DMSO were removed by using a dialysis membrane (MwCO: 10 kDa; Spectrum Labs,
Rancho Dominguez, CA, USA) against 60% ethanol and deionized water (DW) for 48 and
24 h, respectively 24 h. Finally, Ce6-BSA was concentrated in DW using a centrifugal
concentrator (MwCO: 30 kDa, Amicon® Ultra, Millipore, Burlington, MA, USA) and then
lyophilized and stored at −20 ◦C for further use.

2.4. Preparation of ICG/PTX/BSA-Ce6-NPs

The ICG/PTX/BSA-Ce6-NPs were prepared as previously described using the nanopar-
ticle albumin-bound (nabTM) technology with some adjustments [2,30–34]. In brief, 45 mg
BSA, 5 mg BSA-Ce6, and 0.75 mg ICG were dissolved in 5 mL DW. Then, 5 mg PTX was
dissolved in 0.1 mL of a 9:1 solution (chloroform:ethanol). These two solutions were gently
shaken and homogenized by using a high-speed homogenizer (WiseTis® HG-15D: DAI-
HAN Scientific Co., Seoul, South Korea) at 14,500 rpm for 3 min, and then passed through
a high-pressure homogenizer (EmulsiFlex-B15 device, Avestin, Ottawa, ON, Canada) for
nine cycles at 20,000 psi. The resulting dispersion was rotary evaporated for 15 min under
reduced pressure at 40 ◦C to remove chloroform and ethanol. The nanoparticle fraction
was centrifuged at 6000 rpm, and the supernatant was collected. The resulting suspension
was lyophilized and stored at −20 ◦C until required.
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2.5. Fabrication of BSA-Stabilized PFC Nano-Emulsion

The BSA-PFC nano-emulsion (BSA-PFC-NEs) was fabricated using a slight modifica-
tion of the previous method [35]. A 300 μL aliquot of icosafluoro-15-crown-5-ether (PFC)
was mixed with 4 mL of PBS containing 40 mg of BSA. The mixture was held in an ice bath
and ultrasonicated (operation 8 s, interval 2 s) at an amplitude of 20% for 400 s. The result-
ing nano-emulsion was centrifuged (8000 rpm, 3 min), and the resulting nano-emulsion
pellets were re-dispersed in 0.1 mL PBS.

2.6. Characterization of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs

The particle size and zeta potential of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs
(DW) were measured by using a Zetasizer Nano ZS90 instrument (Malvern Instruments,
Worcestershire, U.K.) at a dynamic light scattering mode. The surface morphology of the
NPs was observed by transmission electron microscopy (TEM: JEM-3010, JEOL, Tokyo,
Japan) and field-emission scanning electron microscopy (FE-SEM: JSM7000F, JEOL, Tokyo,
Japan). The particle sizes of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs were measured at 0,
1, 2, 4, 8, 12, 24, 48, and 72 h at room temperature. In addition, UV-VIS-NIR spectral scans of
ICG/PTX/BSA-Ce6-NPs or free ICG/Ce6 were also recorded over a range of wavelengths
(300–900 nm) using a Synergy™ NEO microplate reader (Bio Tek, Winooski, VT, USA).

2.7. Preparation of In Situ-Gelling PEG Hydrogel with ICG/PTX/BSA-Ce6-NPs
and BSA-PFC-NEs

The PEG hydrogel with ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs (ICG/PTX/BSA-
Ce6-NPs~PFC-NEs@Gel) was formulated using an in situ-gelling PEG hydrogel according
to the protocol described previously with modifications [26,27,36]. To synthesize thiolated
BSA (BSA-SH), BSA (500 mg) was dissolved in 1 mL of 100 mM PBS buffer (pH 8.0)
containing 2-iminothiolane (2-IT, 12.5 mg), and the mixture was allowed to react by stirring
for 2.5 h. The unreacted 2-IT was removed using a centrifugal concentrator (MwCO:
10 kDa, Amicon® Ultra, Millipore). The formula (1 mL) of the in situ-gelling PEG hydrogel
comprised (i) ICG/PTX/BSA-Ce6-NPs (300 μL; 30 mg/mL), (ii) BSA-PFC-NEs (100 μL as
a final emulsion), (iii) BSA-SH (150 μL; 500 mg/mL), and (iv) 4-arm PEG-MAL (450 μL;
11.4 mg/mL). Each component was mixed immediately, and gelation was optimized by
monitoring the gelation time according to the molar ratio of 4-arm PEG-MAL and BSA-SH
(BSA-SH:4-arm PEG-MAL = 1:3.3~4.5). The material was considered to be in a gel state if it
did not flow when inverted.

2.8. Characterization of ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel

The different PEG hydrogel formulas (Z1~Z6) with ICG/PTX/BSA-Ce6-NPs and BSA-
PFC-NEs were designated as follows: (i) Z1 = PEG hydrogel; (ii) Z2 = PTX/BSA-NPs@Gel;
(iii) Z3 = BSA-PFC-NEs@Gel; (iv) Z4 = PTX/BSA-Ce6-NPs@Gel; (v) Z5 = ICG/PTX-BSA-
NPs@Gel; (vi) Z6 = ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel (Table 1). General features
of the hydrogel were characterized using photographs, photothermal images (FLIR E85
photothermal camera, FLIR Systems, Inc., Wilsonville, OR, USA), and fluorescence images
(FOBI in vivo imaging system, NeoScience, Suwon, Korea).

2.9. In Vitro and In Vivo Photothermal Imaging and Hyperthermia Monitoring

A thermal imaging camera was used to measure the photothermal effect of the
ICG/PTX/BSA-Ce6-NPs in vitro and in vivo using a slight modification of the previous
method [26]. Naïve PEG hydrogel or ICG/PTX/BSA-Ce6-NPs@Gel in 1.5 mL Eppendorf
tubes was irradiated for 5 min with an 808-nm laser (0.8 or 1.2 W/cm2 to induce mild or
severe hyperthermia, respectively). To obtain photothermal images in vivo, naive PEG
hydrogel or ICG/PTX/BSA-Ce6-NPs@Gel was injected into the tumors of mice, and the
tumor regions were either irradiated or not irradiated with 808 nm laser (0.6–0.8 W/cm2)
for 20 min. Temperature changes within the tumor areas were recorded and observed using
a FLIR E85 photothermal camera (FLIR Systems, Inc., Wilsonville, USA).
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Table 1. Formulations and treatment groups used in this study.

Hydrogel
Formulation Groups

Characteristics Abbreviation Laser Irradiation Ultrasound

Z1 PEG hydrogel - - -

Z2 PEG hydrogel with PTX/BSA-NPs PTX/BSA-NPs@Gel - -

Z3 PEG hydrogel with BSA-PFC-NEs BSA-PFC-NEs@Gel - -

Z4 PEG hydrogel with
PTX/BSA-Ce6-NPs

PTX/BSA-Ce6-
NPs@Gel - -

Z5 PEG hydrogel with
ICG/PTX-BSA-NPs

ICG/PTX-BSA-
NPs@Gel - -

Z6
PEG hydrogel with

ICG/PTX/BSA-Ce6-NPs and
BSA-PFC-NEs

ICG/PTX/BSA-Ce6-
NPs~PFC-NEs@Gel - -

Animal Group Intratumor Treatment Groups Laser Irradiation Ultrasound

G1 PBS - - -

G2 PEG hydrogel with PTX-BSA-NPs PTX/BSA-NPs@Gel - -

G3 PEG hydrogel with
ICG/PTX/BSA-Ce6-NPs

ICG/PTX/BSA-Ce6-
NPs@Gel

660 nm (+) -

G4 808 nm (+) -

G5
PEG hydrogel with

ICG/PTX/BSA-Ce6-NPs and
BSA-PFC-NEs

ICG/PTX/BSA-Ce6-
NPs~PFC-NEs@Gel 660 nm/808 nm (+) US (+)

2.10. Singlet Oxygen Generation by ICG/PTX/BSA-Ce6-NPs

Singlet Oxygen Sensor Green (SOSG) reagent was used to assess singlet oxygen
generation from ICG/PTX/BSA-Ce6-NPs. Free Ce6 and ICG/PTX/BSA-Ce6-NPs were
mixed with the SOSG reagent (final concentration 10 μM) in a 24-well plate. A 660-nm
laser (10 mW/cm2) irradiated the respective sample wells for free Ce6 and ICG/PTX/BSA-
Ce6-NPs under either normoxic or hypoxic conditions. Hypoxia was precisely achieved
by incubating the hypoxic chamber in a hypoxic gas stream (5% CO2:95% N2 on a volume
basis). While irradiating the sample wells with the laser for 60 min, a 100 μL aliquot of each
sample was collected every 10 min. The intensity of the green fluorescence emitted from
SOSG induced by 1O2 generation was determined using a multi-mode microplate reader
(excitation 485 nm; emission 538 nm).

2.11. Encapsulation Efficiency and Release Profiles of PTX, ICG, and BSA-Ce6

The encapsulation efficiency (EE) of PTX, BSA-Ce6, and ICG into ICG/PTX/BSA-Ce6-
NPs was examined. Briefly, 5 mg of the lyophilized ICG/PTX/BSA-Ce6-NPs was dissolved
in 0.5 mL DW, and then 4.5 mL acetonitrile (ACN) was added to the NPs solution, followed
by sonication for 30 min and centrifugation for 15 min (14,500 rpm). Subsequently, the
supernatant was withdrawn for the quantification of PTX and ICG. The EE of BSA-Ce6 was
calculated by measuring the supernatant concentration of BSA-Ce6 after the nanoparticle
preparation. For the release test, a 5 mL ICG/PTX/BSA-Ce6-NPs solution (10 mM PBS,
pH 7.4) was loaded into the PEG hydrogel. The drug release from the hydrogel was carried
out using a gently rotated bench-top rotator (150 rpm, 37 ◦C). At predetermined times,
a 0.15 mL aliquot was withdrawn and centrifuged (14,500 rpm, 10 min), and the fluores-
cence intensities of the supernatants were measured by using a fluorescence spectrometer
(FluoroMax Plus; HORIBA Scientific, Tokyo, Japan). Three replicates of each sample were
prepared and analyzed (n = 3). The excitation/emission wavelengths used for ICG and Ce6
were 420/526 and 405/670 nm, respectively. To determine the loading efficiency of PTX,
the supernatant was subjected to reverse-phase high-performance liquid chromatography
(RP-HPLC) using a PLRP-S Zorbax 100 RP-18 column (150 × 4.6 mm, 8 μm/300 Å; Agilent
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Technologies, Palo Alto, CA, USA). An isocratic elution method was performed at a flow
rate of 1.0 mL/min using a mixed solution (DW:ACN = 45:55). Eluates were monitored at
220 nm. Drug loading efficiency (%) was calculated as amount of drug entrapped/amount
of drug loaded × 100.

2.12. Cytotoxicity of ICG/PTX/BSA-Ce6-NPs in 4T1 Cell Spheroids Using LIVE/DEADTM

Cell Assay

Three-dimensional culture of 4T1 cells to form spheroids was performed by a slight mod-
ification of previously described methods [2,26,30]. LIVE/DEAD™ viability/cytotoxicity
kits were used to visualize the death and viability of the 4T1 cells. Briefly, the 4T1 cells
were cultured in DMEM media containing 10% (v/v) fetal bovine serum and 1% peni-
cillin/streptomycin in a 5% CO2, 95% RH incubator at 37 ◦C. A 100 μL sample containing
4000 cells was seeded into each well of V-bottom cell plates (Shimadzu, Kyoto, Japan)
designed to induce the formation of 3D multicellular spheroids. The 4T1 cell spheroids
were then allowed to become established over three days before further experiments. The
spheroids previously incubated with ICG/PTX/BSA-Ce6-NPs@Gel for 6 h were assigned to
groups with or without laser irradiation (808 nm for 10 min or 660 nm for 60 min, respec-
tively) and/or with or without an ultrasound (US) scan (US for 15 min) according to the
previously described oxygen conditions (normoxic, hypoxic or oxygenated). The degree of
hyperthermia induced was determined irradiation at 0.8 and 1.2 W/cm2 for mild and severe
hyperthermia, respectively, where the target temperatures were set to 41–42 ◦C or >48 ◦C, re-
spectively. The hypoxic condition was precisely achieved by incubating the hypoxic chamber
in a hypoxic gas stream (5% CO2:95% N2 on a volume basis). The plates for samples were
washed three times with DPBS, and the medium was replenished with fresh medium before
laser or ultrasound treatment. After laser or ultrasound treatment, the cells were stained with
Calcein-AM (for live cells) and Ethidium Homodimer-1 (for dead cells). Subsequently, the
stained cells were observed by CLSM (excitation/emission wavelengths of 494/517 nm for
Calcein-AM and 528/617 nm for Ethidium Homodimer-1, respectively).

2.13. ROS Deep Assay at 4T1 Cell Spheroids

The 4T1 cell spheroids were plated into each well of an 8-well chamber (Ibidi, Martin-
sried, Germany) and incubated with ICG/PTX/BSA-Ce6-NPs for 6 h. Cell spheroids were
replenished with fresh DMEM (1% FBS) prior to laser irradiation (660 nm) and a US scan
performed under normoxic, hypoxic, or oxygenated conditions. CellROX® Reagent was
added to the cell spheroids at a final concentration of 20 μM and the plates were incubated
at 37 ◦C for 2 h. Spheroids were washed three times with DPBS and stained with DAPI.
The intracellular distribution of ROS in the spheroid cells was visualized using confocal
laser scanning microscopy (CLSM; Carl Zeiss, Jena, Germany).

2.14. HIF-1α Visualization at 4T1 Cell Spheroids

The 4T1 cell spheroids were plated into each well of an 8-well chamber (Ibidi, Mar-
tinsried, Germany) and incubated with BSA-PFC-NEs for 1 h. The cell spheroids were
subjected to a US scan under normoxic, hypoxic, or oxygenated conditions. Hypoxic
conditions were achieved by incubating the hypoxic chamber in a hypoxic gas stream (5%
CO2:95% N2 on a volumetric basis). The spheroids were fixed with 4% formaldehyde for
60 min and incubated for 90 min with 0.1% Triton X- 100, and then incubated with 1%
BSA, 22.52 mg/mL glycine in PBST (PBS + 0.1% Tween 20) for 2 h to block unspecific
binding of the antibodies. The resulting spheroids were further incubated with the diluted
antibody solution (anti-HIF-1 alpha antibody-Alexa Fluor 488; 1/25) in 1% BSA in PBST in
a humidified chamber for 1 h at room temperature. After removing the supernatant, the
cell spheroids were washed three times in PBS, incubated with DAPI (DNA stain) for 4 h,
and further rinsed with PBS. Samples were observed using CSLM.
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2.15. In Vivo Imaging of ICG/PTX/BSA-Ce6-NPs

The in situ-gelling ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel (100 μL) were directly
injected into 4T1-cell-xenografted tumors on mice. At predetermined times, the fluorescence
signals of Ce6 and ICG originating from the tumors were visualized at 630 and 730 nm,
respectively, and at predetermined times using a FOBI in vivo imaging system (NeoScience,
Suwon, Korea).

2.16. In Vivo Photoacoustic Imaging

Photoacoustic (PA) imaging was used to determine the saturation/distribution of
oxygen or PFC gas inside the xenografted 4T1 tumors. When the tumors reached ~150
mm3 volumes, the mice were treated with (i) PBS; (ii) ICG/PTX/BSA-Ce6-NPs~PFC-
NEs@Gel + US(+); (iii) ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel + US(−). At before and
after (30 min) intratumor injections, tumor oxygenation (as the oxyhemoglobin:HbO2 ratio)
was visualized and recorded using a Vevo® LAZR-X Multimodal Imaging System (FujiFilm,
VisualSonics Inc., Minato, Tokyo, Japan) set to the Oxy-hem mode (750 and 850 nm) at
predetermined times.

2.17. In Vivo Antitumor Efficacy in 4T1 Cell-Xenograft Mice

The 4T1 cells (100 μL; 3 × 106 cells) were injected subcutaneously into the dorsal
flanks of the mice. When the volume of the tumors reached ~150 mm3, the mice were
randomly divided into five groups (G1−G5) as follows: (I) control: PBS; (II) chemothera-
peutic = PTX/BSA-NPs@Gel (100 μg PTX (0.1 mL/mouse); (III) deoxy-photodynamic =
ICG/PTX/BSA-Ce6-NPs@Gel + 660 nm (+); (IV) severe hyperthermia = ICG/PTX/BSA-
Ce6-NPs@Gel + 808 nm(+); and (V) oxy-photodynamic plus moderate hyperthermia =
ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel + 660 nm (+) + 808 nm(+) + US(+) (Table 1). All
treatments were injected intratumorally. Tumor volume and body weight of the mice were
measured every day. Tumor volume (V) was calculated using the equation V = 0.5 × A
× B2, where A is length (longest diameter) and B is width (shortest diameter). On day 14,
the mice were sacrificed, and their tumors were harvested and photographed. The tumors
were stored in formalin for further experiment.

2.18. Data Analyses

All data are presented as the mean ± standard deviation (SD). The significance of
differences between treatment group results was determined using Student’s t-test, and
p-values < 0.05 were considered statistically significant.

3. Results

3.1. Preparation and Characterization of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs

The ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs were fabricated using a high-pressure
homogenizer based on the nabTM technology and ultrasonication, respectively (Figure 1).
The sizes of the prepared ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs were 175.8 ± 5.8
and 323.4 ± 6.6 nm, respectively (Figure 2A). Their zeta potentials were shown to be
−40.3 ± 0.3 and −32.2 ± 1.2, respectively (Figure 2B). The ICG/PTX/BSA-Ce6-NPs were
highly homogeneous and spherical, whereas the BSA-PFC-NEs appeared to be rather irreg-
ular and less homogeneous (Figure 2C). These solutions of ICG/PTX/BSA-Ce6-NPs and
BSA-PFC-NEs showed the typical characteristics of a colloid or nano-emulsion (Figure 2D).
In particular, the particle sizes of both the ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs
remained stable over a three-day evaluation period (Figure 2E). When observed at wave-
lengths ranging between 300 and 900 nm, the ICG/PTX/BSA-Ce6-NPs were found to have
typical absorption profiles of indocyanine green and chlorin e6 of around ~800 nm and
660 nm, respectively. The Ce6-BSA, BSA-BC-NPs, and Ce6-BSA-BC-NPs were investigated
(Figure 2F). In addition, the loading efficiency of PTX, ICG, and BSA-Ce6 was found to be
~73.0%, 53.2%, and 82.1%, respectively.
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Figure 1. Schematic illustration of combined photothermal and photodynamic therapy for hypoxic
tumors using ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel under laser irradiation (660/808 nm) and
ultrasound trigger.

Figure 2. (A) Histograms of particle sizes of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-Nes. (B) Zeta
potentials of ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs. (C) TEM and FE-SEM images of
ICG/PTX/BSA-Ce6-NPs (left: a) and BSA-PFC-NEs (right: b). (D) Photographs showing colloidal
solution state for ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs. (E) Physical stability of ICG/PTX/BSA-
Ce6-NPs and BSA-PFC-NEs based on size changes over 3 days. (F) UV-VIS spectroscopic analyses for
free ICG, free Ce6, and ICG/PTX/BSA-Ce6-NPs at 300–900 nm wavelengths.
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3.2. Preparation, Characterization, and Drug Release Profiles of
ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel

Given that the gelation process depends on a rapid thiol-maleimide reaction, in situ
gelling of the PEG hydrogel was evaluated by monitoring the relationship between the
gelation time and the molar ratio of 4-arm PEG-MAL to BSA-SH. As shown in Figure 3A,
reducing the 4-arm PEG-MAL to BSA-SH molar ratio sharply reduced the gelation time,
with the PEG hydrogel becoming solid in approximately 1 min at a 4-arm PEG-MAL to
BSA-SH ratio of 4.4:1.0, which was considered optimal to perform a series of related steps
(i.e., material mixing, syringe filling, and injection). The in vitro release profiles of Ce6
(as a BSA-Ce6 conjugate), ICG, and PTX from ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel
were observed over 168 h. As shown in Figure 3B, >90% amount of BSA-Ce6 and ICG was
released over 24 h with initial burst-out, and the remaining amount of both BSA-Ce6 and
ICG appeared to be completely released from the PEG hydrogel after 144 h, which was
appropriate for the in vivo laser irradiation protocol. In contrast, PTX displayed a gradual
linear release pattern consisting without significant initial fast release until 168 h, which
was presumably due to the hydrophobic property, tight binding to albumin molecules,
and low solubility/diffusion of PTX. Thus, PTX seemed to have considerable time to be
released from the PEG hydrogel. Subsequently, the hydrophobicity difference between
PTX, ICG, and BSA-Ce6 led to a great discrepancy in the release pattern.

Figure 3. (A) Monitoring of gelation time for in situ-forming PEG hydrogel according to the 4-arm
PEG-MAL:BSA-SH molar ratio. (B) Release profiles for BSA-Ce6, ICG, and PTX from ICG/PTX/BSA-
Ce6-NPs@Gel.

Separately, the various hydrogel formulations (Z1−Z6) had distinct colors, ranging
from transparent to milky, khaki green, or dark green, depending on ICG, Ce6, and PFC
concentrations (Figure 4A). All formulas gelled easily within ~60 s and did not flow or
drop when turned upside-down. As shown in Figure 4B,C, PEG hydrogels containing ICG
(Z5 and Z6) produced significant hyperthermia, and those containing both ICG and Ce6
emitted strong fluorescence at the relevant emission wavelengths. The FE-SEM images
showed that the PEG hydrogels contained considerable amounts of nanoparticles having
sizes of ~150 and >300 nm, presumably corresponding to ICG/PTX/BSA-Ce6-NPs and
BSA-PFC-NEs (Figure 4D).
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Figure 4. (A) Photographs of PEG hydrogel formulation groups (Z1–Z6) in the regular (left) and
upside-down (right) state. (B) Various images of PEG hydrogel formulation groups (Z1–Z6) (a)
photograph at 10 min after gelation, (b) thermal images, (c) fluorescence images of ICG, (d) fluo-
rescence images of Ce6. (C) Thermal images of glass vials containing the Z1−Z6 PEG hydrogel
formulations during laser irradiation at 420/526 and 405/670 nm, excitation/emission wavelengths
to identify ICG and Ce6, respectively. (D) FE-SEM images for the morphology of inner structures of
ICG/PTX/BSA-Ce6-NPs@Gel.

3.3. Photothermal and Photodynamic Activity of ICG/PTX/BSA-Ce6-NPs

The induction of hyperthermia by ICG/PTX/BSA-Ce6-NPs@Gel when irradiated
by the 808 nm laser was evaluated. As shown in Figure 5A,E, the temperature of the
ICG/PTX/BSA-Ce6-NPs@Gel quickly increased from 26 to 56 ◦C within 5 min of initiation
of 808-nm laser irradiation (1.2 W/cm2), whereas the temperature of the plain PEG hydrogel
increased by only 3 ◦C. However, the temperature of ICG/PTX/BSA-Ce6-NPs@Gel in-
creased to 42 ◦C in response to 808 nm laser irradiation (0.8 W/cm2) (Figure 5B). As shown
in Figure 5C, when 808-nm laser irradiation (0.8 W/cm2) was applied intermittently in
3 min on/off cycles, the gel temperature reached ~41 ◦C after 30 s irradiation and returned
to the basal temperature before additional irradiation. Separately, ICG/PTX/BSA-Ce6-NPs
were clearly able to induce singlet oxygen generation, as evaluated by the fluorescence
intensity caused by SOSG. Overall, the SOSG fluorescence appeared to increase with the
duration of irradiation (Figure 5D). Singlet oxygen generation by ICG/PTX/BSA-Ce6-NPs
appeared comparable to that of free Ce6, and much less singlet oxygen was generated under
hypoxic conditions than under normoxic conditions. Furthermore, the tumor temperature
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of 4T1 tumor-bearing mouse treated with ICG/PTX/BSA-Ce6-NPs@Gelplus 808-nm laser
irradiation (0.8 W/cm2) maintained around ~41 ◦C for 20 min, whereas that of mouse
treated with the naïve PEG hydrogel at the same condition did not significantly increase
(Figure 5F).

Figure 5. (A) Temperature change profile for naïve PEG hydrogel and ICG/PTX/BSA-Ce6-NPs@Gel
after targeted 808-nm laser irradiation (1.2 W/cm2) to induce severe hyperthermia with. (B) Tem-
perature change profile for naïve PEG hydrogel and ICG/PTX/BSA-Ce6-NPs@Gel with or without
targeted 808-nm laser irradiation (0.8 W/cm2) to induce moderate hyperthermia. (C) Temperature
adjustment profile for ICG/PTX/BSA-Ce6-NPs@Gel during alternating on and off 808-nm laser
irradiation (0.8 W/cm2) for 3 min cycles. (D) SOSG fluorescence profiles of Ce6 and ICG/PTX/BSA-
Ce6-NPs in response to continuous 660 nm-irradiation (10 mW/cm2) as assessed by singlet oxygen
generation under normoxic and hypoxic conditions. (E) Thermal images of (a) naïve PEG hydrogel
and (b) ICG/PTX/BSA-Ce6-NPs@Gel during 808 nm laser irradiation (1.2 W/cm2). (F) In vivo
whole-body thermal images of mice bearing 4T1 tumor injected with (a) naïve PEG hydrogel or (b)
ICG/PTX/BSA-Ce6-NPs@Gel plus 808-nm laser irradiation (0.8 W/cm2) over 20 min.

3.4. Cytotoxicity Evaluation of 4T1 Cell Spheroids Based on LIVE/DEAD™ Assay

With regard to photothermal effects, when irradiated with the 808 nm laser at 1.2 W/cm2

for 10 min, 4T1 cell spheroids appeared to be absolutely dead, showing clear red fluores-
cence color, whereas 4T1 spheroids were almost all alive after irradiation with the 808 nm
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laser at 0.8 W/cm2 for 10 min, showing mostly green fluorescence color (Figure 6A). With re-
gard to photodynamic effects, the 4T1 cell spheroids cultured with PBS and ICG/PTX/BSA-
Ce6-NPs/BSA-PFC-NEs seemed all alive when held under hypoxic conditions, irrespective
of 660 nm laser irradiation. However, the 4T1 cell spheroids cultured with ICG/PTX/BSA-
Ce6-NPs and irradiated with the 660 nm laser for 60 min were obviously dead when held
under normoxic conditions, whereas non-irradiated 4T1 cell spheroids cultured under
the same condition showed negligible cytotoxicity. Furthermore, the 4T1 cell spheroids
incubated with ICG/PTX/BSA-Ce6-NPs/BSA-PFC-NEs and irradiated with the 660 nm
laser (60 min) and also subjected to a US scan (15 min) were mostly dead because oxygen
release from the BSA-PFC-NEs was induced by ultrasound scan energy, whereas the 4T1
cell spheroids cultured under the same conditions but without the US scan clearly remained
alive (Figure 6B).

Figure 6. (A) CLSM images for 4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-NPs@Gel under
808 nm laser irradiation specifically adjusted to induce regular, moderate, or severe temperature.
(B) CLSM images for 4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-NPs@Gel with or without
660 nm laser irradiation under normoxic, hypoxic, or oxygenated conditions. (C) CLSM images for
4T1 cell spheroids incubated with PTX/BSA-NPs@Gel. Green and red colors represent live and dead
cells, respectively.
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3.5. Visualization of Hypoxia in 4T1 Cell Spheroids

Hypoxic conditions were precisely achieved at the hypoxic chamber in a hypoxic gas
stream (5% CO2:95% N2 on a volumetric basis), and the resulting hypoxia was demonstrated
by visualizing the hypoxia-inducible factor (HIF)-1α at 4T1 cell spheroids. As shown in
Figure 7A, spheroids treated at hypoxia were strongly stained with anti-HIF-1α antibody,
displaying green fluorescence. On the other hand, spheroids treated at normoxia was not
stained with anti-HIF-1α antibody because HIF-1α was negligibly expressed. However,
4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-NPs/BSA-PFC-NEs that were not
subjected to a US scan displayed strong green fluorescence when cultured under hypoxic
conditions. In contrast, the same 4T1 cell spheroids oxygenated by a US scan did not show
the typical hypoxic fluorescence signal.

Figure 7. (A) CLSM images of 4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-NPs~PFC-
NEs@Gel with or without US guidance under normoxic or hypoxic conditions in order to assess conse-
quent HIF-1α production. (B) CLSM images of 4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-
NPs~PFC-NEs@Gel with or without 660 nm laser irradiation under normoxic or hypoxic conditions
in order to assess consequent intracellular ROS (singlet oxygen) production. (C) CLSM images
of 4T1 cell spheroids incubated with ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel with or without US
guidance and irradiated with a 660 nm laser under normoxic or hypoxic conditions in order to assess
consequent intracellular ROS production.

175



Pharmaceutics 2022, 14, 148

3.6. Visualization of Singlet Oxygen Generation in 4T1 Cell Spheroids

The intracellular ROS levels/distributions were visualized in each group of 4T1 cell
spheroids by CLSM. When cultured under hypoxic conditions, all test groups of 4T1 cells
incubated with ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel did not exhibit strong red signals
indicating significant intracellular ROS production, as detected by the ROS-sensitive dye
CellROX® Deep Red, regardless of the use of 660 nm laser irradiation (Figure 7B). In contrast,
when cultured under normoxic conditions, all 4T1 cell spheroids incubated with the various
hydrogels and irradiated with the 660 nm laser displayed strong red fluorescence signals,
and this phenomenon appeared even when the spheroids were cultured under hypoxic
conditions but oxygenated by a US scan of the PEG hydrogel samples (Figure 7C).

3.7. In Vivo Tumor Localization of ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel in 4T1
Tumor-Bearing Mice

After intratumor injection of ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel, ICG and Ce6
fluorescence were visualized in xenografted 4T1 tumor-bearing mice. The ICG and BSA-
Ce6 from the PEG hydrogel were diffusely distributed within the tumors. The considerable
fluorescence levels were maintained until 12 h, but their NIR-fluorescence signals gradually
decreased and then faded out 72 h after intratumor injection (Figure 8).

Figure 8. In vivo visualization of 4T1 tumor-bearing mouse after intratumor injection of ICG/
PTX/BSA-Ce6-NPs~PFC-NEs@Gel based on Ce6 and ICG fluorescence, at 630 and 730 nm, respec-
tively.

3.8. Photoacoustic Imaging of 4T1 Cell-Xenograft Tumors

The accumulation of oxygen (as HbO2) produced in 4T1 tumors xenografted onto mice
was visualized using photoacoustic (PA) analyses with high resolution and deep imaging
depth (Figure 9). Groups were designated as either the PBS control or ICG/PTX/BSA-
Ce6-NPs~PFC-NEs@Gel (G5 formula) with or without a US scan. The PEG hydrogel
group (G5) with US scan under mild heat (41−42 ◦C) clearly displayed the greatest oxygen
distribution (red signal) throughout the tumors on PA imaging: the HbO2 percentage
was measured as 25.0% to 42.7% at before and after US, respectively, compared with the
negligible HbO2-level changes (around 23.1%~29.6%) for PBS control and G5 + US(−). This
result demonstrated that our ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel had a significant
ability to supply oxygen to the hypoxic breast tumors.
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Figure 9. Photoacoustic images of 4T1 cell tumors of mice before and after (at 20 min) intratumor
injection of PBS or ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel with or without US trigger.

3.9. Antitumor Efficacy in 4T1 Tumor-Bearing Mice

The antitumor effects of ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel were evaluated in
4T1 tumor-bearing mice. The tumor volumes for each group of mice were measured for
14 days after treatment (Figure 10A): the final tumor volumes for the G1 to G5 groups were
805.9 ± 138.5, 565.5 ± 41.6, 424.2 ± 90.6, 47.7 ± 11.6, and 63.4 ± 13.0 mm3, respectively.
The G4 formulation with severe heat-induced regression of almost the entire tumor in
each xenografted mouse due to the hyperthermal effect. In addition, the G5 formulation
(with oxygen provided by the US scan and mild heat induced by the 808 nm laser and
singlet oxygen generated by 660 nm laser irradiation) noticeably suppressed the tumors as
compared to the G3 group that did not receive oxygen induced by the US scan. The body
weight of the mice in the five treatment groups was maintained without significant change
over 14 days, indicating that all mice were well cared for without deleterious effects during
the entire therapy period (Figure 10E).
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Figure 10. In vivo antitumor efficacy of each PEG hydrogel formulation in five treatment groups of
4T1 tumor-bearing mice (G1−G5): (I) control = PBS; (II) chemotherapeutic = PTX/BSA-NPs@Gel
(100 μg PTX (0.1 mL/mouse)); (III) deoxy-photodynamic = ICG/PTX/BSA-Ce6-NPs@Gel + 660 nm
(+); (IV) severe hyperthermia = ICG/PTX/BSA-Ce6-NPs@Gel + 808 nm(+); (V) oxy-photodynamic
plus moderate hyperthermia = ICG/PTX/BSA-Ce6-NPs@Gel + BSA-PFC-NEs + 660 nm (+) +
808 nm(+) + US(+). All treatments were injected intratumorally. (A) Tumor volumes in each group
over 14 days. (B) Representative photographs of 4T1-tumor-bearing mice at the indicated days after
treatment. (C) Photographs of tumors excised from each treatment group. (D) Body weight change
of 4T1-tumor-bearing mice in the different treatment groups over 14 days post treatment.

4. Discussion

Combined anticancer treatment using different therapeutic modalities has attracted
great attention as an effective way of suppressing malignant tumors [37]. In particular,
co-therapy using PDT and PTT may accomplish synergistic efficacy based on different
modes of anticancer treatment [26,38]. While PDT is a well-established technique that
is commonly used clinically, is minimally invasive, and produces few side effects [39],
PTT is used for two distinct purposes in practice: (i) independent treatment to suppress
tumors by severe hyperthermia and (ii) supportive treatment to improve the delivery
of chemotherapeutics and oxygen into tumors by increasing tumor blood flow due to
moderate hyperthermia. Moreover, concurrent use of chemotherapeutics could acceler-
ate tumor ablation [40]. To this end, we focused on enhancing hypoxia-induced tumor
suppression by the use of intratumorally injectable PEG hydrogel formulations based on
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combined effects of chemotherapeutic, photodynamic, and photothermal modalities plus
an oxygen-generation system.

For photodynamic therapy, Ce6 was chosen because it is one of the most efficient and
safe second-generation PSs that is approved by the FDA for clinical use. It is sensitive
to the light of a wide range of wavelengths (red to NIR: 650−900 nm), which penetrates
relatively deep into tumors (presumably hypoxic regions) [39]. However, Ce6 is difficult to
formulate on account of its poor solubility in both water and chloroform/dichloromethane;
hence, albumin conjugates of Ce6 have been used to surmount this difficulty [2,41]. On
the other hand, PFC formulated in albumin-stabilized nano-emulsion can be used to
potentiate the photodynamic activity of Ce6 in hypoxic tumors by providing oxygen.
Several methods have been introduced to supply or generate extra-/intracellular oxygen
(i.e., CaO2/catalase [7], MnO2/H2O2 [9,42], and a PFC oxygen shuttle/US [35,43]). Among
these, PFC is chemically inert and has been explored as an artificial blood substitute due
to its high affinity for oxygen. Indocyanine green (ICG) was considered the first option
considered for photothermal therapy because it is a deep-penetrating NIR dye approved
by the US FDA; in addition, ICG is multifunctional and is also used as a diagnostic and
photodynamic agent [44]. However, ICG has several undesirable properties, including
concentration-dependent aggregation, poor aqueous stability, and rapid renal elimination
from the body, which limit its clinical use [45,46].

The primary aim of this study was to fabricate an in situ-injectable “one-pot” delivery
system optimal for including Ce6, ICG, PFC, and PTX in an attempt to achieve concurrent
photodynamic, photothermal, and chemotherapeutic effects as a result of improved oxy-
genation of hypoxic tumors. Previously, we developed a simple method to prepare an in
situ-gelling albumin-cross-linked PEG hydrogel system. This hydrogel system comprised
only two components (thiolated albumin and 4-arm PEG-maleimide (20 kDa)) and is easily
gelled within ~60 s in situ [26,27,36]. If required, the gelation time could be easily adjusted
from approximately 15 s to 5 min according to the intended purpose [27]. Likewise, as
shown in Figures 3 and 4, all formulations of our ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel
appeared to be gelled well within 60 s and to have acceptable elastic gel characters: all
PEG hydrogel formulations (Z1−Z6) did not flow or drop when held upside-down for
60 s. In clinical settings, this 60 sec period can be critical to allow medical doctors or
nurses to complete a series of injection steps: (i) mixing/dissolving powder materials
with sterile water for injection, (ii) filling a syringe with the resulting solution, and (iii)
immediately injecting the hydrogel into relevant sites before gelation occurs. Likewise, the
gelation time for our PEG hydrogels, including those with added ICG/PTX/BSA-Ce6-NPs
and BSA-PFC-NEs, was flexibly controlled for 30−120 s depending upon the BSA-SH:4-
arm PEG-MAL molar ratio (=1:4.3−4.5). The prepared PEG hydrogel was confirmed to
contain ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs and displayed moderate to severe
hyperthermal and photodynamic effects as measured by a photothermal camera and SOSG
fluorescence (Figure 5). In addition, formation of the PEG hydrogel was the result of a
specific reaction between artificially driven thiol groups in BSA and maleimide groups of
the 4-arm PEG-MAL, and thus the delay or interruption of the release of BSA-Ce6, ICG,
or PTX/PFC due to conjugation with PEG frames could be theoretically excluded. Con-
sequently, BSA-Ce6, ICG, and PTX were almost released within 24~36 h (Figure 3B), and
oxygen release from BSA-PFC-NEs seemed to be triggered by ultrasound and contributed
to the creation of normoxic conditions.

Albumin nanoparticles/nano-emulsions conjugated with Ce6, ICG, and PFC were
used as nano-systems inside the PEG hydrogel. Owing to problems with the solubility and
stability of Ce6 and ICG, nabTM-technique-based albumin nanoparticles were considered
to be an optimal formulation to stably load both Ce6 and ICG into the hydrogels. Previ-
ously, our group has optimized albumin nanoparticle formulations for Ce6 and ICG [2,30].
Basically, the strongly hydrophobic chemotherapeutic agent PTX played a role in physi-
cally cross-linking albumin molecules, and Ce6-conjugated BSA (BSA-Ce6) was embedded
within the resulting ICG/PTX/BSA-Ce6-NPs during their preparation. Despite high water
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solubility, ICG is known to strongly bind to albumin and thus is highly encapsulated into al-
bumin nanoparticles because the aromatic and heteroaromatic rings of ICG interact strongly
with hydrophobic pockets within albumin molecules [45,47]. As shown in Figure 2A,C,
these two photothermal and photodynamic agents were simultaneously incorporated into
albumin nanoparticles of ~175 nm diameter, and the resulting ICG/PTX/BSA-Ce6-NPs
were able to provide both activities in response to the laser irradiations (660 and 808 nm). On
the other hand, liquid PFC was easily formed through ultrasonication as a nano-emulsion
(BSA-PFC-NEs) stabilized by surrounding albumin molecules, showing ~320 nm emulsion
size, and thus appeared to be loaded into the PEG hydrogel. Importantly, the entrapped
ICG/PTX/BSA-Ce6-NPs and BSA-PFC-NEs appeared not to undergo sudden release from
the PEG hydrogel because the hydrogel mesh formed by four-arm PEG (Mn 5−20 kDa) is
thought to be ~5 to 15 nm as estimated using the Flory–Rehner equation or rubber elasticity
theory [48]. However, ICG and BSA-Ce6 of relatively small size (<6 nm) may be released
through the mesh pores and move (in)to target cancer cells.

Our PEG hydrogel formulated with added ICG/PTX/BSA-Ce6-NPs and BSA-PFC-
NEs had significant ability to kill 4T1 cell spheroids due to both 808 nm laser-induced
hyperthermia and 660 nm laser-induced photodynamic cell death, accompanied by oxygen
release from US-triggered BSA-PFC-NEs. Whereas cell death induced by PTX alone seemed
insignificant, the production of naïve oxygen and singlet oxygen from our PEG formulations
was clearly observed in anti-HIF-1α and ROS deep assays, respectively (Figures 7 and 8). In
addition, our ICG/PTX/BSA-Ce6-NPs~PFC-NEs@Gel unambiguously increased oxygen
supply to the tumor region as shown in the photoacoustic imaging (Figure 9), and the
PEG hydrogel was retained within the area of the injection site for more than three days.
This indicated that additional laser irradiation or US scanning might result in much better
tumor suppression/regression. Overall, the severe hyperthermal tumor ablation effect of
our formula combined with the strengthened photodynamic activity due to oxygenation
and moderate hyperthermia (41–42 ◦C) appeared to potentiate hypoxic tumor ablation in
4T1 tumor-bearing mice.

5. Conclusions

In summary, the in-situ injectable PEG hydrogel with added ICG/PTX/BSA-Ce6-NPs
(~175 nm) and BSA-PFC-NEs (~320 nm) was easily and quickly (~60 s) fabricated and dis-
played photothermal, photodynamic, and oxygen-supplying activity. The hypoxic tumors
of mice treated with our PEG hydrogel formula and with 808/660 nm laser irradiation plus
ultrasound scanning were unambiguously suppressed in volume compared with those of
all other groups. This remarkable tumor size reduction is attributable to the strengthened
photodynamic activity due to oxygenation and moderate hyperthermia (41~42 ◦C) by the
multifunctional effect of loaded Ce6, ICG, and PFC. In addition, our PEG hydrogel formula
had sufficient hyperthermal activity to ablate the 4T1 tumors when the irradiation time
and output intensity increased. We believe our multifunctional PEG hydrogel formula can
be a prototype for ablating otherwise unresponsive hypoxic tumors in coordination with
deep-penetrating outer stimuli.
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Abstract: Nanoparticle-based technologies are rapidly expanding into many areas of biomedicine
and molecular science. The unique ability of magnetic nanoparticles to respond to the magnetic
field makes them especially attractive for a number of in vivo applications including magnetofection.
The magnetofection principle consists of the accumulation and retention of magnetic nanoparticles
carrying nucleic acids in the area of magnetic field application. The method is highly promising as a
clinically efficient tool for gene delivery in vivo. However, the data on in vivo magnetofection are
often only descriptive or poorly studied, insufficiently systematized, and sometimes even contra-
dictory. Therefore, the aim of the review was to systematize and analyze the data that influence the
in vivo magnetofection processes after the systemic injection of magnetic nanostructures. The main
emphasis is placed on the structure and coating of the nanomagnetic vectors. The present problems
and future trends of the method development are also considered.

Keywords: magnetofection in vivo; magnetic nanoparticles; iron oxide; gene delivery; gene vectors

1. Introduction

The development of nanosystems that effectively deliver genes into a cell in vivo
using magnetofection is a complex and urgent task. A solution to this problem will lead to
a significant progress in the creation of drug formulations for gene therapy. In such kind
of therapy, nucleic acid molecules delivered into a cell can be used for over-expression
of a desired protein, for gene knock down effects, for bypassing or even reparation of
genetic mutations, or for activation of the innate immune system [1,2]. There are two
main factors limiting biomedical applications of the technology. The first one is not fully
understood the process of nucleic acids uptake, their intracellular interactions, intracellular
trafficking and regulation of nucleic acid action inside cells at the molecular level. The
second one is the direct delivery of nucleic acids to target cells [1,3]. Therefore, choice
of the reliable and efficient delivery vectors is very important. When we talk about non-
viral vectors, magnetic nanoparticles (MNPs) are often meant. They are considered to
be in the center of nanotechnology-based structures for nanomedicine [4,5]. Due to their
ability to respond to the magnetic field, MNPs have become very attractive for different
theranostic applications [6–8]. When using MNPs, it becomes possible to carry out the
magnetically controlled accumulation and release of these particles [9–11], execute the
particle tracking by magnetic resonance imaging (MRI) [12–14], imaging of tumors [15,16],
precise and quantitative monitoring in vitro [17–19] and in vivo [20,21], by the magnetic
particle quantification (MPQ) technique in an extraordinarily wide linear dynamic range
(up 7 orders of magnitude). MNPs themselves can be used for tumor therapy [22,23], for
targeted drug delivery to a selected part of the body [22–24], or for the magnetic separation
of cells [22], as well as for magnetofection [1,25,26]. Magnetofection is defined as method
for nucleic acid delivery under the influence of a magnetic field acting on nucleic acid
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vectors that are associated with magnetic nanoparticles (see scheme in Figure 1) [27,28].
After reaching the cell surface, magnetic nanosystems (usually with polyethylenimine
and DNA) are internalized into intracellular vesicles called endosomes as a result of
endocytosis. Moreover, for the functional delivery of nucleic acids, so-called endosome
escape is required. Otherwise, the magnetic nanoconstructions will be destroyed by the
cellular enzyme system. It is believed that PEI–DNA complexes escape from the endosomes
due to the so-called proton sponge effect [29]. Magnetic lipoplexes behave in a similar
manner [30]. As in the case of nonmagnetic PEI polyplexes [31], a three-step behavior is
observed. At the first stage, the magnetic lipoplexes attach to the cell surface and slowly
penetrate the cell membrane. Most lipoplexes are internalized through endocytosis during
this phase. The second stage is characterized by abnormal and limited diffusion within
cells. The third stage is active transport along microtubules inside the cell.

Compared to the commonly used lipid or polymer-based transfection vectors, mag-
netofection has several advantages, such as higher efficiency, shorter delivery time, a
possibility of very local delivery [32–34]. All the above-mentioned advantages of the
method are especially relevant when performing magnetofection in vivo. There are several
reviews in the literature devoted to various aspects related to in vitro [1,5,27,35–41] and
in vivo [42] magnetofection. The latter work considers in vivo delivery of genes using
magnetic carriers injected locally to targeted tumors or tissues [42]. In the current work, we
provide an overview of the published results on the systemic injection of complex magnetic
nanostructures into living organisms. The delivery of drugs/genetic information to the
close vicinity of the site of action (tumor, target organ, etc.) is considered to be local. The
administration into the circulatory system so that the entire body is affected is regarded
as systemic. The main focus is on the magnetic vector structure. We discuss in detail
different types of coating of various magnetic particles, give several examples of “unusual”
magnetic carriers. Special attention is given to possible ways of development of the existing
technology, challenges and prospects of the method.

 
Figure 1. Magnetofection using magnetic nanoparticles. The plasmid DNA is associated with magnetic nanoparticles,
which are directed, attracted, and concentrated on the surface of cell membranes, where the endocytosis process brings the
nanoparticles into the cell. Adapted with permission from [43].

2. Applications of Nanoscale Carriers for Magnetofection In Vivo

This review is a logical continuation of our previous work [42], where examples of
in vivo magnetofection were described in detail for the case of administrating the magnetic
vectors directly into a targeted tumor or tissue. Local injections actually allow to avoid such
negative effects as undesired interactions with blood components and rapid elimination from
the circulation by the reticuloendothelial system (RES). The aim of the present review is to
collect and analyze data that influence the processes of magnetofection in vivo after systemic
injections of the nucleic acid-bearing magnetic nanoparticles. We have summarized the related
results available in various publications on the topic in Table 1.
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Table 1. Typical targets, nucleic acid types, magnetic nanoparticle compositions used in published research on magnetofec-
tion in different animals after systemic injections of magnetic carriers.

Target (Tissue/Organ) Animals Nucleic Acid Type a Magnetic Nanoparticle
Composition b References

Subcutaneous tumor/heart Mouse shRNA combiMAG + Lp2000 [44–46]

Subcutaneous tumor Mouse pDNA Fe3O4@SiO2–COOH + PEI [47]

Lungs/heart Mouse pDNA MNBs (Miltenyi Biotec)-PEI [48]

Right proximal region
(subcutaneous tumor) Mouse siRNA LipoMag [10]

Right testis Mouse Antisense ODN PolyMag [49]

Liver Rat pDNA MCL [50]

Hind leg Mouse pDNA PAAIO + CP [51]

Striatum Mouse siRNA Tf-PEG-PLL/MNP [52]

Subcutaneous tumor/armpit Mouse siRNA Fe3O4 + Chitosan [53]

dorsal flank (subcutaneous tumor) Mouse pDNA M-MSNs [54]

Capsule of the liver lobe
(transplanted tumor) Mouse pDNA Gal-CMCS-Fe3O4-NPs [55]

Left hepatic lobe Mouse siRNA Gal-PEI-SPIO [56]

Heart Mouse pDNA MNB/PEI [57]

Subcutaneous tumor Mouse pDNA TSMCL [58]

Vessels of the dorsal skin Mouse pDNA MMB [59]
a pDNA = plasmid DNA, Antisense ODN = antisense oligonucleotide, siRNA = small interfering RNA, b combiMAG = commercial mag-
netofection reagent, Lp2000 = Lipofectamine®2000—commercial transfection reagent, PEI = polyethylenimine, MNB = magnetic nanobeads
(MiltenyiBiotec, Auburn, CA, USA), LipoMag=commercial transfection kit, PolyMag (Chemicell, Berlin, Germany) = commercial iron oxide
nanoparticles, MCL = magnetic cationic liposome, PAAIO = poly(acrylic acid)—bound superparamagnetic iron oxide, CP = polyethylenimine
copolymer, Tf = transferrin, PEG = polyethylene glycol, PLL = poly-L-lysine, MNP = magnetic nanoparticle, M-MSNs = magnetic mesoporous silica
nanoparticles, Gal = galactose, CMCS = carboxymethyl chitosan, NPs = nanoparticles, SPIO = superparamagnetic iron oxide, TSMCL = magnetic
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 3b-[N-(N’,N’-dimethylaminoethane)-carbamoyl]cholesterol (DC-Cholesterol), dimethyldioc-
tadecylammonium bromide (DOAB) and cholesterol liposomes at a molar ratio of 80:5:5:10, MMB = micromagnetobubbles.

The efficiency of the in vivo application of one more magnetic nanocarriers critically
depends on the charge and type of the magnetic core coating. Therefore, in this section, we
have divided the data into three subsections: magnetic polyplexes (magnetic nanoparticles
coated with cationic polymers, Figure 2a), magnetic liposomes (lipid-coated magnetic
nanoparticles, Figure 2b), and magnetic nanosystems with an additional active targeting
modality (along with the response to the magnetic field, Figure 2c). Furthermore, possible
ways of the method evolution are discussed in detail.

2.1. Magnetic Nanoparticles Coated with Cationic Polymers

After the development of a method to synthesize a low aggregated magnetic
polyethyleneimine/DNA nanostructures (MPD) and testing these particles when injected
locally into a tumor [60], the same authors continued their research on the efficient transfec-
tion activity in a serum-containing medium and MPD application in vivo after intravenous
injections [47]. The magnetic vector synthesis is described in [60]. Shortly, MNPs were
synthesized by two different methods in aqueous [61] and organic media [62] with subse-
quent modification by ligand exchange or by silane-coupling agents to prepare a negatively
charged coating. For this purpose, N-(trimethoxysilylpropyl) ethylenediaminetriacetic acid
was used. As a result, the luciferase gene expression in tumors substantially differed for the
traditional transfection and magnetofection groups. The luciferase activity effected by the
transfection with MPD nanostructures subjected to a magnetic field was about five times
stronger compared to that obtained without field application or by the control standard
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PEI-DNA complexes. It is also worth noting that a large portion of the particles in all cases
settled in the animal’s lungs.

Figure 2. Schematic examples of different magnetic nanocarriers for magnetofection in vivo: (a) mag-
netic polyplex, (b) magnetic liposome, (c) magnetic polyplex modified with transferrin. Created with
BioRender.com (accessed on 7 November 2021).

In contrast, an even higher luciferase activity was recorded, when commercial mag-
netic nanoparticles were used, namely MNBs (MiltenyiBiotec, Auburn, CA, USA) with
an average size of 200 nm [48]. The magnetic polyplex was prepared as follows: bi-
otinylated PEI/DNA complexes were conjugated to MNBs via a sulfo-NHS LC-biotin
linker. Two hours after systemic administration of the labeled MNB/Oregon green 488-
PEI/pREP4/Luc nanostructures, their accumulation was assessed in vivo by a bioimaging
system that detected fluorescence. When using a magnet, the intensity was about 18 times
higher in the left side of the animal’s chest than without the magnetic field (Figure 3),
indicating that the magnet effectively attracted the nanostructures to the left chest (heart
and left lung).

Additionally, the magnetic field application caused strong therapeutic gene expression
in the left lung and heart. Unfortunately, there was no quantitative assessment as in another
publication with similar particles [57], where the level of luciferase gene expression in
the heart increased more than three orders of magnitude (!) compared with the control
mice without implantation of an epicardial magnet. Another example of work using
magnetic vectors based on commercial nanoparticles is discussed in [49]. To investigate
whether magnetofection could be a feasible strategy for directing antisense ODN to one
specific vascular site after an intra-arterial injection in vivo, the authors infused mice
with Cy3-labeled antisense ODN complexed to PolyMAG magnetic particles through a
femoral catheter. As a result, solely all large and small arterioles of the cremaster muscle
exposed to the magnetic field after the injection of the ODN-MP mixture showed a high
level of fluorescence. That was not the case in the vessels of the cremaster muscle of the
contralateral testis in the same animals. In these control vessels, similar to the control
animal, which was injected with a magnetic vector without applying a magnetic field,
only a few large arterioles and none of the small arterioles showed fluorescence, which
qualitatively indicated that magnetofection is a working method for active targeting.
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Figure 3. Non-invasive in vivo trafficking of MNB/PEI/DNA nanostructures 2 h after systemic
administration. The fluorescent image (pseudocolor) was overlaid on the photographic image. The
intensity of fluorescent signal from MNB/Oregon green 488 labeled-PEI/DNA was stronger in the
left chest in group with magnet (A) compared to the group without magnet (B). Adapted with
permission from [48].

The work of [53] aimed at estimating the targeting capacity in vivo under the influence
of a magnetic field of angiopoietin-2 small-interfering RNA (Ang-2 siRNA) plasmid/chitosan-
coated magnetic nanoparticles in a model of malignant melanoma (MM) in nude mice.
The method of obtaining chitosan magnetic nanoparticles was quite interesting. At the
first stage, magnetic Fe3O4 nanoparticles were dispersed in a chitosan solution (Zhejiang
Hisun Chemical Co., Ltd., Taizhou, China) under ultrasound agitation. Subsequently,
the mixture was added to a mixed phase solvent of liquid paraffin and petroleum ether
supplemented with Span-80. The solution was sufficiently emulsified and agitated, then
glutaraldehyde solution was slowly added dropwise. Then, the solution was incubated at
40 ◦C in a water bath for 30 min followed by adjustment pH to 9.0 with NaOH solution.
The resulting solution was heated to 60 ◦C. After standing for 1 h, the precipitate was
produced. Then, successive thorough washings with anhydrous ether, acetone, anhydrous
ethanol, and distilled water produced the chitosan magnetic nanoparticles. As a result,
it was shown, at a qualitative level, that the targeting group (particles + magnetic field)
exhibited aggregation of numerous particles on the capsule of tumor tissues and inside
blood vessels and staining with Prussian blue was strictly positive.

Another example of using custom-made magnetic particles is given in [51]. It was pro-
posed to use chondroitin sulfate-polyethylenimine copolymer (CP)-coated superparamag-
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netic iron oxide nanoparticles as an efficient magneto-gene carrier for microRNA-encoding
plasmid DNA delivery. The magnetofection gene carrier was prepared by complexation
through electrostatic interactions between CP and self-made [63] poly(acrylic acid)-bound
iron oxide nanoparticles (SPIONs) (named CPIO). To evaluate the in vivo magneto-induced
uptake of the magnetoplex, a biodistribution of CPIO/Cy5-DNA was studied in nude mice
with U87-xenografted tumors on the right and left hind leg regions. As a result, the en-
hanced permeability and retention (EPR) effect [64] played a greater role in biodistribution
than the magnetic field (after 48 h, both tumors glowed, the one above, where the magnet
was located, glowed slightly stronger).

Magnetic mesoporous silica nanoparticles (M-MSN) are an unusual example of a mag-
netic vector for in vivo magnetofection. The research of [54] aimed at creating M-MSNs that
differed in shape followed by a comparative study of their efficiency in suicide gene therapy
of hepatocellular carcinoma (HCC). As a model, the thymidine kinase/ganciclovir of her-
pes simplex virus (HSV-TK/GCV) gene therapy system was used. Carboxyl-functionalized
M-MSNs were first loaded with GCV. Then, PEG-g-PLL was introduced to ensure a positive
surface charge of the resulting nanostructure for electrostatic absorption of the TK plasmid.
At the first stage, nanosized magnetite coated with polyacrylic acid was obtained [65].
Then, spherical (S-M-MSNs) and rod-shaped (R-M-MSNs) mesoporous silica nanopar-
ticles were synthesized by a simple sol-gel method using the obtained Fe3O4 NPs and
cetyltrimethylammonium bromide (CTAB) as a template [66,67]. After that, carboxylate-
modified M-MSNs were formed via reactions of M-MSNs with ammonium persulfate (APS)
and further with succinic anhydride [68,69]. Finally, PEG-g-PLL and M-MSNs–COOH
were covalently conjugated using a modified EDC/NHS reaction according to [70,71].
To evaluate the therapy results, the authors proposed a comparison of the sizes of the
respective tumors. Compared to the control group, which was given only saline, tumor
growth inhibition was observed in all other cases. In addition, the group that was treated
with the magnetic field showed a significant reduction in the relative tumor volume and
weight compared to the non-magnetic group. Moreover, if both types of the field (constant
and variable) were used, then the tumor was less than under a single field type, while the
latter, in turn, was less than without any field.

2.2. Lipid-Coated Magnetic Nanostructures

The use of magnetic lipoplexes via magnetic field-assisted systemic delivery appeared
to be a much more popular method compared to the local delivery [42]. A team of authors
led by Aiqiang Dong believes that liposomal magnetofection works best when adminis-
tered systemically and that the magnetic field potentiates gene transfection to concentrate
magnetic lipoplexes onto target cells [44–46]. In all three papers, the magnetic nanosys-
tems had the following composition: pGFPshIGF-1Rs/combiMAG/lp2000. In [44], it was
shown that the silencing efficiency of shRNAs delivered by the liposomal magnetofec-
tion after a pGFPshIGF-1R injection reached 43.4 ± 5.7%, 56.3 ± 9.6%, and 72.2 ± 6.8%
at 24, 48 and 72 h, respectively, and reached an average of 43.8 ± 5.3% by lipofection.
The biological distribution and target tumor suppression after magnetofection were also
studied along with the potential toxicity of the method via combiMAG-carrying plasmids
expressing green fluorescent protein (GFP) and short hairpin RNAs (shRNAs) targeting
IGF-1R (pGFPshIGF-1Rs) in tumor-bearing mice [45]. In that work, the accumulation
and delivery of pGFPshIGF-1R into tumors using magnetic nanoparticles and a magnetic
field contributed to a significant decrease in tumor growth compared to the control, the
suppression rate was 36% on day 30 after treatment. The same magnetic lipoplex can
be used for gene therapy after heart failure [46]. The results showed that the silencing
efficiency of shRNAs delivered by liposomal magnetofection reached 72.2 ± 6.8, 80.7 ± 9.6
and 84.5 ± 5.6%, at 24, 48 and 72 h, respectively, after pGFPshIGF1R injection.

Namiki Y. et al. [10] described the development of a new nanoparticle, which con-
sisted of an oleic acid-coated magnetic nanocrystal core and a cationic lipid shell (DOTAP
(N-[1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium chloride) and DOPE (dioleoylphos-
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phatidylethanolamine) (1:1)). The lipid mixture dissolved in chloroform was mixed with
chloroform-based magnetic fluid. After the addition of distilled water, the homoge-
neous mixture was evaporated, sonicated, and purified, finally forming LipoMag.
LipoMag/siRNAEGFR#4-mU (siRNA to efficiently knock down the EGFR mRNA in tu-
mor vessels) treatment under a magnetic field exhibited a ≈50% reduction in the tumor
volume compared with the control group on day 28th after the treatment initiation.

It is known that liposomes composed of DC-Chol(3β-[N-(N’,N’-dimethylaminoethane)-
carbamoyl] cholesterol) and DOPE (Dioleoylphosphatidylethanolamine) have been classi-
fied as one of the most efficient vectors for transfection of pDNA into cells and in clinical
trials [72–74]. In the work [50], DC-Chol and DOPE (1:1 molar ratio) were chosen as the
liposome composition, MAG-T (aqueous dispersion of magnetite Fe2O3; tartaric acid ma-
trix; mean diameter of 20 nm) was used as the core, and the MCLs were prepared using
reverse-phase evaporation. Since the target organ was the liver, the observed luciferase
activity 24 h after injection was only one when using MCLs/pDNA nanoformulations
under the influence of a magnetic field and 1.5-fold higher compared to the same particles
without the field (Figure 4).

Figure 4. Effect of external magnetic field on the transfection activity of MCLs/pDNA nanoformu-
lations in vivo. The concentration of MAG-T in the MCLs was 1.5 mg/mL and the weight ratio
between MCLs and pDNA was 8.0. Luciferase activity was determined 24 h post-injection in the liver,
kidney, spleen, lung, and heart, respectively. Each value represented mean ± S.D. (n = 6). * p < 0.05,
# p < 0.01. Adapted with permission from [50].

Another interesting example employing magnetic liposomes is presented in [58].
Here, the delivery system was based on thermosensitive cationic liposomes, which were
prepared with a thermosensitive cationic formulation of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 3b-[N-(N’,N’-dimethylaminoethane)-carbamoyl]cholesterol (DC-
Cholesterol), dimethyldioctadecylammonium bromide (DOAB) and cholesterol at a molar
ratio of 80:5:5:10 (TSCL liposomes). To prepare the magnetic liposomes (TSMCL), a mag-
netic fluid Fe3O4 was used as the core, which was co-encapsulated with ammonium sulfate
buffer into the liposomes. The authors of the study [58] designed TSMCL-DOX-shSATB1
as a combined magnetic drug targeting and a magnetofection system to improve the effi-
ciency of simultaneous delivery of DOX and SATB1 shRNAs. Co-delivery of DOX and the
shSATB1 vector in an in vivo mouse xenograft model under the influence of a magnetic
field resulted in weaker tumor growth compared to control mice.

After studying the behavior of micromagnetobubbles (MMB) through a local injec-
tion [75], the same authors continued their research trying systemic administration [59].
The endothelium of the treated dorsal skin clearly showed expression of the dsRed protein
48–72 h after treatment. That expression could not be observed in the vessel wall of mice
treated with the plasmid-loaded MMB, where no external magnetic field and ultrasound
had been applied, or in the equally treated mice, where only a magnetic field was applied
but no ultrasound. Interestingly, although mice treated with only ultrasound but without a
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magnetic field showed low rates of transfection into the vascular wall in vivo, this effect
was more than 60-fold lower than that observed when a magnetic field was added to retain
the MMB at the vascular wall.

2.3. Magnetic Nanosystems Possessing an Additional Active Targeting Modality

In order to enhance the penetration of small interference RNA against the polo-
like kinase I (siPLK1) across the blood–brain barrier to treat glioblastoma (GBM), mag-
netic nanoparticles (Tf-PEG-PLL/MNP@siPLK1) modified with transferrin (Tf) were pre-
pared [52] and two types of active targeting were applied. Transferrins are iron-binding
blood plasma glycoproteins that control the level of free iron (Fe) in biological fluids [76].
MNPs (Fe3O4) were prepared by alkaline co-precipitation [77] with subsequent linking
with Tf-PEG-PLL or PEG-PLL. When evaluating in vivo anti-GBM activity, it was found
that the tumor inhibition rate raised with increasing the dosage of the magnetic nanocar-
rier with trans-peptide (no-field conditions were not considered). The biodistributions of
another self-luminous siRNA with and without application of the magnetic field were also
evaluated (Figure 5).

The fluorescence intensity was significantly higher in the brain upon administration
of Tf-PEG-PLL/MNP@Cy5-siPLK1 compared to PEG-PLL/MNP@Cy5-siPLK1 without
transferrin. Moreover, it turned out that the magnetic field significantly increased the
accumulation of Cy5-siPLK1 in the brain tissues. That, in turn, might contribute to the high
activity of Tf-PEG-PLL/MNP @ siPLK1 in vivo against GBM.

The authors of Ref. [55] developed a nanovector with double targeting properties
for the efficient delivery of a tumor suppressor gene RASSF1A specifically into hepa-
tocellular carcinoma (HCC) cells by preparing galactosylated-carboxymethyl chitosan-
magnetic iron oxide nanoparticles (Gal-CMCS-Fe3O4-NPs). It is known that galactose
(Gal)-modified magnetic nanoparticles can be discerned specifically by the asialoglycopro-
tein receptor expressed on the surface of HCC cells and specifically recognized by HCC
cells [78]. Fe3O4 NPs themselves were obtained in the aforementioned research by alkaline
co-precipitation [77], then coated with chitosan [79] followed by the addition of lactose and
sodium cyanoborohydride to obtain Gal-CMCS-Fe3O4 NPs. The authors studied the biodis-
tribution of the particles loaded with pcDNA6.2mir-EGFP using fluorescent microscopy to
visualize GFP expression. They noted green fluorescence in liver and tumor tissues. The
average efficiency of pcDNA6.2mir-EGFP transfection in liver tissue was 32.6%. In addition,
the average transfection efficiency in tumor tissue was approximately 40.8% and 29.7%
when using an external magnetic field and without it, respectively. No overt fluorescence
was observed in sections of kidney, spleen, heart, or lung tissues. As for delivery of the
RASSF1A gene for HCC treatment, the best results were achieved when a combination
of the magnetic vector, external magnetic field, and intra-abdominal administration of
mitomycin (MMC—chemotherapy drug) were used for treatment.

The authors of [56] considered magnetic vectors, in which the core consisted of iron
oxide modified by galactose (Gal) and polyethylenimine (PEI). The latter acted as shells
providing targeted delivery of therapeutic siRNA to the liver cancer. Carboxylate-capped
Fe3O4 was initially synthesized via the modified oxidative co-precipitation method [80].
Subsequently, PEI was further attached to the surface of Fe3O4–COOH via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) followed by the addition of Gal-PEG-NH2.
The biodistribution study of the Gal-PEI-SPIO/Cy5-siRNA particles showed rapid accu-
mulation of Cy5-siRNA in the liver and tumor within 8 h. The fluorescence was much
more pronounced compared to the case of nano-encapsulated Cy5-siRNA. Fluorescence
from Cy5-siRNA was observed within 24 h and decayed significantly over time. With
Gal-PEI-SPIO nanoparticles coated with Cy5-miRNA, the fluorescence intensity began
gradually decreasing only after 8 h since administration. After 24 h, it was still observable
and stronger than that in the control group (RNA only). It was found that the use of a
magnetic field did not play a significant role in the inhibition of tumor growth. In general,
tumors treated with Gal-PEI-SPIO/si-c-Met showed an obvious decrease in volume. c-Met
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is a hepatocyte growth factor (HGF) receptor that plays an important role in the prolif-
eration, motility, differentiation, and angiogenesis of HCC [81]. As a result, both groups
(with and without magnetic field), in which treatment was used with particles with siRNA,
which silenced the expression of c-Met, demonstrated a significant (and almost the same)
reduction in tumor volume compared to the control group.

 
Figure 5. (A) Biodistribution of Cy5-siPLK1 in mice organs at 12 h after the administration of Tf-PEG-
PLL/MNP@siPLK1 and PEG-PLL/MNP@siPLK1 by tail vein injection. MF presents the application
of magnetic field. (B) The statistic results of panel A. ** p < 0.01, vs PEG-PLL/MNP@siPLK1 without
MF; ## p < 0.01, vs PEG-PLL/MNP@siPLK1 with MF. Data are expressed as the mean ± SD (n = 3).
Adapted with permission from [52].

3. Conclusions and Outlook

In this review, we have summarized the results of publications devoted to in vivo
magnetofection for the case of systemic injection of magnetic nanocarriers and tried to
figure out how it works depending on the structure of these magnetic vectors. Judging from
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the above-cited articles, we can say that the method proved to be a good tool for delivering
genetic material (pDNA, siRNA, or antisense ODN, see Table 1) to tumors and tissues
via magnetic nanoparticles with various types of coating. Due to the use of a magnetic
field, a rather high delivery targeting is achieved at a low loading dose. All this moves
magnetofection one step closer to practical applications in gene therapy.

Indeed, it has mentioned in a number of articles that the use of a magnetic field leads to
higher gene expression on qualitative [45,49,51] and quantitative [47,48,50,52,56,57] levels.
There is also numerical data on a significant decrease in tumor growth compared to control
groups [10,45,52,55,56,58], as well as data on silencing efficiency [44,46], which indicate the
positive effect of the magnetic field on the transfection process. A logical step would be to
compare the results that scientific groups, which study in vivo magnetofection, obtained
with the systemic and local routes of injection of magnetic nanostructures based on the
same magnetic carriers. This is what the authors of [47,60] carried out. They declared
in [47] that transfection by nucleic acid-bearing magnetic nanosystems under a magnetic
field produced the highest level of luciferase activity, which was approximately 5-fold
higher than that of the magnetic systems without field (when administered locally, the
difference was 15-fold [60]). There is also a similar example from a group that has studied
the transfection properties of micromagnetobubbles in vivo (local [75] and systemic [59]
injections, respectively). Unfortunately, the results of these works could not be directly
compared. There are no more examples of such comparisons, probably due to the problems
that may be encountered while studying magnetofection in vivo.

The first problem of the precise magnetic guidance of complex magnetic nanostruc-
tures is the effect of applied magnetic fields. It is clear that an external magnetic field
of higher intensity and gradients contributes to the faster accumulation of the magnetic
nanosystems in a target region. On the other hand, an excessively strong magnetic force will
result in too intense aggregation of nanoparticles, thus affecting their stability and causing
potential cytotoxicity [43]. In turn, a nonlinear decrease in magnetic force with an increas-
ing distance inevitably leads to a weaker response to the external magnetic field, which
may become not strong enough to steer the magnetic nanoparticles in the blood flow deep
in the body [82]. It would be interesting to study the transgene expression applied with an
external magnetic field of stronger gradients, which could penetrate at a larger distance on
an intact animal model. In addition, it is difficult, using the current approach, to eliminate
completely gene expression in other organs, at least with the commonly used NdFeB
magnets. This emphasizes the need for a more focused magnetic field of a higher gradient
as, for example, in magnetic systems based on NdFeB micromagnets [83]. In particular, it
is reported that the magnetic targeting of deeper situated tissues or of structures situated
deeper within organs is weakened, and the enhanced permeability and retention effect, in
this case, plays a greater role in biodistribution than the gradient magnetic field [51,84]. To
overcome this problem, one of the approaches is to use field-enhancing elements as noted
in [85–88], where vascular stents were made magnetic by nickel coating. If implanting
these into a deeper situated vessel, these may influence the original magnetic field when
magnetized by an external magnetic field and thus may generate strong field gradients
deeper into the tissues. Another example of such an invasive technique is the implantation
of ferromagnetic wires and exposure of the target area or the whole patient body to an
external magnetic field. In this way, strong magnetic field gradients are produced locally
and allow capture and concentration of circulating magnetic nanoparticles [89,90]. Alter-
natively, high gradient [91] or oscillating [92–94] magnetic fields can be used for standard
magnetic nanoparticles. Another option is an employment of magnetic materials with
higher specific magnetization than iron oxide, but this approach raises biocompatibility
concerns. A comparison between magnetite and cobalt nanoparticles (the latter exhibiting
a higher magnetization than that of magnetite) of identical sizes and coatings demonstrated
similar transfection efficiencies but cobalt cytotoxicity was greater, and the nanoparticles
tended to aggregate [38]. For a closer look at modern magnetic systems that allow precise
magnetic guiding, we direct the reader to detailed reviews [43,95–97].
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The second problem is that in order to further improve the binding of ligands to
specific cells, it is necessary to introduce functional ligands such as galactose, folic acid,
epithelial cell adhesion molecule and α-fetoprotein that can actively interact with the
corresponding binding sites on the cell surfaces [48,55,98]. For example, it is claimed
in [48] that conjugation of magnetic nanosystem with a vasculature-permeabilizing agent,
such as histamine [99], VEGF [100], or serotonin [101], may further help such complex
magnetic nanostructures to cross the endothelial barrier and deliver therapeutic genes to
other cell types.

The third problem is that magnetic nanostructures during circulation in the blood-
stream inevitably encounter difficulties associated with their interactions with blood com-
ponents. For example, it is known that cationic nanoparticles attract opsonizing proteins.
That causes rapid plasma clearance of the nanocarriers leading to short nanoparticle plasma
half-life [102]. Therefore, it is necessary to study in detail the issues related to the factors
that affect blood circulation [8,103], as well as elimination [104,105] of nanoparticles for
successful applications of in vivo magnetofection, search for new hybrid delivering nano-
materials [106–109] or implementation of more efficient biochemical binding and targeting
techniques [110–116]. However, we believe that the magnetofection technique can become
a solid option for in vivo targeting combined with improved efficacy of gene delivery,
potentially in combination with other physical techniques (electroporation, sonoporation)
if appropriate magnetic fields can be generated and if an ideal coating of magnetic particles
is found. Still, many questions and problems remain to be addressed before it becomes an
efficient and optimized clinical tool for gene therapy.
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Abstract: Photodynamic therapy (PDT) is a promising anticancer noninvasive method and has great
potential for clinical applications. Unfortunately, PDT still has many limitations, such as metastatic
tumor at unknown sites, inadequate light delivery and a lack of sufficient oxygen. Recent studies
have demonstrated that photodynamic therapy in combination with other therapies can enhance
anticancer effects. The development of new nanomaterials provides a platform for the codelivery of
two or more therapeutic drugs, which is a promising cancer treatment method. The use of multi-
functional nanocarriers for the codelivery of two or more drugs can improve physical and chemical
properties, increase tumor site aggregation, and enhance the antitumor effect through synergistic
actions, which is worthy of further study. This review focuses on the latest research progress on
the synergistic enhancement of PDT by simultaneous multidrug administration using codelivery
nanocarriers. We introduce the design of codelivery nanocarriers and discuss the mechanism of PDT
combined with other antitumor methods. The combination of PDT and chemotherapy, gene therapy,
immunotherapy, photothermal therapy, hyperthermia, radiotherapy, sonodynamic therapy and even
multidrug therapy are discussed to provide a comprehensive understanding.

Keywords: codelivery nanocarriers; photodynamic therapy; anticancer therapies; combination therapy

1. Introduction of Photodynamic Therapy and Photosensitizers

1.1. Photodynamic Therapy

Photodynamic therapy (PDT) is a modern noninvasive antitumor technique that has
great clinical application potential due to its advantages of simple operation and low
systemic toxicity. PDT has been clinically approved for the treatment of some tumors,
such as advanced esophageal cancer and advanced lung cancer [1]. Local or systemic
photosensitizers (PSs) can be activated to produce cytotoxic reactive oxygen species (ROS)
after absorbing light from an appropriate wavelength laser, which can induce tumor
cell necrosis and apoptosis or cause angiotoxicity to block tumor cell nutrient supply. In
addition, acute inflammatory responses and immunogenic cell death (ICD) induced by PDT
have been shown to activate the body’s immune system and result in the reconstruction of
the tumor microenvironment [2,3].

There are two main mechanisms of the photodynamic reaction. When PSs enter cells,
light at a wavelength coinciding with the PS absorption spectrum irradiates the issue,
and PSs will be converted from the singlet basic energy state into the excited singlet state
because of photon absorption. Part of the energy directs a PS molecule to the excited triplet
state. In type I reactions, the PSs in their excited triplet state react with biomolecules and
ROS can be generated from radical oxygen species formed by electron transfer reactions
such as superoxide ions (O2

•−) and hydroxyl radical (OH•). In type II reactions, the
energy of PSs in their excited triplet state is transferred directly to the oxygen molecule
in the basic energetic state, resulting in the generation of singlet oxygen, which is highly
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reactive and cytotoxic [2,4]. ROS produced by the two reactions irreversibly damage cells
and microvessels, and ROS can fight against cancer by inducing apoptotic cell death, a
subroutine mode of active immunity [3,5]. Type II is considered as the most important
process affecting PDT efficiency. The balance of the contribution of both reactions depends
on many factors, including oxygen concentration and on the structural features of the PSs.

1.2. Photosensitizers

PDT emerged as a tumor treatment in 1907, and the early progression of it is closely re-
lated to the development of PSs [4]. The PS types are generally divided into non-porphyrins
and porphyrins. The typical non-porphyrin PSs are hypericin, including phenothiazinium
dyes, xanthene dyes, phthalimide derivatives, indocyanine green (ICG) etc. Methylene
blue (MB), toluidine blue O, Rose Bengal (RB), ICG, as well as the near-infrared dye
IR780-iodide have commonly been used in recent years [6–8]. In addition, inorganic mate-
rials like graphene oxide (GO) and gold/silver nanoparticles (AuNPs/AgNPs) are also
included [9–11], the latter have good biocompatibility and tunable optical properties, and
1O2 can be generated through surface plasmon excitation for PDT of tumors [12]. Metal
oxides such as TiO2 and ZnO2 NPs can be photoactivated to produce ROS through electron-
hole pair interactions with the surrounding 1O2. These nanomaterials generally have the
advantages of low toxicity, inertness, good biocompatibility and photostability [13]. Other
materials, including black phosphorus nanosheets [14], fullerene [15] and GCNS [16], can
also be modified to achieve multifunctionalization.

Porphyrins PSs in the early stage were mainly mixtures obtained from natural por-
phyrins. For example, hematoporphyrin derivative (HPD), was first used as a PS for
bladder cancer in 1970 [17,18]. Unfortunately, Since such PSs had a long half-life and
would accumulate excessively in the skin, patients receiving the treatment need to avoid
intense light for weeks and their lifestyle is severely affected [19,20]. The second generation
are substances with a pure structure, including porphyrins, chlorins, benzoporphyrins
and phthalocyanines [9,10]. The common one is 5-aminolevulinic acid (5-ALA), a pro-
drug of protoporphyrin IX (PpIX), also the current FDA-approved standard for brain
tumor visualization. Chlorin e6 (Ce6) is photoactivated at near-infrared wavelengths
(664–665 nm) [21–23], has a high efficiency of singlet oxygen generation, and can penetrate
deep tissue [24]. Visudyne, the active ingredient of which is verteporfin (benzoporphyrin
derivative, BPD), is the only FDA-approved NIR PS for intravenous injection with high
singlet oxygen yield and a low skin phototoxicity [25]. Verteporfin has poor solubility
and rapid clearance speed in vivo [26], so nanocarriers (liposomes) or cosolvents are used
to ameliorate these limitations [27]. Phthalocyanines have two main UV-vis absorption
wavelengths: 350 nm and 680 nm, whose high intensity is one of the main characteristics of
these dyes. Due to the presence of a high Q band at 680 nm, these dyes can be activated by
red light with strong tissue penetration [28]. They have low toxicity and rapid elimination
properties [29]. The photophysical properties of phthalocyanines are strongly dependent on
central metal ions, and complexes with diamagnetic metal ions such as Zn2+ and Al3+ help
to enhance PDT, including zinc phthalocyanine (ZnPc), zinc hexadecafluorophthalocyanine
(ZnF16Pc), aluminum chloride phthalocyanine (ClAlPc), etc. At present, there have been a
variety of phthalocyanine-based PSs in clinical trials, such as CGP55847, Photosens and so
on [30]. The third generation of PSs currently under investigation is designed to synthesize
substances that have a higher affinity for tumor tissue, in the form of former drugs or those
based on novel drug delivery systems (liposome, polymer, or micelle) [17–19].

The way PDT induces cell death (apoptosis, necrosis, autophagy cell death, or a combi-
nation of them) is related to the localization of PSs in subcellular components. Many reports
indicate that mitochondria are important targets of PDT, and PSs targeting mitochondria
has been proved to induce apoptosis more effectively, which may be related to the loss of
mitochondrial membrane potential, inhibition of ADP/ATP exchange, respiratory enzymes
and oxidative phosphorylation [4,20,31]. PSs targeting lysosomes could induce the release
of cathepsins upon photodamage, which could cleave pro-apoptotic protein Bid and pro-
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mote mitochondrial apoptosis, or cleave caspase-3 and inhibit apoptosis [31]. Necrosis is
caused by high levels of cell damage and usually requires a higher dose than apoptosis.
When PSs is predominantly present in the plasma membrane, this is the main form of cell
death. In this type of injury, plasma membrane integrity is lost, cells dissolve, and tissue
inflammation is triggered. PDT has been reported to induce autophagy, a mechanism for
cell survival or adaptation in which injured cells attempt to repair or remove dysfunctional
organelles to promote survival. If the initial response fails, autophagy turns into a cell
death signal. PDT-induced autophagy is associated with subcellular sites damaged by ROS
and can be triggered by light damage to key organelles such as endoplasmic reticulum,
mitochondria and lysosome [32,33].

In addition, the fluorescence capability of PSs is widely used in clinical imaging,
especially NIR fluorescence imaging technology, which can depict tumor tissue in real
time, thus being used to provide highly sensitive images for surgery or to monitor drug
therapy [34].

2. Nanotechniques to Improve Photodynamic Therapy

Poor water solubility is a common feature of PSs and limits their clinical application.
Chemical coupling combining hydrophobic PS and hydrophilic substances could enhance
the circulation time in the blood [24,35]. Physical binding is a more common approach. PSs
are loaded into chitosan (CS) [23,36], cationic polymer liposome microcapsules [37–39] and
other carriers, which can not only improve the physical and chemical properties but also
avoid degradation in the physiological environment [40–42].

The use of targeted vectors helps reduce toxicity and allows the same therapeutic
effect to be achieved with smaller doses of PS. This is mainly related to increasing the
selectivity of PSs tissue distribution and improving drug bioavailability [4]. In addition
to targeting specific tissues, simultaneous targeting of multiple organelles has also been
reported to have a stronger therapeutic effect. This can be achieved by combining PSs with
different subcellular localization or by using different nanocarriers [27,43,44].

Hypoxia at the treatment site [45,46], low ROS generation efficiency, and low light
penetration are also limitations. Inorganic NPs such as AgNPs can mediate greater ROS
production through Ag+ ions released from the surface and have been reported to enhance
the anticancer effect of PSs such as MB and Ce6 [47–49]. GO is also commonly used to
enhance ROS production, and studies have found that the use of GO loaded with MB
can raise the local tumor temperature to approximately 40 ◦C, effectively preventing tu-
mor metastasis and regeneration [50]. The use of noncovalently bound graphene oxide
dihydrogen porphyrin derivatives as long-wavelength absorbers of PS (λmax of 707 nm)
enables light to penetrate deeper into the tumor site, overcoming the limitations of low
light penetration [51]. For some hypoxic tumors, oxygen or oxygen generators can be
codelivered with the PS to enhance the PDT effect through a self-supply of oxygen. Com-
mon oxygen transport carriers include nanoscale artificial red blood cell tumors targeting
human serum albumin, which can deliver oxygen-loaded hemoglobin and PSs to the tumor
site [52,53]. Perfluorocarbon (PFC), an artificial blood substitute that can dissolve large
amounts of oxygen, can also alleviate tumor hypoxia after cotargeted delivery with PS [54].
Another method is to use metal carriers to react with peroxide to generate oxygen at tumor
sites [55,56]. For example, an activated system using linoleic acid peroxide (LAHP) and
iron oxide NPs (IO NPs) can induce the apoptosis of cancer cells through tumor-specific
1O2 generation and subsequent ROS-mediated mechanisms [46]. In addition, it is feasible
to transform type II oxygen-sensitive photochemical reactions into Type I photochemical
reactions [57]. Other approaches to overcome hypoxia include the use of siRNA to inhibit
hypoxia-inducible factors.

The upregulation of vascular endothelial growth factor (VEGF) and heat shock protein
70 (HSP-70) are the main causes of PDT tolerance. To obtain a more ideal PDT treatment
effect, PS can be delivered together with gene therapy drugs or small molecule inhibitors
targeting VEGF or HSP-70 [58]. In addition, NO produced by photostressed tumor cells
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can induce anti-PDT effect and enhance tumor aggressiveness. This can be addressed by
codelivery with iNOS inhibitors. These would be described in detail in the section on
codelivery treatment [59–61].

3. Codelivery of PSs and Anticancer Drugs with Nanoparticles

There are many factors that contribute to decline in photodynamic therapy, including
the metastatic tumor at unknown sites, inadequate light delivery, lack of sufficient oxygen
and induction of an anti-PDT effect [1]. To overcome these limitations and to improve
efficiency, the researchers have combined PDT with other treatments. Codelivery is one of
the most common methods to achieve combination therapy and has been widely studied.
Currently, common treatment schemes that are amenable to PS codelivery can be divided
into the following types: chemotherapy, gene therapy, immunotherapy, photothermal
therapy (PTT), hyperthermia (HT), radiotherapy, sonodynamic therapy and multiple drugs
codelivery [62–71] (Figure 1). Here, we will mainly introduce the nanocarriers used for the
codelivery of PSs and antitumor drugs and discuss how the drugs enhance each other.

Figure 1. Combination of photodynamic therapy with various therapeutic regimens and possible synergistic antitumor
mechanisms. (A) Chemotherapy, (B) Gene therapy, (C) Immunotherapy, (D) Photothermal therapy, (E) Hyperthemia
therapy/Magnetic hyperthermia therapy, (F) Radiotherapy, and (G) Sonodynamic therapy.

3.1. Chemotherapy

Chemotherapy is a commonly used method for tumor treatment, but systemic toxicity
and side effects cause patients to face great pain when receiving treatment, and the efficacy
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is limited by stability, targeting and multidrug resistance [72]. Many reports have proven
that the application of targeted delivery vectors can improve the physical and chemical
properties of chemotherapy drugs, while combination with PDT can help to improve
multidrug resistance and other problems [73,74]. Mechanistically, chemotherapeutic drugs
bind to the DNA of tumor cells and block DNA replication, which leads to suppressed cell
division and ultimately death [75]. It has also been found that many chemotherapeutic
drugs can increase intracellular ROS levels and oxidation-reduction homeostasis of can-
cer cells, thus enhancing the sensitivity of tumor cells to PDT [76]. On the other hand,
light-independent chemotherapy can kill deep-level tumor cells that PDT cannot, while
increased tumor vascular permeability induced by PDT can enhance the accumulation of
nanomaterials in tumors, thus enhancing the efficacy of chemotherapy [77,78].

Cationic liposomes are widely used in the codelivery system of PSs and chemother-
apeutic drugs due to their preferential accumulation in the vascular endothelium [79].
The introduction of porphyrin-phospholipid (PoP), which is a kind of PS-coupled lipid,
enables photoprogrammed controlled release of cationic liposomes. ROS produced by
irradiation can oxidize unsaturated lipids and accelerates the release of chemotherapeutic
drugs [80,81] (Figure 2A). Doxorubicin (DOX) was loaded into PoP liposomes for intra-
venous injection. Tumor vascular permeability and drug accumulation were significantly
increased under near-infrared light, while empty PoP liposomes without drug loading also
showed antitumor effects, suggesting that conjugation with phospholipids did not affect
the photodynamic effect of PS [82,83]. In the synthesis of PoP liposomes, the selection of
PoP and the proportion of other raw materials are crucial to the morphology and serum
stability of the liposomes. Generally, a lower content of PoP in the lipid bilayer leads to
higher serum stability [84]. Moreover, the dosage needs to be considered. When DOX is
loaded in excess, the bilayer of PoP liposomes becomes elliptical due to instability, while
loading irinotecan (a camptothecin-derived anticancer drug) does not affect the morphol-
ogy of the liposomes [62]. In addition, carrier modification can achieve multiple functions;
for example, 64Cu-labeled POP liposomes can be used for imaging simultaneously with
treatment and have been shown to not cause drug leakage [85]. The timing of illumination
after POP liposome administration is also important, and studies have shown that the drug
accumulates more in tumors at short drug–light intervals [86].

Hypoxia is the cause of drug resistance in both chemotherapy and PDT. The effect
of photochemotherapy can be enhanced by codelivery of oxygen carriers [87] or oxygen
generators [88] loaded with therapeutic drugs. There are also substances that can serve
as both chemotherapeutic agents and oxygen donors. For example, nanoplatinum (Pt),
when encapsulated in liposomes with PSs, can provide oxygen as a catalase-like nanoen-
zyme, while Pt ions leached separately can also exert cytotoxic effects [89]. Although
the application of nanocarriers can reduce the toxicity and side effects of chemotherapy
drugs, it cannot improve the antitumor tolerance caused by the upregulation of heat shock
protein HSP-70 after PDT. Hailong Tian [90] combined quercetin (Qu), a chemotherapy
drug with the dual effects of anticancer and heat shock protein inhibition, with IR780.
IR780 modified with hydrophilic biotin and Qu were assembled into a delivery carrier
in solution, which successfully enhanced the therapeutic effect of PDT by inhibiting the
expression of HSP-70. PDT and some chemotherapeutic agents, such as DOX and Pt,
can mediate ICD. For example, the combined action of oxaliplatin and PDT was shown
to expose calreticulin (CRT) on tumor cells, successfully activating host immunity and
creating a suitable microenvironment for subsequent immunotherapy combination [91].
More examples of recently published studies on the codelivery of photosensitizers and
chemotherapy drugs based on nanocarriers are illustrated in Table 1.
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Figure 2. Mechanism of chemotherapy or gene therapy synergistic with PDT to enhance the antitumor effect. (A) Diagram-
matic illustration of the mechanism of PDT-mediated controlled release of chemotherapy drugs. ROS produced by irradiation
can oxidize unsaturated lipids and accelerate the release of chemotherapeutic drugs from porphyrin-phospholipid lipo-
somes. (B) Diagrammatic illustration of the mechanism of photochemical internalization (PCI)-mediated endosome escape
of nucleic acid drugs. When a photosensitizer is activated by an exogenous light, ROS can be produced rapidly in a short
time, destroy the membrane of the intracellular body and release therapeutic genes in the cytoplasm.
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3.2. Gene Therapy

The rapid development of nanodelivery systems has improved the penetration ability
of cells and tissues and stability of exogenous genes under physiological conditions, al-
lowing gene therapy technology to break through previous bottlenecks and enable clinical
application [102,103]. The combination of gene therapy and PDT offers a high degree of
precision based on complementary base pairs, which most other therapeutic combinations
lack. Exogenous genes are required to efficiently enter cells and successfully escape intra-
cellular bodies before they can play a therapeutic role, which poses great challenges to the
material properties of delivery vectors [104]. Programmable vectors have been proposed to
solve this problem to some extent and are commonly released under internal stimuli such
as enzymes under special pH conditions. Photochemical internalization (PCI) is an intracel-
lular delivery technique using an exogenous light as a stimulus. After activation of PS, ROS
can be rapidly produced within a short time to destroy the membrane of the intracellular
body and release therapeutic agents such as nucleic acid drugs in the cytoplasm [105,106]
(Figure 2B). This external light-dependent regulation is more controllable and stable than
the internal response-dependent system and can achieve higher spatially controlled and
targeted gene delivery [107]. Another type of photoprogrammed gene regulation uses
PDT active nanomaterials as gene delivery vectors, such as PPBP, the black phosphorus
(BP) nanosheets prepared with PEG and PEI modification, a black scale nanomaterial that
shows PDT activity under light and then specifically degrades to release siRNA in a high
ROS and acidic tumor environment to achieve targeted delivery [108].

Hypoxia influences PDT, while upregulation of VEGF and HSP-70 leads to PDT toler-
ance. Changing the expression of these proteins by gene therapy can help resolve these
challenges to some extent and enhance the sensitivity of tumor cells to PDT. HIF1α is
a hypoxia-inducible factor that plays a key role in tumor cell proliferation and angio-
genesis [109]. Zheng WH [110] used anisamide-targeted lipid-calcium-phosphate (LCP)
nanoparticles to achieve codelivery of protoporphyrin IX (PpIX) and HIF-1α siRNA. The re-
sults showed that HIF1α downregulation not only directly inhibited tumor cell generation
but also promoted ROS production in the tumor environment, thereby enhancing PDT-
mediated apoptosis. Nrf2 is a key antioxidation regulator that prevents ROS accumulation
and promotes angiogenesis. Deng S [111] codelivered CRISPR–Cas9 ribonucleoprotein
(RNP) with Ce6, ROS generated by the latter caused release of Cas9/sgRNA into cytoplasm,
resulting in Nrf2 interference and preventing tumor cells escaping from ROS-mediated
killing. In terms of improving PDT-induced tolerance, Jang Y [112] prepared a DOX-
siVEGF-NPS/Ce6-MBS complex coloaded with VEGF siRNA and Ce6 for the treatment
of squamous cell carcinoma. Under the action of VEGF siRNA, tumor angiogenesis was
significantly reduced, and the antitumor effect was improved. Similar results were re-
ported in Cao Y [113], the MnO2 nanosheet was first surface decorated with Cu2−xS and
then loaded with HSP-70 siRNA to form MnO2/Cu2−XS-HSP-70-siRNA, which mediated
the heat shock response and showed superior synergistic antitumor ability. In addition,
the use of therapeutic genes to regulate the expression of proteins related to the growth,
development, differentiation and metabolism of tumor cells can enhance the effect of PDT
or supplement the limitations of PDT. For example, gene therapy can activate the body’s
immune system to treat metastatic cancer [114] and inhibit epithelial-mesenchymal transi-
tion (EMT) to avoid tumor recurrence [115]. Overall, the diversity of cancer-causing genes
and the complexity of pathogenesis, as well as the innate differences of individuals, give
gene therapy and PDT to infinite possibilities in combination. More examples of recently
published studies on the codelivery of photosensitizers and gene therapy drugs based on
nanocarriers are illustrated in Table 2.
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3.3. Immunotherapy

PDT can activate the body’s immune response in two ways: one is to induce an acute
inflammatory response of the host and release various proinflammatory signals; the other
is to trigger ICD by injured or dead tumor cells to release damage-associated molecular
patterns (DAMPs) and neoantigens as danger signals [3,124]. Although the immune
response mediated by PDT is not enough to kill tumor cells, it can create a reconstructed
immune microenvironment for further antitumor immunotherapy [63].

Immune adjuvants are a class of immune-stimulating molecules that activate tumor-
specific immune responses by interacting with Toll-like receptors (TLRs) on antigen-
presenting cells (APCs) [125]. The combination of immune adjuvant and PDT has the
dual ability to activate the immune system. A nanometal organic framework (nMOF)
formed by direct self-assembly of metal ions and PSs is often used as a codelivery car-
rier and is characterized by a high loading efficiency and good biocompatibility [126].
Cai Z [127] prepared PCN-ACF-CpG@HA NPs loaded with the immune adjuvant CPG
by combining PS tetrakis (4-carboxyphenyl) porphyrin (H2TCPP) with zirconium ions
to target tumors with high expression of the CD44 receptor. CPG and PDT together me-
diated a strong antitumor immune response, with significantly higher CD8+ and CD4+
T cell infiltration at the tumor site than that in the control group. Similarly, the cationic
W-TBP designed by Ni K [128] based on nMOF can directly adsorb negatively charged CPG
through electrostatic action, promote its internalization and DC maturation, and enhance
antigen presentation in coordination with PDT-induced CRT exposure. In addition to
treating tumors in situ, this codelivery combination kills distant metastatic cancer cells.
Xia Y [129] evaluated the efficacy of CPG combined with the PS verteporfin in the treatment
of 4T1 metastatic breast cancer; the results showed that the activation of DC cells was
significantly increased, and the tumor volume of tumor-bearing mice was smaller than that
of other control groups. Xu C [130] also achieved similar results in the treatment of local
and metastatic B160F10 melanoma, which was enhanced by promoting DC recruitment
and cytotoxic T cell infiltration at the tumor site. Exogenous antigens can also activate
immune responses. Ovalbumin (OVA), a commonly used model antigen, can be used
as a supplement to immune stimulation induced by PDT. The effect of such codelivery
was evaluated in the studies of Huang R [131] and Ding B [132], both of which showed
synergistic immune enhancement.

Immune checkpoint therapy has made significant breakthroughs in recent years and
can effectively improve the immune system’s response to tumors. At present, several im-
mune checkpoint inhibitors have been approved by the FDA for clinical treatment [133]. Tu-
mor vascular abnormalities and the immunosuppressive tumor microenvironment (TME)
caused by indoleamine 2,3-dioxygenase 1 (IDO1) seriously affect the efficacy of PDT-
mediated immunotherapy. Codelivery of PSs with IDO1 inhibitors is beneficial for ampli-
fying the effects of photodynamic immunotherapy. Combinations that have been reported
include ferritin and polyethylene glycol–PLGA (PEG–PLGA) coloaded with ZnF16Pc and
IDO inhibitor NLG919 [134] or Ce6, tyrosinase inhibitor axitinib (AXT), IDO1 inhibitor
dextro-1-methyltryptophan (1MT) and human serum albumin self-assembled NPs [135].
These combinations can improve the tumor microenvironment by normalizing tumor blood
vessels, improving hypoxia levels, promoting the invasion of immune effector CD8+ T cells
in tumors, and reducing the immunosuppressive properties of tumors, which represents a
promising tumor treatment strategy. Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4) and programmed death-ligand 1 (PD-L1) are the most common immune checkpoints
and are closely related to the immune function of T cells. Xu J [136] used the self-assembly
property of Ce6 and immunoglobulin G (IgG) in the nanoscale affinity range to bind Ce6 to
aPD-L1 or double bind to αPD-L1 and αCTLA-4 in the immunocheckpoint blocking treat-
ment of glioma in situ and colon cancer. This combination therapy successfully prolonged
the survival of tumor-bearing mice and produced a long-term memory response, avoiding
tumor recurrence. In addition, zinc phthalocyanine and aCTLA4 have been coadded into
microneedles prepared by hyaluronic acid and dextran for skin cancer delivery. This mini-
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mally invasive percutaneous drug delivery platform can also effectively induce an antitumor
immune response and avoid the systemic distribution of drugs to reduce toxicity and side
effects [137]. Without affecting coloaded drugs, nanodelivery systems targeting important
organelles such as mitochondria [138] and the endoplasmic reticulum [139] can be designed
to enhance PDT-triggered ICD, thereby enhancing immune activation (Figure 3).

Figure 3. Mechanism by which photodynamic therapy and immunotherapy synergistically enhance antitumor effects.
When photosensitizers in tumor sites are activated, they can cause acute inflammation and induce cell apoptosis or necrosis.
Dendritic cells mature when stimulated by cytokines released at the site of inflammation and provide antigens to T
lymphocytes in regional lymph nodes. Activated T lymphocytes become effector T cells, which are attracted to chemokines,
migrate to the tumor and kill tumor cells. Different types of immunotherapy drugs play a role in different steps of the
complete antitumor immune cycle. Codelivery of a photosensitizer with an immune adjuvant or tumor antigen can
synergistically enhance the activation of the host immune system and improve the immunosuppressive microenvironment.
The codelivery of a photosensitizer with CTLA-4 and PD-L1 monoclonal antibodies can enhance the antitumor immunity
effect of T cells. The activation of these immune cells also plays a role in preventing metastasis and recurrence.

Photoimmunotherapy is a tumor-targeting therapy using specific antibodies to tumor-
associated receptors chemically coupled with PSs, which is more accurate than conventional
PDT and is suitable for tumors at sensitive anatomical sites. Hasan T [140] coupled epider-
mal growth factor receptor (EGFR) monoclonal antibody Cetuximab with benzoporphyrin
derivative for pancreatic ductal adenocarcinoma treatment. The results showed that the
photoimmune nanoconjugate (PIN) had a high binding specificity and could rapidly pene-
trate heteromorphic organoids, providing approximately 16-fold enhancement in molecular
targeted NIR photodestruction. Nevertheless, single-receptor targeted therapy may cause
tumor subsets with low receptor expression to evade treatment and thus fail to completely
ablate tumors. Hasan T [141] further constructs a triple receptor-targeted PIN (TR-PIN),
cetuximab, holo-transferrin, and trastuzumab conferred specificity for EGFR, transferrin
receptor (TfR), and human epidermal growth factor receptor 2 (HER-2). Researchers com-
pared the binding ability of TR-PIN to tumor cells with different levels of receptor expression
(EGFR, TfR or HER-2), and found that TR-PIN has the ability to recognize multiple tumor
targets, effectively photodynamically eradicating different tumor subsets and reducing
escape. More examples of recently published studies on the codelivery of photosensitizers
and immunotherapy drugs based on nanocarriers are illustrated in Table 3.
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3.4. Photothermal Therapy (PTT)

Additionally, as a minimally invasive treatment, PTT has certain similarities with
PDT. Photothermal agents concentrated at the tumor site absorb laser radiation energy and
convert light energy into hyperthermia, resulting in the thermal ablation of adjacent cells.
PTT enhances the effect of PDT, mainly by improving blood flow and increasing oxygen
content in tumors [146] (Figure 4A).

Figure 4. Mechanism of photodynamic therapy combined with photothermal therapy, hyperthermia and magnetic hy-
perthermia in synergistic enhancement of the antitumor effect based on codelivery systems. (A) When light-activated
photothermal agents, (B) or alternating magnetic fields are applied to magnetic nanoparticles, heat is generated at the tumor
site, increasing blood flow and synergistically enhancing PDTSome photothermal agents of inorganic materials themselves
can be used as nanocarriers, which makes the combination of PTT and PDT convenient. Gold nanorods have been used
as carriers with photothermal conversion capability, and the joint delivery of DOX and PS ICG can simultaneously achieve
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chemo-PTT-PDT triple therapy [69]. Gold nanocages [147] show strong absorption in the NIR region, and their empty
interior and porous walls are suitable for encapsulating PSs. Bo Tian et al. [148] coupled Ce6 on PEG-functionalized GO
(GO-PEG-CE6). The photothermal effect of GO promoted the transfer of Ce6, and its destruction effect on cancer cells was
significantly better than that of free Ce6. The photothermal agent plasma copper sulfide (Cu2-XS) has also been reported to
have photodynamic properties [149], allowing the combination of PTT and PDT to be achieved simultaneously, and has been
verified in in vitro cultured melanoma cells and mouse melanoma models. The poor photostability and potential long-term
toxicity of inorganic nanomaterials limit their clinical application, so more materials with good biocompatibility and high
stability have been developed as alternatives. The conductive polymer polypyrrole is a material with relatively high
biocompatible photostability and photothermal conversion efficiency, using polyacrylamide (PAH), polyacrylic acid (PAA)
and AlPCS4. Further modification of polypyrrole resulted in a more stable AlPCS4@PPyCONH-PAH-PAA nanoneedle
complex in a physiological environment. The results showed an enhanced synergistic effect, with tumor ablation in mice 14
days after treatment and no recurrence within 30 days [150].

Another more conventional codelivery method is to simultaneously load the pho-
tothermal agent and PS or prodrug of PS in nanodelivery systems such as micelles, vesicles,
and liposomes. Gang Chen et al. [151] developed CS NPs as codelivery carriers of pho-
tothermal agents (IR780) and prodrug of protoporphyrin IX (5-aminolevulinic acid, 5-ALA)
for oral administration in the treatment of subcutaneous colon cancer in mice. CS keeps the
drug stable even under acidic conditions in the stomach, allowing the drug to successfully
accumulate at the tumor site. Mechanistic studies have shown that the oxidative stress
response at the tumor site is enhanced, producing more ROS, superoxide and 1O2. The
enhanced effect of this synergistic administration of light and heat on cancer treatment was
also reported in the research of Xiaodong Liu [65]. The high singlet oxygen generation ca-
pacity and photothermal conversion efficiency make this treatment strategy more severely
phototoxic to both superficial and deep tumor cells.

When the excitation wavelengths of the PS and photothermal agent were different,
the complexity of the treatment was greatly increased. To solve this problem, Jing Lin [152]
designed a gold vesicle with a strong plasma coupling effect. This gold vesicle was densely
packed with monolayer gold NPs, and Ce6 was encapsulated inside. The enhancement
of plasma coupling between gold NPs in close proximity lead to a redshift in extinction
spectra. Therefore, the photothermal and photodynamic effects could be stimulated simul-
taneously by a single 671 nm laser irradiation. Some special materials, such as nano GO,
themselves have the dual nature of promoting both PDT and PTT, and their development
for PTT can reduce the complexity of material preparation [153]. More examples of recently
published studies on the codelivery of photosensitizers and photothermal agents based on
nanocarriers are illustrated in Table 4.
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3.5. Hyperthermia Therapy (HT) and Magnetic Hyperthermia Therapy (MH)

As one of the emerging noninvasive treatment options, HT may enhance PDT by
alleviating hypoxia [168,169]. The mechanism is that as temperature increases, blood
flow at the tumor site increases and microcirculation improves, thereby increasing tumor
oxygenation [170]. MH, also known as magnetic therapy, is based on the heat generated
by magnetic NPs (MNPs) under the action of an alternating magnetic field (AMF) to tar-
get and kill tumors without harming surrounding healthy tissue [171]. The emergence
of MH has made the combination of HT and PDT a possibility, and the generated heat
affects deeper tumors, which is beneficial for enhancing PDT [172] (Figure 4B). In terms of
codelivery, magnetic nanomaterials can be directly used as carriers or loaded with PS in
other carriers. Hongwei Gu [66] conjugated magnetite Fe3O4 with porphyrin derivatives,
which is highly efficient and has a low systemic toxicity. Huang WC [173] used monocytes
derived from bone marrow as carriers to jointly transport Ce6 and oxygen superparam-
agnetic iron oxide NPs for combined therapy. This is an interesting combination strategy,
but the relevant literature is still limited, and researchers need to conduct more in-depth
research and discussions. More examples of recently published studies on the codelivery of
photosensitizers and hyperthermia agents based on nanocarriers are illustrated in Table 5.
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3.6. Radiotherapy

Band gap materials convert X-rays into light photons in the UV-vis region, which can
be used to activate PSs. This is the basis of a combination of PDT and radiation therapy
known as X-ray PDT (XPDT) [177,178]. The use of light is one of the limitations of PDT,
and the strong tissue penetration of X-rays can compensate for this shortcoming. The
method of operation delivers scintillators and PSs together to the tumor site. Under the
action of X-rays, scintillators emit persistent light to activate PSs. This strategy can also
produce good therapeutic effects for deep tumors [179], and the therapeutic effect depends
to some extent on the energy transfer efficiency of the scintillator. The primary choices of
scintillators are rare earth materials [180–182] with high photon conversion rates and some
metallic materials [183], in addition to a few nonmetallic materials [184] and even quantum
dots [185].

Another factor affecting the therapeutic effect is the distance between the PS and
the scintillator. One approach is to physically package PS in a coating bound to the
scintillator by electrostatic or hydrophobic means or to load both the scintillator and PS into
NPs [186,187]; for example, the combination of protoporphyrin IX (PpIX) and scintillator
LaF3:Ce3+ coloaded in PEG-PLGA was shown to exhibit highly efficient loading and high
stability under physiological conditions [188]. Physical combination has a certain risk of
missing the target, whereas chemical bonding based on covalent bonds or conjugation
is complex but more stable. K. K. Popovich [67] coated CeF3:Tb3+ with PpIX-coupled
SiO2. The monodisperse SiO2 coating had high energy transfer efficiency and protected the
scintillator encapsulated within it [189].

The combination of a scintillator and PS solves the problem of light sources, but it
is still subject to the strong oxygen dependence of PDT. Zhang C [190] was inspired to
integrate scintillators and semiconductor quantum dots with unique optical properties
into ionizing radiation-induced PDT synchronous radiotherapy. The addition of a PS
without traditional effects reduces the oxygen dependence of the complex, which can
subsequently produce a process similar to type I PDT under ionizing radiation. Chuang
YC [191] introduced the annealing process to achieve PS-free PDT. The yttrium oxide
nanoscintillation complex coated with a silica shell (Y2O3:Eu@SiO2) was subjected to X-ray
irradiation and subsequent annealing, and then, photodynamic effects were promoted to
mediate tumor cell damage in conjunction with radiotherapy.

Radionuclide-mediated Cerenkov luminescence is a phenomenon produced by the
interaction of high-speed charged particles with the surrounding medium. The codelivery
of radionuclides with PSs has been reported in several studies to have antitumor effects and
prolong the survival of tumor-bearing mice. In addition to mediating Cerenkov lumines-
cence, radionuclides can directly kill tumor cells [192,193]. Although this combination has
achieved some success in the treatment of deep tumors, there are still many shortcomings
to be overcome, such as the blueshift of the low-energy radiation emission spectrum to
the ultraviolet region. More examples of recently published studies on the codelivery of
photosensitizers and scintillators/radionuclides based on nanocarriers are illustrated in
Table 6.
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3.7. Sonodynamic Therapy (SDT)

Sonodynamic therapy (SDT) uses ultrasound and acoustic sensitizers to treat cancer.
Ultrasound, on the one hand, activates ultrasonic-sensitive species gathered in tumor cells
through transient sonoluminescence to produce ROS. Hot spots from ultrasonic radiation,
on the other hand, release energy high enough to cause bubbles to form and oscillate,
resulting in permanent cell damage. The latter phenomenon is also defined as sonography-
induced cavitation effects that together lead to tumor cell apoptosis or necrosis [200–203].
The extent of tumor cell death depends on the intensity and frequency of ultrasound and
the duration of exposure, so it is controllable, safe and noninvasive, similar to PDT.

The strong penetration ability and low tissue attenuation of ultrasound make sonopho-
todynamic therapy (SPDT) have a wider range of indications. PDT is suitable for superficial
cancer types such as skin cancer [204] and esophageal cancer [205], but the treatment effect
for melanoma skin cancer has not been ideal, which is caused by the absorption of visible
light by melanin to remove ROS [206]. In contrast, SDT was significantly more effective for
melanoma than PDT, although there was no differences between the two treatments for
common skin cancer [207].

The ultrasonic activation ability of PSs has also been verified to some extent. Some PSs
have both SPDT activity, which are referred to as photoacoustic agents. We only need to use
a specific wavelength of light and a specific frequency of sound to activate the photoacoustic
agent so that the photoacoustic combination can be achieved without considering the
coordination of physical and chemical properties in the process of multidrug combination.
Currently, porphyrins as well as Ce6, Photolon™/Fotolon™, and Sonoflora 1 Sonnelux-1
have been verified [208–210]; several studies have reported their therapeutic efficacy and
safety, and there are many potential PSs whose ultrasonic activation ability is being verified,
which will also find applications in photoacoustic combination in the near future [211].

The modification of codelivery vectors helps to achieve multifunctional and integrated
photoacoustic therapy with high spatial activation and preferential treatment of deep
penetration. Hong L et al. [68] prepared Ce6 and the high oxygen carrying capacity carrier
perfluoropolyether into a nanoemulsion and tested the ROS generation ability at different
tissue depths after the application of ultrasound or light. The results showed that PDT
had a high degree of spatial selectivity for surface and endoscopically accessible areas,
which made it more suitable for the treatment of tumors in vital organs, such as brain
cancer. SDT, on the other hand, had the same ROS production efficiency for tissues at
different depths. SPDT was conducive to targeting different depths and meeting specific
spatial accuracy requirements. Accordingly, sensitive drugs can be combined with tissue-
engineered scaffolds to kill tumor cells after surgery. The results showed that SPDT had
fewer toxic side effects than conventional chemotherapy, so it has great potential [212].
More examples of recently published studies on the codelivery of photosensitizers and
sonophotosensitizers based on nanocarriers are illustrated in Table 7.
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3.8. Multidrug Codelivery

Cumbersome drug delivery processes, limited efficiency, slow release and low efficacy
are common characteristics of multidrug codelivery. Therefore, the main research direction
is still focused on solving the problem of coloading and controlled release.

Chen Y [70] designed an NIR-sensitive nanocomposite DLA-UCNPs@SiO2-C/HA@
mSiO2-DOX@NB. This complex breaks the chemical bond and releases paclitaxel (PTX)
when irradiated by NIR light at 980 nm, which is then activated by visible light at
450–480 nm to exert synergistic photodynamic and photothermal therapeutic effects. Simi-
larly, the Fe3O4/g-C3N4@Ppy-DOX nanocomposite prepared by Cheng HL [4] and graphite-
like carbon oxide (G-C3N4) can not only generate O2 through photocatalytic degradation
to improve the hypoxic state of solid tumors but also enable the loading of PTX into its
mesoporous structure. Polypyrrole, as a photothermal agent, was shown to enhance the
antitumor effect of chemo-PDT.

CuS NPs with both PTT and PDT activities were used to achieve the triple combination
of PTT-PDT-HT [216]. Curcio A [217] prepared a maghemite (γ-Fe2O3) nanoflower-like
multicore nanoparticle conceived for MH and coated it with a spiky copper sulfide shell
(IONF@CuS) for PTT and PDT. This combination showed a good therapeutic effect and
reduced the dose of maghemite, which meant lower toxicity. Simultaneous activation of
PDT and PTT by X-ray radiation-induced scintillator luminescence can be triply magnified
when combined with radiotherapy. Luo L [218] conjugated a scintillator complex and a
gold nanorod nanosensitizer. Lanthanide complexes can provide excellent luminescence
under X-ray excitation, while gold nanorods can be used not only as PSs for PTT but also as
radiosensitizers for enhanced radiotherapy due to their strong near-infrared light and X-ray
absorption capacity. As expected, the group treated with both laser and X-ray irradiation
showed the best synergistic effect, with significantly more effective tumor ablation than
that in the other monotherapy groups.

Low-dose docetaxel has been reported to mediate ICD-activated immune effects [219],
and this function of PDT is also mentioned above. Therefore, folic acid-modified meso-
porous CuS NPs coloaded with DOX, polyethylenimide-PpIX (PEI-PpIX) and CPG for the
treatment of cold tumor breast cancer can effectively rebuild the tumor microenvironment
and promote the invasion of cytotoxic T lymphocytes (CTLs) [220]. In addition, it was
reported that a MOF was used to integrate chemotherapy-phototherapy-photothermo-
immunotherapy. Cus PpIX and DOX were loaded into the core and shell of the metal-
organic skeleton ZIF-8, respectively, while CPG was adsorbed outside the shell. This design
effectively realized the organic unification of antitumor and antirecurrence/metastasis [221].
More examples of recently published studies on the codelivery of multidrugs based on
nanocarriers are illustrated in Table 8.
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4. Outlook and Discussion

Complex microenvironments, abnormal growth rates and drug resistance during
treatment make cancer treatment difficult. PDT, as a new treatment scheme, has the advan-
tages of simple operation, noninvasiveness, safety and few side effects. The emergence of
nano-carriers has made great contributions to the development of photodynamic therapy,
and the limitation of physical and chemical properties of PS in PDT was solved. In addition
to therapeutic effects, PS-mediated fluorescence can also be used for optical imaging to
detect tumors, or as image guidance for surgery [230]. The major issues contributing to
the failure of PDT are metastatic tumor at unknown sites, inadequate light delivery and
lack of sufficient oxygen. This limitation can be addressed by multidrug combination. The
combination of PDT and other treatment schemes, such as chemotherapy and radiotherapy,
immunotherapy, gene therapy and PTT, has obvious advantages over the single application
of one treatment scheme. With the development of nanodelivery vectors, codelivery has
become a common method of multidrug combination. In this paper, we review the research
progress of PDT combined with other therapies to improve the therapeutic effect on tumors
based on the codelivery of nanodelivery carriers.

The combination of PDT and chemotherapy can significantly reduce the dose of
chemotherapy drugs, overcome the deep-seated tumors that PDT cannot kill by multidrug
resistant chemotherapy, and increase the level of ROS in the tumor microenvironment
to enhance the sensitivity of cancer cells to PDT. In combination with immunotherapy,
the PDT-mediated inflammatory response and ICD activate the body’s immune response,
which can be further enhanced by codelivering an immune adjuvant CPG or tumor antigen,
providing a reconstructed immune microenvironment for tumor immunotherapy. PDT can
be codelivered with therapeutic genes that target the regulation of hypoxia, angiogenesis,
and heat shock proteins, alleviating the tolerance of long-term PDT therapy. Combined
with therapeutic genes that target the regulation of other key proteins in tumor growth and
metabolism, multimechanism antitumor effects can be achieved. The combination of PDT
and PTT can synergistically increase the oxidative stress response at the tumor site, and
the PTT-mediated increase in reactive oxygen species levels at the tumor site enhances the
sensitivity of tumor cells to PDT. Studies on the combination of PDT and HT are still scarce.
Although the discovery of MH is of great help to this codelivery strategy, more studies
are still needed to confirm any synergistic effects. PDT combined with radiotherapy can
overcome the limitation of PDT in light and can significantly improve the therapeutic effect
of PDT on deep tumors. Combined sonodynamic therapy is beneficial to achieve accurate
treatment, while satisfying different depths and is suitable for tumor treatment of fine
organs. Multidrug codelivery can realize the organic unity of antitumor and antimetastatic
effects, as well as recurrence through different antitumor mechanisms.

Although these different antitumor combinations have shown good results, they
have their own limitations. PDT has been reported many times to induce sustained
systemic immunosuppression, but the current mechanism has not been clarified. The
speculated reasons are as follows: (1) ROS produced during PDT inactivate DAMPs
released by apoptotic tumor cells, thus failing to stimulate immunity; and (2) apoptotic
tumor cells release IL-10, TGF-beta and other immunosuppressive cytokines that affect
the generation of CD8+ T cells [231]. This immunosuppression will affect not only the
subsequent treatment effect of PDT but also the combination of PDT and immunotherapy.
The combination of PDT and PTT is dependent on laser irradiation, which has a poor effect
on deep tumors. The combination of PDT and radiotherapy is also subject to the strong
oxygen dependence of PDT. Multidrug combination delivery is limited by the development
of delivery vectors, drug loading and release. These problems are one of the reasons why
codelivery systems based on nanocarriers have not been applied in clinical applications,
while other reasons include incomplete safety assessment of the preparation protocol and
difficulty in large-scale clinical applications of the preparation.
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In summary, this paper focuses on the synergistic enhancement of antitumor thera-
peutic effects by codelivery combinations of PDT and different treatment regimens. This
type of approach is definitely a potential therapeutic strategy, and the existing problems
mentioned above need more research to resolve.
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Abbreviations

PDT photodynamic therapy
PTT photothermal therapy
HT hyperthermia therapy
MT magnetic hyperthermia therapy
MNPs magnetic nanoparticles
AMF alternating magnetic field
ROS reactive oxygen
ICD immunogenic cell death
PFC perfluorocarbon
CS chitosan
NPs nanoparticles
OVA ovalbumin
DOX doxorubicin
PS photosensitisers
PoP Porphyrin-phospholipid
Qu quercetin
Pt platinum
CRT calreticulin
DAMPs damage-associated molecular patterns
TLR toll-like receptor
APC antigen-presenting cell
nMOF nano-metal organic framework
TME tumor microenvironment
PEG polyethylene glycol
PLGA poly(lactide-co-glycolic)
GO graphene oxide
PpIX protoporphyrin IX
PTX paclitaxel
SDT sonodynamic therapy
SPDT sono-photodynamic therapy
IgG immunoglobulin G
HIF1α hypoxia-inducible factor α
VEGF vascular growth factor
PCI photochemical Internalization
IDO1 indoleamine 2, 3-dioxygenase 1
CLTA-4 cytotoxic T-lymphocyte-associated antigen 4
PD-L1 programmed death-ligand 1
Ce6 chlorin e6
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PEI polythylenimide
ERP enhanced permeability and retention effects
XPDT X-ray photodynamic therapy
LDL low-density lipoprotein
1MT dextro-1-methyltryptophan
LCP lipid-calcium-phosphate
EMT epithelial mesenchymal transition
HPD hematoporphyrin
MB methylene blue
NIR near infrared
ZnPc zinc phthalocyanine
ZnF16Pc zinc hexadecafluorophthalocyanine
ClAlPc aluminum chloride phthalocyanine
HYP hypericin
LAHP linoleic acid peroxide
CRT calreticulin
AXT axitinib
5-ALA 5-aminolevulinic acid
PAH polyacrylamide
PAA polyacrylic acid
H2TCPP tetrakis (4-carboxyphenyl) porphyrin
RNP ribonucleoprotein
EGFR epidermal growth factor receptor
HER-2 human epidermal growth factor receptor 2
TfR transferrin receptor
PIN photoimmune nanoconjugated platform
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Abstract: Cervical cancer is one of the most common causes of cancer-related deaths in women
worldwide. Despite advances in current therapies, women with advanced or recurrent disease
present poor prognosis. Photodynamic therapy (PDT) has emerged as an effective therapeutic
alternative to treat oncological diseases such as cervical cancer. Phthalocyanines (Pcs) are considered
good photosensitizers (PS) for PDT, although most of them present high levels of aggregation and are
lipophilic. Despite many investigations and encouraging results, Pcs have not been approved as PS
for PDT of invasive cervical cancer yet. This review presents an overview on the pathophysiology of
cervical cancer and summarizes the most recent developments on the physicochemical properties of
Pcs and biological results obtained both in vitro in tumor-bearing mice and in clinical tests reported
in the last five years. Current evidence indicates that Pcs have potential as pharmaceutical agents for
anti-cervical cancer therapy. The authors firmly believe that Pc-based formulations could emerge
as a privileged scaffold for the establishment of lead compounds for PDT against different types of
cervical cancer.

Keywords: phthalocyanine; uterine cervical neoplasms; photochemotherapy; in vitro; in vivo

1. Introduction

Cervical cancer is one of the most common types of cancer in women worldwide
with an estimated 604,000 cases and 342,000 deaths worldwide in 2020 [1,2]. Globally, it
represents the fourth most frequent type of cancer and the fourth leading cause of cancer
death in women despite being considered nearly completely preventable because of the
highly effective primary (human Papillomavirus-HPV vaccine) and secondary (screening)
prevention measures available [1–4]. Specifically, since 2006 HPV vaccination has been
available for the prevention of cervical cancer. However, even if high coverage vaccination
can be quickly implemented, a substantial effect on disease burden will be seen after
three to four decades and the short-term impact will require cervical screenings for older
cohorts not covered by the HPV vaccine [3,4]. These preventable measures have not been
equitably implemented across and within countries [2,5]. This is evidenced by the data
that around 90% of cervical cancer cases occur in low- and medium-income countries
(LMICs), where the incidence and disease-specific mortality continue to increase [2,6].
Indeed, the data show that rates remain disproportionately high in developing versus
developed countries (18.8 vs. 11.3 per 100,000 for incidence; 12.4 vs. 5.2 per 100,000 for
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mortality) [2]. Additionally, analyzing data from different countries, cervical cancer is
the most common type of cancer in 23 countries and the leading cause of cancer death
in 36 countries, especially in sub-Saharan Africa, Melanesia, South America, and South-
Eastern Asia [2]. All these data highlight that cervical cancer is a striking example of a
global health disparity [6].

Surgery and radiation therapy are the most common options for the treatment of
invasive cervical cancer. The type of treatment will depend on factors such as the stage of
the disease; the size of the tumor; and personal factors, such as age and desire to have chil-
dren [7]. The clinical staging of cervical cancer follows the guidelines of the International
Federation of Gynecology and Obstetrics (FIGO) [8], and for treatment, patients can be
grouped in early-stage disease; locally advanced disease; and advanced disease, which in-
cludes persistent, recurrent, or metastatic disease [9]. For early-stage disease, surgery is the
primary treatment modality with high cure rates and overall 5-year survival up to 92% [10].
Surgery or radiation associated with chemotherapy can be used [11,12]. In advanced
cervical cancer, the main therapeutic option is chemoradiation with a platinum-based
agent [13], and chemotherapy before surgery or chemoradiation that is associated with
inferior outcomes compared to concurrent chemoradiation [14]. Specifically, chemotherapy
can work as an adjuvant when used immediately after the primary treatment of the tumor
by surgery or radiation therapy. It can also be a neoadjuvant when performed before local
treatment with the aim of reducing the tumor size and providing adequate conditions for
the subsequent surgical and/or radiotherapy treatment. In addition, there is concomitant
chemo-radiotherapy that is administered simultaneously with radiotherapy to enhance
the treatment effect and increase the patient’s survival; however, the side effects tend to
be worse [11]. The most commonly used chemotherapeutics for the treatment of cervical
cancer include cisplatin, carboplatin, paclitaxel, topotecan, and gemcitabine. Cisplatin is
the most effective cytotoxic agent against metastatic cervical cancer; in addition, it increases
sensitivity to radiotherapy [15]. The side effects of chemotherapy depend on the type of
drug, the dose administered, and the duration of treatment. These effects are temporary
and can include nausea and vomiting, loss of appetite, mouth sores, hair loss, inflammation
in the mouth, infection, bleeding or bruising after minor cuts or injuries, and shortness
of breath [11].

The use of concomitant chemoradiotherapy improves the 5-year survival rates of
patients with advanced cervical cancer. Nevertheless, once post-treatment failure occurs,
the 1-year survival rates are less than 20%. Therefore, the occurrence of local recurrence and
distant metastasis is still very common in these patients, significantly decreasing survival
rates [16]. Therefore, early-stage and locally advanced disease can be cured, but women
with advanced or recurrent disease present a poor prognosis. Despite these alarming
facts, efficient treatment methods are still lacking. This underscores the need for different
treatment strategies, particularly for advanced cervical cancer, which is still the leading
cause of death in developing nations with limited access to care [13].

In the last 20 years, little progress has been made on the development of novel
therapeutic modalities for preinvasive (cervical intraepithelial neoplasia-CIN) or invasive
cervical cancer [17]. Since the first use of a hematoporphyrin derivative in conjunction with
red light irradiation to kill tumor cells in 1975, photodynamic therapy (PDT) has attracted
attention as a promising strategy for cancer treatment [18]. The main elements of PDT are
a photoactive drug (PS), light at an appropriate wavelength, and molecular oxygen [9,10].
Light excites the PS to its triplet state, interacting with the oxygen present in the tissue to
produce reactive oxygen species (ROS) via a type I or type II mechanism. This interaction
results in the production of free radicals [11] or singlet oxygen (1O2) [12], respectively. PDT
is an attractive treatment modality for cancer because the PS, light, and oxygen separately
do not present any toxic effects on the body, unlike chemotherapy, which induces systemic
toxicity and radiotherapy that damage neighboring normal tissues [19]. PDT is currently
applied against numerous cancers, and it is clinically approved in the United States for
esophageal and non-small cell lung cancers. Additionally, PDT is being tested in clinical
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trials for several other types of cancers, including glioma, pediatric brain cancer, prostate
cancer, head and neck cancer, cervical cancer, pancreatic cancer, breast cancer, and oral
cancer [18]. For cervical cancer, the Photocure system (Cevira®), a multinational Phase III
trial, was developed to treat persistent oncogenic HPV and cervical precancerous lesions.
This technology is based on the hexylaminolevulinate (prodrug of protoporphyrin IX) that
is administered locally to the cervix by a drug and light delivery device. Cevira has been
shown in patients to be efficient and safe [20]. Overall, PDT has the following advantages
in the treatment of CIN and invasive cervical cancer: localized treatment through light
application, HPV inactivation if properly applied, selectivity of action in dysplastic and
neoplastic cells, the possibility of repeated use without leading to cumulative toxicity, the
possibility of combination with chemotherapy and radiotherapy to obtain better results,
and the improvement of antitumor immunity helping in tumor elimination as well as
tumor control in the medium and long term [21]. Moreover, PDT does not induce systemic
side effects and can be repeated several times without tumor resistance, with a short delay
between consecutive therapies [22]. Finally, PDT does not require anesthesia in many
patients and generally does not cause bleeding, which makes its use applicable to the
outpatient setting [17].

A PS should ideally have the following key features: (1) be a pure compound;
(2) present a long life of the triplet reactive excited species generated by the photoac-
tive pathways (greater than 500 ns), enough to react with molecular oxygen and induce
ROS production; (3) present a strong absorption peak in the red to near-infrared spectral
region (NIR) (between 650 and 800 nm) because the absorption of single photons with
wavelengths longer than 800 nm does not provide enough energy to excite oxygen to its
singlet state. Additionally, the NIR is used because most tissues transmit light reasonably
well in this spectral domain; (4) present a substantial triplet quantum yield leading to good
production of ROS upon irradiation; (5) no dark toxicity and relatively rapid clearance from
normal tissues, thereby minimizing the side effects of PDT; and (6) present good solubility
and biocompatibility [23–29]. Since the discovery of PDT, continuous efforts have been
made to identify new ideal PS with this set of characteristics.

Historically, the first approaches to PDT are found in ancient texts such as the Egyptian
medical treatise Ebers Papyrus and the Atharvaveda from the Hinduism. Despite this
background, the observation of photochemical sensitization of tissues was first performed
in detail by Raab (1900) in Germany and shortly afterwards by Von Tappeiner (1900), who
coined the term “photodynamic action” to describe the treatment of skin tumors by using
topical administration of eosin combined with sunlight [30]. The majority of PS currently in
use for PDT are cyclic tetrapyrrolic structures: porphyrins and their analogs; chlorins; bac-
teriochlorins; and phthalocyanines (Pcs). Among them, Pcs include a variety of substances
considered good PS for cancer PDT, with activation in the range from 670 to 690 nm and
well-defined tissue penetration in the target cells. Since Pcs absorb long-wavelength light
strongly; localization is in their cells; and they have triplet yield, among other features, they
can be used in small doses [31]. Despite their interesting optical properties in the NIR, the
applications of these hydrophobic planar molecules were not fully performed because of
poor solubility, which is crucial in order to reach the therapeutic target and also a tendency
to form aggregates. Aggregation causes the formation of exiplexes upon light absorption,
quenches excited state lifetimes, and diminishes photophysical properties. More specif-
ically, the formation of aggregates in solution decreases the capacity to produce singlet
oxygen because the photochemical activity is exclusively related to monomer species. Thus,
aggregates decrease not only the photoactivity of the Pc but also limit the access to the
neoplastic cells, affecting its bioavailability [32–34]. Additionally, depending on the dose,
some Pcs such as ZnPc can cause skin phototoxicity in patients [32]. As result, several stud-
ies sought for structural variations in Pcs molecules, such as incorporation of appropriate
aromatic substitutions or an element in the molecule’s core structure to reduce the degree
of hydrophobicity. These attempts led to the development of easy synthetic routes for a
new generation of Pcs with improved solubility and reduced aggregation [34,35]. Another
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option to increase the solubility and bioavailability of hydrophobic Pcs and their deriva-
tives is a formulation using various drug delivery systems (DDSs) such as nanoemulsions
and liposomal, among others [36], which present themselves as feasible approaches to
increase Pcs’ biocompatibility. Despite these advances and encouraging results, Pcs are not
yet approved as PS for invasive cervical cancer PDT.

This review presents an overview of the pathophysiology of cervical cancer that may
influence the interpretation of results from studies with different formulations using Pcs
for PDT against cancer. We also review the photophysical properties of Pcs, the in vitro
effects and antitumor mechanism of action in cell cultures, and the in vivo effectiveness
as anticancer agents in a tumor-bearing mice model and clinical trials reported in the last
five years. There is also an emphasis on various strategies to enhance the functions of Pcs,
showing the great promise of this class of functional dyes as advanced PS for PDT of CIN
and cervical cancer.

2. Cervical Cancer

2.1. Basic Concepts

The endocervical canal is lined with the stratified squamous epithelium and columnar
epithelium, which cover the ectocervix and endocervix, respectively. The transition zone
between these cells is called the squamocolumnar junction. Any premalignant cellular
transformation occurs mostly at the squamocolumnar junction and is closely associated
with high-risk HPV types. The premalignant changes or dysplasia of squamous cells in the
cervical epithelium are collectively known as CIN [6,8]. CIN grade 3 (CIN 3) precedes the
development of invasive cervical cancer by 10–20 years, making cervical cancer preventable
if these lesions are detected and effectively treated [37]. Most of the therapeutic methods
for the treatment of CIN3 can be divided into two basic groups: (a) destructive methods
(diathermocoagulation, cryodestruction, and laser evaporation) and (b) removal of the
pathologic tissue (surgical, laser, or electrosurgical excision). Different treatment modalities,
including cold-knife excision, electrocautery, cryosurgery, laser ablation, and large-loop
excision of the transformation zone (LLETZ), have shown high success rates [12]. However,
the most common adverse effects of such treatment are hemorrhage, traumatization of
subjacent tissues with a formation of rough scraps, stenosis, and stricture of the cervical
canal. Changes in the anatomic structure of the cervix uteri lead to the loss of functionality;
specifically, a reduction of cervical secretions results in a decrease in the probability of
conception, an increase in spontaneous abortion, an increase in the level of perinatal
mortality, and impairment to normal delivery [38]. Indeed, the optimal management of
CIN3 requires development and introduction of novel therapeutic approaches. On the
other hand, mild and moderate lesions (CIN1 and CIN2), which may precede CIN3, are
generally not treated but require periodic long-term screening to monitor its development
or disappearance [39]. However, considering that the accuracy of Papanicolaou (Pap)
smear in diagnosing cervical precancerous lesions is low, sometimes contradictory results
between biopsy and Pap smear are reported, which hinders the clinical decision concerning
whether or not to adopt treatment as well as the type of treatment.

The main types of invasive cervical cancer are squamous cell carcinoma (SCC) (around
70% of cases), adenocarcinoma (AC) (around 25% of cases), adenosquamous cell carci-
noma (ASC), neuroendocrine-endocrine cancer, glassy cell carcinoma, and undifferentiated
cancer [40]. It is common knowledge that the most important cause of cervical cancer is
persistent HPV infection. HPV is detected in 99% of cervical tumors [41], with HPV-16
being the most prevalent type, followed by HPV-18; together, these types account for
around 70% of SCC and over 80% of AC cases [42,43]. However, oncogenic or high-risk
HPV types (hrHPV) are virtually necessary but not sufficient causes for cervical cancer
development [41]. Most hrHPV infections are eventually cleared, but some cases progress
to high-grade squamous intraepithelial lesions (HSIL) (10% of HPV infections) and invasive
cervical cancer (<1% of HPV infections) [44–47]. The reasons for this variable natural history
are poorly understood [48], but it is generally assumed that other causes or cofactors are
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important for the development of neoplasia in HPV-infected women [44,46,49]. Other im-
portant cofactors to cervical cancer development include immunosuppression (particularly
human immunodeficiency virus), smoking, parenthood (a higher number of full-term preg-
nancies increases risk), use of oral contraceptive [50], and sexually transmitted infections
(such as chronic infection by Chlamydia trachomatis [48]).

HPVs are small, non-enveloped, double-stranded DNA viruses that exhibit a strict
tropism for cutaneous and mucosal (e.g., oropharynx, anogenital tract) epithelium [51,52].
At present, more than 200 different types of HPV have been identified [53] and approxi-
mately 54 are able to infect the reproductive tract mucosa [54], with 12 oncogenic types
classified as group 1 carcinogens [55]. The most common hrHPV types include HPV-16,
18, 31, 33, 35, 39, and 45 [54]. HPV infects the actively proliferating, undifferentiated basal
keratinocytes of the stratified squamous cervical epithelium that are thought to become
exposed through a microlesion [56]. Two viral promoters, early (E) and late (L), regulate
viral gene expression and are active at different stages in the life cycle [57]. The establish-
ment and maintenance of HPV genomes in infected cells are associated with the expression
of early genes E5, E6, and E7, which encode their respective oncoproteins, as well as the
replication proteins E1 and E2. In the basal undifferentiated cells, viral genomes are subse-
quently maintained at low copy number by replicating along with cellular DNA [52,58].
During cell division, basal cells leave the basal layer, migrate to the suprabasal region and
begin to differentiate. At this stage, the viral genome is divided among the daughter cells,
which, when migrating to the upper layers of the epithelium during the differentiation
process, continue with the active cell cycle. In differentiated layers of the epithelium, the
viral DNA is packaged into new capsids and virus progeny is released from the upper
layer of the epithelium [57,59–63].

The development of cervical cancer is associated with loss of regulation of the HPV
production cycle, an event observed in persistent hrHPV infections, which tend to integrate
their genome to the host cell [46,49]. During the integration process, the viral genome may
lose the E4 gene and part of the E2 gene, which play roles in controlling the transcription
of other viral genes. The consequence of the loss of E2 function is an increase in the
expression of the E6 and E7 genes. In this scenario, there is no maturation of host cells and
no production of new viral particles [46,64,65]. Thus, HPV oncogenic potential depends
on the expression of E6/E7 genes whose products, the E6 and E7 proteins, have as their
main target the p53 and pRb proteins of the host genome, inducing lack of control of the
cell cycle [66–72].

In face of the complexity of cervical carcinogenesis and the different types of hrHPV
involved, it is important to correctly apply in vitro and in vivo models that represent this
complexity for testing molecules or biologics for anti cervical cancer drug development.

2.2. Human Cervical Cancer-Derived Cell Lines to In Vitro and In Vivo (Tumor-Bearing
Mice) Studies

Human tumor-derived cell lines present a historically important role in the discov-
ery and development of new therapeutic agents against cancer. In vitro studies using
immortalized human cancer cell lines provide controlled conditions to assess the effec-
tiveness of drugs and provide unrestricted availability of human-derived material [73].
For the discovery of new anti cervical cancer drugs, human tumor-derived cell lines are
even more important, since no animal model of HPV infection exists [74]. This is due
to the fact that Papillomaviruses are strictly species-specific and even in experimental
conditions do not infect any other host than their natural one. There is only one known
case of cross infection between horses and other equidae by bovine papillomavirus (BPV)
types 1 and 2. Additionally, HPV is strictly tissue-restricted and cannot be propagated
in vitro. Consequently, to evaluate tumors triggered by HPV on in vivo animal studies,
an experimental model of tumor induction could be performed where researchers would
inoculate the human cervical cancer-derived cell lines through subcutaneous injection in
mice, for example, tumor-bearing mice. Therefore, major knowledge regarding the HPV
life cycle, the oncogenicity, and the synergy with cofactors was first established in vitro or
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by animal papillomaviruses in vivo. However, DNA sequences of HPV-16, -18, -45, and -68
have been found in cell lines established from human cervical carcinomas [75–77]. Since
animal models for cellular transformation by HPV are not available, cervical cancer cell
lines are unique tools for understanding the biology and tumor response as well for testing
small molecules or biologics for anti-cancer drug development.

At present, immortalized cervical cancer cell lines available in major cell repositories,
including American Type Culture Collection (ATCC) and European Collection of Authenti-
cated Cell Cultures (ECACC), represent six cervical cancers (not considering HeLa-derived
cell lines) [78], reflecting the two main types of cervical cancer (SCC and AD) and the
two main types of hrHPV involved in cervical carcinogenesis (HPV-16 and 18) as well as
HPV-45 and HPV-68. Still, the availability of a series of HPV-positive (Hela, SiHa, Caski,
MS751, ME-180, and C-4I) and HPV-negative (C-33A) human cervical carcinoma cell lines
provides the opportunity to evaluate whether a new drug candidate is effective or not in
both scenarios. Table 1 summarizes the main human immortalized cervical cancer cell lines
and their characteristics.

Table 1. Main human immortalized cervical cancer cell lines available for in vitro studies from uterine cervix tissues.

Cell Line Histologic Type Donor Age HPV p53 pRb

HeLa (ATCC®

CCL-2™)
Adenocarcinoma 31 HPV-18 Positive (low) Positive (normal)

SiHa (ATCC®

HTB-35™)
Squamous cell

carcinoma 55 HPV-16, 1 to 2 copies per cell Positive Positive

CasKi (ATCC®

CRM-CRL-1550™)
Squamous cell

carcinoma 40 HPV-16, about 600 copies per
cell, and HPV-18 NA NA

C-33A (ATCC®

HTB-31™)
Squamous cell

carcinoma 66 Negative Positive Positive

MS751 (ATCC®

HTB-34™)
Squamous cell

carcinoma 47 HPV-18 HPV-45 NA NA

ME-180 (ATCC®

HTB-33™)
Squamous cell

carcinoma 66
HPV DNA with higher

homology to HPV-68 than
HPV-18

Positive Positive

C-4 I (ATCC®

CRL-1594™)
Squamous cell

carcinoma 41 HPV-18 NA NA

NA: not applicable; pRb, retinoblastoma protein; p53, protein 53; and HPV, human papillomavirus.

3. Photodynamic Therapy (PDT)

3.1. Principles and Applications

PDT is a promising treatment modality. The light is absorbed by the PS either sys-
temically, locally, or topically for the treatment of a variety of pathologies such as onco-
logical [79], cardiovascular [80], dermatological [81], ophthalmic [82], bacterial, viral, and
parasitic infections [83]. Possibly the main use of PDT in the world up until now has been
its use in ophthalmology, i.e., in the treatment of wet age-related macular degeneration and
PVC [82]. Photoactivation of the PS in the presence of oxygen and a target cell or tissue
are necessary for PDT. Specifically, the PS is excited by light inducing two photochemical
mechanisms (type I and type II). In Type I, the PS in its excited triplet state interacts with a
biomolecule transferring or acquiring one electron/hydrogen via the radical mechanism,
leading to the generation of ROS, including superoxide anions (O2

−•), singlet oxygen (1O2),
hydroxyl radicals (HO•), and hydrogen peroxide (H2O2), that attack cellular targets and
damage cellular components. However, original free radicals can cause cellular damage
directly [19,36,83,84]. In Type II, the direct energy transfer occurs from the PS in the triplet
excited state to the oxygen in the fundamental triplet state, producing cytotoxic singlet
oxygen [19,83,84]. Singlet oxygen presents a short lifetime in a time-scale of microseconds,
but a sufficient concentration of highly cytotoxic singlet oxygen can induce irreversible
cell damage [36]. Furthermore, the location of the PS changes over time, and therefore,
soon after the application, it is located in the vasculature and PDT can mainly result in
the closure of blood vessels. Although both types of reactions (Type I and II) take place
at the same time, most PS used for anti-cancer PDT are believed to operate via the Type
II rather than the Type I mechanism [84–88], possibly due to ROS generation via Type
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II chemistry being mechanistically much simpler than via Type I. After photochemical
reaction, light-mediated destruction of the PS can occur [89] or the PS can return to its
ground state without modifications and can be prepared to repeat the excitation-energy
transfer process multiple times [23,90–92] (Scheme 1).

Scheme 1. Photodynamic reaction mechanism.

As mentioned earlier, in order to ensure high effectiveness in PDT, is important that
the PS present some outstanding characteristics, such as low (or no) toxicity to normal
tissue, high therapeutic selectivity, non-prolonged photosensitivity, long circulation time in
plasma, and enhanced accumulation in target tissue [93].

Several types of fiber tip or light applicator, e.g., lens, cylindrical diffuser, and spherical
diffuser, have been developed to facilitate the light delivery and to optimize the light
transmission and distribution in the lesion site. Lens-based fiber-optic light distributors
are very useful for the frontal irradiation of superficial lesions as the optical lens can
offer better light uniformity and beam expansion. The thin flexible fiber with microlens
tip is particularly suitable for endoscopic applications. Recently, macrobendings (two
perpendicular mode scramblers) have been used in PDT fibers to improve the uniformity of
light beam [94]. The aforementioned Cevira technology clearly emphasizes the importance
of developing light distribution devices specifically dedicated to the cervix [20].

3.2. PDT on Cancer

PDT effectiveness on cancer treatment is closely related to the high selectivity of PS
accumulation rate in the cancer tissue. The high selectivity in PDT comes from a partially
selective accumulation of the drug combined with the selective application of light. Conse-
quently, the short lifetime of ROS especies can be enough to generate the photodynamic
activity and oxidative damage to endogenous biomolecules (e.g., proteins and DNAs),
leading to cell death via apoptosis, necrosis, or autophagy-associated mechanisms [95–99].
ROS can also be indirectly related to stimulation of the transcription and release of in-
flammation mediators [100]. In addition, an elevated ROS level leads to cellular oxidation
process by damaging plasma membranes and cell organelles and subsequent alteration
in permeability and transport function between intra and extracellular media [101]. PDT
targets include tumor cells, tissue microvasculature, and the host’s inflammatory and
immune systems. The combination of all these components is necessary for the long-term
control of the tumor [36,102,103] (Figure 1).
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Figure 1. Photodynamic therapy (PDT) for cancer treatment.

The extent of damage and the cell death pathways involved depend on the type
and concentration of the PS, its subcellular location, the energy applied, and the type of
tumor [104]. The uptake of the PS by cancer cells as well as the localization within or on
the cell surface depend on its chemical characteristics [105–107]. Hydrophobic PS tend to
diffuse rapidly into plasma membranes and gather in intracellular membrane structures
such as mitochondria and endoplasmic reticulum (ER). Hydrophilic PS tend to be internal-
ized by endocytosis or transport by lipids and serum proteins [79,84]. After internalization,
the intracellular location of the PS can be highly specific or quite broad [79,84] and has
been reported to include the ER, mitochondria, Golgi complex, lysosomes, and plasma
membrane [79,84]. Furthermore, it is very important that the PS does not accumulate in cell
nuclei in order to limit DNA damage and prevent the appearance of genetically resistant
cells [79]. Importantly, the location of the PS in cells is critical to determine the cell death
pathway resulting from PDT and consequently the cell response to photodamage [105–107].
In this sense, it is very important to understand the preferential subcellular location of the
PS in order to predict its cytotoxic potential [105–108]. The best described cytotoxic effects
of organelle-specific PDT are in mitochondria, lysosomes, and ER [104].

As discussed above, PDT induces cell death via necrosis, apoptosis, or autophagy.
The predominant mechanism depends on the PS and light dose, cell type, and subcellular
localization [109,110]. The production of ROS at the mitochondrial, lysosomal, or ER
location of the PS can directly initiate apoptotic cell death [111], which can be defined as
a type of programmed cell death. Apoptosis is an induced and regulated process that
activates a family of proteins (known as caspase) as well as precise cellular events, which
degrade nucleic and polypeptide materials [103]. Necrosis is a non-programmed cell death
and is more often observed when the PS site of action is in the plasma membrane and/or
when it is activated with high-energy doses [79]. In order to suppress undesired damage to
normal tissues, this effect should in general be avoided [112]. On the other hand, necrosis
is an unscheduled cell death and is most often observed when the PS localizes in the
plasma membrane and/or when it is activated by high doses of energy [79]. In the latter
case, it is called accidental necrosis, and in order to prevent damage to normal cells, it
must be avoided [112] with the use of appropriate doses of energy. Some reports have
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suggested that a pronounced inflammatory response resulting from necrotic cell death
after PDT is important because it aids the immune-stimulating function of PDT [113].
Finally, the autophagic pathway is an evolutionarily old cytoprotective mechanism that
aims to reestablish homeostasis [105,114,115]. This is a death pathway that appears not
to be limited to the subcellular compartment in which PS accumulates [105,114]. The
induction of autophagy appears to be a common response in PDT protocols [114], despite
the role of autophagy as a factor in PDT-induced cell death is not yet clear. Despite this,
PDT-induced autophagy appears to play a prosurvival role in apoptosis-competent cells
and possibly a prodeath role in apoptosis-defective cells [105,114]. Additionally, when
impaired or insufficient autophagy is triggered, induction of cell death is the most common
result observed [105,114,115].

Although PDT has been proven as an effective broad-spectrum therapeutic, and it
has been used with relative success in the field of oncology specially for the treatment
of superficial oncologic lesions [116,117]. Recent advances in fiber optic technology have
enabled the use of PDT far beyond its dermatological applications. Light sources such as
lasers can be coupled with fiber optic systems to allow deep or difficult-to-treat tumors
to be treated with PDT, such as urinary bladder, digestive tract, and brain and breast
tumors [118]. Moreover, PDT can be used in association with other therapeutic techniques
such as surgery or chemotherapy. In the case of surgery for tumor resection, PDT can
help to destroy any remaining cancer cells after surgery. Several trials have demonstrated
synergistic effects by combining PDT with low-dose chemotherapeutics [118–120]. For
example, the PS can overcome the multi-drug resistance of the chemotherapeutic, whereas
the chemotherapeutic can address the limitations of light penetration and hypoxia-related
resistance in PDT [120].

Regarding the light power, it was previously established that the fluence rate affects
the PDT tumor response. A high fluence rate decreases or even totally inhibits tumor
control. The influence of fluence rate is not restricted to cytocidal effects, but it can also be
seen in sublethal conditions such as vascular permeability. This has been shown to be true
in pre-clinical and clinical settings. Therefore, this is an extremely important parameter in
PDT in vitro and in vivo studies [121].

Several PS are in clinical use or undergoing clinical trials to treat cancer. Among
them, the hematoporphyrin derivative (Photofrin), a first-generation PS with prolonged
cutaneous phototoxicity can be highlighted. Photofrin is a HPLC-purified form of hemato-
porphyrin and has already been approved by the Food and Drug Administration (FDA)
for the palliative treatment of obstructive diseases such as lung and esophageal cancers.
Other PS can still be mentioned. Among them, a second generation have improved
pharmacokinetics and reduced skin photosensitivity, such as benzoporphyrin derivative
(BPD), 5-ethylamino-9-diethyl-aminobenzo [a] phenothiazine chloride (EtNBS), silicon
phthalocyanine (Pc4), m-tetrahydroxyphenylchlorine (mTHPC), mesochlorin e6 (Mce6),
and mono-L-aspartylchlorin e6 (NPe6). Additionally, there are several other PS at different
stages of development [122].

3.3. Pcs as Photosensitizers for Cancer PDT

Pcs are referred to as tetrabenzotetraazaporphyrins and belong to the group of 2nd
generation PS. Pcs are synthetic macromolecules related to tetra-aza porphyrins (por-
phyrazines) and have a benzene ring fused to each of four pyrrole subunits, which are
linked by four nitrogen atoms (like porphyrazines macrocycle) instead of four bridging
carbon atoms in porphyrin macrocycle [123]. Pcs are usually prepared in the form of
complexes with metal cations such as zinc, aluminum, and gallium, co-ordinated to the
centre of the macrocycle. This is due to the fact that during synthesis transition, metal
cation helps to close the ring to easily form a macrocycle. The photophysical properties of
Pcs are strongly influenced by the presence and nature of the central metal ion and result
in metallophthalocyanines (MPcs) with high singlet oxygen quantum yields [31,124–129].
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Considering that Pcs are flexible and stable compounds that improved light absorption
capabilities, they have been used but not limited to chemical sensors and semiconduc-
tors, in nonlinear optics and as PS [130,131]. The first metal-free Pcs were discovered by
Braun and Tcherniac in 1907 as a product during the preparation of ortho-cyanobenzamide
from phthalamide in acetone (Scheme 2) [103,132,133]. Pcs can be obtained by the clas-
sic template reactions starting from diverse precursors, such as phthalonitrile (PN), o-
cyanobenzamide, 1,3-diiminoisoindoline (1,3-D), phthalimide (PM), and phthalic acid,
generally in high-boiling non-aqueous solvents at elevated temperatures or electrochem-
ically from phthalonitrile [103,133]. No characterization studies were performed until
1929, when Linstead and co-workers synthesized and elucidated their structure as tetraaz-
abenzoporphyrin [134–137]. Therefore, Pcs evolved from porphyrins and share some
features with their precursors. Moreover, it is a highly efficient PS with a high fluorescence
quantum yield and improved spectroscopic properties that are within the therapeutic
window for PDT applications in relation to its precursor [138,139]. Overall, most Pcs have
been extensively studied as a PS in PDT of cancer due several characteristics, including
chemical stability under physiological conditions, optimal selectivity in tumor cells, quick
clearance from the body, low cytotoxicity in the dark with high phototoxicity, absorption in
the optical transmission window of biological tissues, and high quantum yield of singlet
oxygen production [121,140,141].

Scheme 2. Synthesis of the first metal-free phthalocyanine as a product during the preparation of
ortho-cyanobenzamide from phthalamide in acetone.

Among the Pcs, MPcs have been identified as strong inducers of cyto damage and
preferentially accumulate in tumor cells, where they stimulate photo damages in various
in vitro and in vivo tumor models [142,143]. In vitro, MPcs family members were used to
investigate their phototherapeutic activities in various cancer cell lines, including lung,
colon, esophageal, cervical, and breast cancer cells [144–147]. Still, several MPc-based
photosensitizers have been used in clinical trials against cancer such as CGP55847 (liposo-
mal formulation of unsubstituted ZnPc), photosens (Pc derivative containing aluminum
as the central metal), and photocyanine (isomeric mixture of di-(potassium sulfonate)-di-
phthalimidomethyl ZnPc) [148,149]. Finally, among the Pcs evaluated so far in the clinic,
Pc4, a silicon-based MPc developed by Vitex/USA, presented the greatest potential against
breast, human colon, and ovarian cancers [150,151].

3.4. Pcs Optimization of Photophysical Properties and Biocompatibility

Pcs are large planar aromatic systems composed of four isoindole units linked by
nitrogen atoms. Therefore, Pcs present the ability to form stable chelates with at least sixty
metal and metalloid ions inserted into the central ring replacing two hydrogens originating
the MPcs [36] (Figure 2). Whereas the properties of MPcs vary according to the nature of the
central ion, the selection of this ion as well as the synthetic modifications offer numerous
options to control their physical properties. Therefore, closed-shell diamagnetic Pcs present
higher yields, longer lifetimes of triplet states, and greater tumor retention compared to
paramagnetic Pcs, being more suitable for PDT [90,124,152–155].
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Figure 2. General chemical structure of metallated phthalocyanines (MPcs).

As discussed above, unsubstituted Pcs and their metal complexes suffer poor solubility
in water and aggregation tendency, limiting their clinical application [32–34]. However, due
to the chemical structure of PCs, it is possible to introduce various peripheral (macrocycle)
and axial (coordination to the central metal ion) substitutions that modulate the tendency
for aggregation, pharmacokinetics, biodistribution, and solubility, as well as fine-tuning of
NIR absorbance [90,156–159]. The advantage of increasing solubility through appropriate
replacement is that it allows for direct biological administration without the need for an
additional vehicle [36].

Typical substitutions to the periphery of the Pcs macrocycle are sulfonation, phos-
phonation [127,160], glycosylation [161], or carboxylation, or addition of other soluble
substituents such as glucose, quaternary amino, hydroxyl, or nitro groups [162]. These
peripheral substitutions generate Pcs with increased solubility and reduced tendency to
aggregate [90,162]. Suitable ions for axial substitution of the Pcs central ion are Al3+ with
one or Si4+ and Ge4+, with two coordination sites. MPcs not substituted with central
ions, such as silicon or iron, tend to bond through oxo-bridges. Typical organic substi-
tutes are soluble polymers such as poly(ethylene glycol) or poly(vinyl alcohol). Shorter
polymers tend to shorten plasma half-life, but polymers with longer chains significantly
prolong plasma half-life compared to unsubstituted MPcs. Axial substitution generally
decreases the MPcs aggregation tendency and modulates solubility among other proper-
ties [36,163,164]. Additionally, exocyclically metallated Pcs are also an option to improve
the properties of Pcs [165].

The solubility and bioavailability of hydrophobic Pcs can be further improved with the
use of DDSs. Furthermore, DDSs also have the advantages of improving efficacy and/or
reduced toxicity of a PS and delivering them to targeted tissues [36]. Some examples
of DDSs used in PCs are liposomes, micelles, nanocapsules, microemulsion, polymeric
nanoparticles, solid lipid particles, niosomes, and carbon nanotubes. The use of formula-
tions with DDSs has currently been considered as a very promising strategy to control Pcs’
biological properties [166]. Finally, mitochondria are important regulators of apoptosis.
In general, they are responsible from most of the ATP in a cell. Therefore, it is reasonable
to design and develop PS that target the mitochondria. PS can be chemically modified
(e.g., with triphenylphosphonium derivatives, which insert to the inner membrane of mito-
chondria) so that they can be actively targeted to mitochondria. Several PS can accumulate
in mitochondria owing to their charge in case of positively charged agents. On the other
hand, negatively charged agents accumulate in the mitochondria as a result of their hy-
drophobicity. Furthermore, mitochondrial targeting can also be achieved by synthesizing
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PS that are attached to mitochondria targeting sequences, which can direct molecules to
the mitochondrial matrix [167].

4. Pcs as a PS for Cervical Cancer PDT

In this section, we cover the main studies reported in the last five years focusing new
Pcs approaches being developed and tested in vitro and/or in tumor-bearing mice and in
clinical tests against cervical cancer. More specifically, a review was conducted following a
systematic search to identify studies reported between January 2016 and April 2021 focused
on “Phthalocyanine” and “Uterine Cervical Neoplasms” in PubMed, Embase, Scopus, and
Web of Science databases. To expand the search, references of the original selected articles
were evaluated to find papers that could complement this review.

4.1. In Vitro Studies Evaluating Pcs on Hela Cells

In the last 5 years, several in vitro studies have been performed using Pcs as a PDT
agent against the HeLa cell line. These studies are presented in detail in Table 2. HeLa cells
are immortalised cells and the oldest and most commonly used human cell line [168]. The
HeLa cell line is derived from cervical cancer cells (adenocarcinoma) taken on 8 February
1951, from Henrietta Lacks, a 31-year-old African-American mother of five, who died of
cancer on 4 October 1951 [169]. The cell line is remarkably durable and prolific, which
allows it to be used extensively in scientific study [170]. Therefore, in many of the studies
that tested different Pcs formulations in HeLa, the main objective was not to evaluate its
effectiveness against cervical cancer but against cancer as a whole. However, indirectly,
these studies evaluated the activity of these PCs against cervical adenocarcinoma.

Table 2. Main recent (2016–2021) in vitro studies evaluating different formulations of phthalocyanines in HeLa cells.

Title Reference
PS/Concentration/

Time of Exposure to PS

Light Source/
Wavelength/Fluence/

Power-Density/
Time of Exposure

Main Outcomes

Exocyclically metallated
tetrapyridinoporphyrazine as
a potential photosensitizer for

photodynamic therapy

[165]

Exocyclically metallated
tetrapyridinoporphyrazine

[tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-
pyrido)porphyrazine-zinc(II)](NO3)4,

1.6 μM, and 4 h

600 nm, 5.8 mW/cm−2,
6.96 J/cm−2, and 20 min

Single digit micromolar
concentrations are able to
induce photocytotoxicity
while maintaining low

toxicity in the dark. The
compound mainly

accumulates in the nucleus,
suggesting that interacts with
DNA, leading to subsequent
DNA damage and resulting

in photocytotoxicity.

Peripherally crowded cationic
phthalocyanines as efficient

photosensitizers for
photodynamic therapy

[171]
Zinc phthalocyanine bearing four or eight

bulky 2,6-di(pyridin-3-yl)phenoxy
substituents, 0–10 μM, and 12 h

570 nm, 12.4 mW/cm2,
11.2 J/cm2, and 15 min

High photodynamic activity
against cancer cells while

maintaining low toxicity in
the dark. Localization in the

lysosomes, inducing an
apoptotic cell death pathway

with secondary necrosis.

Facile synthesis of cyclic
peptide−phthalocyanine
conjugates for epidermal

growth factor
receptor-targeted

photodynamic therapy

[172]
Cyclic peptide-conjugated

zinc(II) phthalocyanine,
0–60 nM, and 2 h

610 nm, 23 mW/cm2,
28 J/cm2, and 20 min

The intensity of cell uptake in
EGFR-positive HT29 and

HCT116 cells is up to 25 times
higher than against

EGFR-negative HeLa and
HEK293 cells. This conjugate

also shows high photo
cytotoxicity for HT29 and

HCT116 cells.

Synthesis and photodynamic
activities of novel

silicon(IV) phthalocyanines
axially substituted

[173]
Quaternized cationic silicon(IV)

phthalocyanine (SiPc) derivatives,
0–10 μM, and 24 h

680 ± 10 nm, 2/J cm2, and NR

High photodynamic activity
against cancer cells while

maintaining low toxicity in
the dark.
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Table 2. Cont.

Title Reference
PS/Concentration/

Time of Exposure to PS

Light Source/
Wavelength/Fluence/

Power-Density/
Time of Exposure

Main Outcomes

Effects of zinc porphyrin and
zinc phthalocyanine

derivatives
in photodynamic anticancer

therapy under different
partial pressures
of oxygen in vitro

[174]

Disulphonated zinc phthalocyanine
(ZnPcS2) and tetrasulphonated zinc

tetraphenylporphyrin (ZnTPPS4),
0–10 μM, and 24 h

ZnTPPS4:
415 ± 10 nm ZnPcS2:

660 ± 15 nm;
7 mW/cm2, 4.2 J/cm2,

and 10 min

ZnTPPS4 was internalized in
the cytosol and lysosomes,

whereas ZnPcS2 was attached
to membrane structures and

was photodynamically
effective at a minimal level of
oxygen, with a higher effect

on mitochondrial respiration.

Assessing amphiphilic ABAB
Zn(II) phthalocyanines with
enhanced photosensitization

abilities in in vitro
photodynamic therapy
studies against cancer

[175]
Triethylene glycol (TEG)-containing

Zn(II)Pcs, namely, ABAB-1, A3B-1, and
A4-1

ABAB-1, A3B-1, and A4-1;
637 nm ± 17 nm;

different red light doses (3, 6 and
9 J/cm2), NR

ABAB-1 and A3B-1 presented
high photodynamic activity

on cancer cells while
maintaining low toxicity in

the dark.

In vitro bioeffects of
polyelectrolyte multilayer
microcapsules post-loaded
with water-soluble cationic

photosensitizer

[176]

Dextran sulfate (DS) and poly-L-arginine
(PArg) PMC ([DS/PAgr]4) capsules loaded

with zinc phthalocyanine choline derivative
(cholosens), NR

-

High drug release rate,
internalization, light

toxicities, and low dark
effects.

Improved targeting for
photodynamic therapy via a

biotin–phthalocyanine
conjugate: synthesis,
photophysical and

photochemical measurements,
and in vitro cytotoxicity assay

[177] Peripherally biotin-substituted zinc(II)
phthalocyanine (Pc2), 0.25–5 μM, and 24 h

690 ± 10 nm, 1/J cm2

and 2/J cm2, and NR

The biotin-conjugated zinc(II)
phthalocyanine derivative

presented a higher cytotoxic
effect than the amino
functionalized zinc(II)

phthalocyanine derivative.
Pcs were located in the

cytoplasm, leading to cell
death by apoptosis and

reduction of colony capacity
after PDT.

Cationic versus anionic
phthalocyanines for

photodynamic
therapy: what a difference the

charge makes

[178]
Anionic and cationic zinc(II)
phthalocyanines, 1–10 mM,

and 12 h

570 nm, 12.4 mW/cm2,
11.2 J/cm2, and 15 min

Hydrophilic compounds
were localized into lysosomes
and amphiphilic compounds

were also detected in the
cellular membrane.

Hydrophilic cationic Pcs were
relocalized into the cytoplasm

upon irradiation and
damaged the nuclear

membrane. A high dose of
Pcs induced morphological
changes and phototoxicity.

Multiple functions integrated
inside a single molecule for

amplification of
photodynamic therapy

activity

[179]
Arg and Lys zinc
phthalocyanines,

0–10 μM, and 48 h

665 nm, 5 W,
0.4 W/cm2, and 4 min

The phototoxic effects were
more accentuated and the

percentage of apoptotic cells
was higher in the cells treated

with Arg-ZnPc.

Apomyoglobin is an efficient
carrier for zinc

phthalocyanine in
photodynamic therapy of

tumors

[180] Zinc phthalocyanine carried by
apomyoglobin, 500 nM, and NR

647 nm, 2.5 mW,
130 mW/cm2, 40 J/cm2,

and 5 min

The uptake of ZnPc by cells
was efficient, with no dark

toxicity. When illuminated, a
moderate fluence and low

concentrations were sufficient
to induce extensive cell death.

Novel theranostic zinc
phthalocyanine–

phospholipid complex
self-assembled nanoparticles
for imaging-guided targeted

photodynamic treatment with
controllable ROS production

and
shape-assisted enhanced

cellular uptake

[181]
Zinc phthalocyanine-soybean

phosphatidylcholine (ZnPc-SPC) complex,
0.3–10 μg/mL, and 12 or 24 h

630 nm, NR, and 5 min

Pcs could target folate
receptors-overexpressed

cancer cells and internalized
in the cytoplasm. Apoptosis

rate increased after PDT.
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Table 2. Cont.

Title Reference
PS/Concentration/

Time of Exposure to PS

Light Source/
Wavelength/Fluence/

Power-Density/
Time of Exposure

Main Outcomes

Zinc phthalocyanine-soybean
phospholipid complex based

drug carrier for
switchable

photoacoustic/fluorescence
image, multiphase

photothermal/
photodynamic treatment and

synergetic therapy

[182]
Zinc phthalocyanine-soybean phospholipid

complex with doxorubicin (DZSM),
0.3–10 μg/mL, and 12 h

638 nm, 1 W/cm2,
NR, and 5 min

ZnPc was distributed in the
cytoplasm. Dox was almost

located in the nucleus.
DZSM presented high

selectivity for FRα
over-expressed tumor cells as

HeLa, excellent switchable
image, significant multiphase

photothermal therapy
(PTT)/PDT effect, and great
synergetic therapy potential,
leading to notable inhibition

of tumor growth.

Novel core-interlayer-shell
DOX/ZnPc Co-loaded
MSNs@ pH-sensitive

CaP@PEGylated liposome for
enhanced
synergetic

chemo-photodynamic
therapy

[183]
DOX/ZnPc co-loaded

MSNs@CaP@PEGylated liposome,
NR, and 24 h

630 nm, 0.05 W/cm2,
NR, and 5 min

ZnPc in the nanoparticles
successfully produced the

intracellular singlet oxygen
under the light that could

eventually induce the
cytotoxicity of PDT in the

cells and could be a
promising candidate for PDT

besides serving as a
chemotherapeutic agent.

Silicon(IV)
phthalocyanine-biotin
conjugates: synthesis,

photo physicochemical
properties and in vitro

biological
activity for photodynamic

therapy

[184]
Axially biotin substituted silicon(IV)

phthalocyanine,
0–10 μM, and 24 h

NR, 1 J/cm2 or 2 J/cm2, and NR

Both axially mono- and
bis-biotin substituted

silicon(IV) phthalocyanines
presented high photo

cytotoxicity against HeLa
cancer cells with the cell

survival degree ranging from
13% to 50%. The

photosensitivity and the
intensity of damage were

found to be directly related to
the concentration of the used

photosensitizers.

Positively charged
phthalocyanine-arginine

conjugates as efficient
photosensitizer for

photodynamic therapy

[185] Arginine substituted zinc phthalocyanines
(ArgEZnPc and ArgZnPc), 0–4 μM, and 4 h

665 nm, 96 mW/cm2,
28.8 J/cm2, 5 min, and NR

ArgEZnPc presented higher
cellular uptake, high water

solubility and ROSs
generation ability. HeLa cells

showed shrinkage and cell
scatter, membrane

deformation, and chromatin
damage. ArgEZnPc can target
the lysosomes and exhibited

high cytotoxicity.

Intracellular uptake and
fluorescence imaging

potential in tumor cell of zinc
phthalocyanine

[186] Zinc phthalocyanine (ZnPc),
10–90 mM, and 24 h NR

The IC50 values were
observed to be 35 mM in

HeLa cells, maximum uptake
was determined at 6 h, and
the uptake was decreased at

24 h.

In vitro effects of
photodynamic therapy

induced by chloro aluminum
phthalocyanine
nanoemulsion

[187]
Chloroaluminum phthalocyanine

nanoemulsion (ClAlPc/NE) or MX+
ClAlPc/NE (methoxyamine), NR, and 3 h

670 nm, 0.1, 0.5 and
1.0 J/cm2, and NR

A dose-dependent cell death
reduced clonogenic survival

rates, and sub-G1
accumulation and apoptosis
induction were observed in
HeLa cells. MX increased

PDT effects.

Synthesis of asymmetric
zinc(II) phthalocyanines with

two different
functional groups and

spectroscopic properties and
photodynamic

activity for photodynamic
therapy

[188] Zinc(II) phthalocyanine functionalized,
0–10 μM, and 24 h 690 ± 10 nm, 2 J/cm2, and NR

The photodynamic efficiency
is micromolar. Biotin

conjugated zinc(II)
phthalocyanine displayed a

higher photo cytotoxicity
relative to amino

phthalocyanine, probably
attributed to its high triplet

quantum yield of 1O2.
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Table 2. Cont.

Title Reference
PS/Concentration/

Time of Exposure to PS

Light Source/
Wavelength/Fluence/

Power-Density/
Time of Exposure

Main Outcomes

Triblock copolymers
encapsulated poly (aryl
benzyl ether) dendrimer
zinc(II) phthalocyanine

nanoparticles for
enhancement in vitro

photodynamic efficacy

[189]
Zinc (II) phthalocyanines nanoparticles
with triblock copolymer (G2-DPcZn),

0.02–10 μM, and 24 h

670 nm, 25, 50, and
100 mW/cm2, 0–6 J/cm2,

and 2 min

The nanocarriers enhanced
intracellular uptake,

phototoxicity, and ROS
production. The nanoparticle
surface with positive charge
seems to localize G2-DPcZn

in mitochondria.

Cyclodextrin type dependent
host-guest interaction mode

with
phthalocyanine and their

influence on photodynamic
activity against cancer

[190] Phthalocyanines (Pc) with cyclodextrins
(CDs), 5 μM, and 4 h 665 nm, NR, and 5 min.

The aggregation degree of Pcs
was decreased, the water

solubility and photodynamic
activity were increased. The

cellular uptake and ROS
generation efficiency of

(-CD)4-ZnPc was higher. PDT
induced morphology

changes, such as chromatin
condensation, shrinkage, and

fragmentation.

Drug delivery function of
carboxymethyl-β-

cyclodextrin modified
upconversion nanoparticles

for adamantine
phthalocyanine and their

NIR-triggered cancer
treatment

[191] UCNP/COOH-β-CD/Ad-ZnPc,
2–8 μM, and 4 h

980 nm, NR, and 1–4 sessions
of 2 min

The complex was mainly
located in the cytoplasm and

after irradiation induced
morphology changes, such as

chromatin condensation,
shrinkage, and fragmentation.

The UCNPs and Ad-ZnPc
and UCNP/COOH-β-

CD/Ad-ZnPc treated cell
survival percent sharply

decreased with the increasing
of drug concentration and

light dose.

Phototoxicity of liposomal Zn-
and

Al-phthalocyanine against
cervical and oral squamous
cell carcinoma cells in vitro

[192] Liposomal Zn- and Al-phthalocyanine,
0.1–1 μM, and 24 h

ZnPc: 350–800 nm,
43.2 J/cm2; AlPc: 690 nm,

3.6 J/cm2; 20 min

Liposome-embedded ZnPc
and AlPc were more effective

than free ZnPc and AlPc in
reducing cell viability. HeLa

cervical adenocarcinoma cells
were more sensitive to AlPc.

Photodynamic therapy and
nuclear imaging activities of

zinc
phthalocyanine-integrated

TiO2 nanoparticles in
breast and

cervical tumors

[193]
Zinc phthalocyanine integrated to the TiO2

nanoparticle (ZnPc-
TiO2), 1–6.25 μM, and 3h

LED light source,
10 mW/cm2, 30, 60,

and 90 J/cm2, and NR

TiO2 nanoparticles increased
the cytotoxicity of ZnPc in the

HeLa cell line. Phototoxic
effects increased depending
on the dose of light. Cellular
localization of the Pcs was

found especially in cytoplasm
but not nuclei.

Cervical cancer cells (HeLa)
response to photodynamic

therapy using a zinc
phthalocyanine
photosensitizer

[194] Sulphonated zinc phthalocyanine PS
(ZnPcSmix), 0.25–1 μM, and 24 h

673 nm diode laser, 96 mW, 2, 4
and 8 J/cm2, and NR

The PS was located in the
cytoplasm and perinuclear
region of HeLa cells. PDT
induced dose-dependent
structural changes, with

decreased cell viability and
proliferation, as well as

membrane damage.

PS, photosensitizer; NR, not reported.

4.1.1. MPcs

In general, MPcs were the most studied Pcs against HeLa cells and mostly pre-
sented the main objective to increase the solubility and bioavailability of hydrophobic
Pcs and their derivatives using various DDSs. It was possible to observe that MPcs
formulations demonstrated high photodynamic activity against HeLa cells upon light
activation [165,171,175–183,185–190,192–194] while presenting low or absent toxicity in the
dark [165,175,176,178,179,181,183,185,188,190,192,193]. Overall, these results show that Pcs
formulations were effective in subtoxic doses and had a dose- and time-dependent cytotoxic
effect against HeLa cells, highlighting their potential for PDT against cervical cancer.

MPcs formulations successfully entered cells and localized mainly in the cytoplasm
of tumor cells [174,177,178,181,182,191,193,194] rather than in cellular membrane [180].
Taken together, these data demonstrate that the Pcs formulations tested exhibited a higher
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capacity to permeate the cytoplasmic membrane and to internalize in the cytoplasm of
HeLa cells. The uptake of the PS by cancer cells is crucial for PDT to be effective since ROS
present a short half-life and can only act close to the generation site [104,195]. Hydrophobic
molecules can rapidly diffuse into plasmatic membranes, while more polar drugs tend to be
internalized via endocytosis or assisted transport by serum lipids and proteins. However,
the exact mechanisms of MPcs cellular uptake against HeLa cells are still unclear and
require further investigation.

The PDT efficiency depends on the illumination conditions, the chemical properties,
and the intra-tumoral localization of the PS. Still, the type of photodamage in cells loaded
with a PS and illuminated depends on the precise subcellular location of the PS. Thus,
understanding the location of the PS is an important principle to consider the most effec-
tive PS for each application [104,195]. The subcellular localization of MPcs in Hela cells
included mitochondria [174,193] and lysosomes [171,172,174,175,177,178,194] but rarely at
the nucleus [165]. This evidence highlights the potential of MPcs as a PS for PDT against
cervical adenocarcinoma, since most potent PS are usually localized in mitochondria
and/or lysosomes [196].

It is well known that the production of ROS at mitochondrial, lysosomal, or ER
loci can directly initiate apoptotic cell death [111]. Accordingly, the HeLa cells death
pathway induced by MPcs was apoptosis [171,177,180,185,187,192], compatible with its
sub-localization in the mitochondria and lysosomes. These results are very promising as
overall apoptosis is considered the most desired mechanism of programmed cell death
in PDT due to the absence of side effects compared to necrosis. High doses of PDT
and/or uncontrolled photodamage lead to the uncontrolled release of biomolecules of
unscheduled cell death into the extracellular space, initiating an inflammatory response
in the surrounding tissue. For this reason, necrosis is generally seen as an undesirable
mechanism. On the other hand, specific photodamage at adequate doses of PDT can be
lethal to cells without harming surrounding healthy cells [196].

MPcs also exerted long-term dose-dependent phototoxic effects against HeLa cells
according to the study of Balçik-Erçi et al. 2020 [177]. This effect was obtained with a
peripherally biotin substituted zinc(II) Pc that reduced the cell colony capacity, which
reflects the decrease in long-term cell proliferation. In general, the results of in vitro studies
were promising and suggested that different formulations of MPcs are among the best
currently-used PS of cervical adenocarcinoma PDT and their use in clinical studies should
be encouraged for prospective means of managing this cancer.

Additionally, the combination of PDT and chemotherapy can induce synergistic
therapeutic effects: the PS can overcome multidrug resistance, while the chemotherapeutic
drugs can address the limitations of light penetration and hypoxia-related resistance in
PDT and enhance the sensitivity of cancer cells to ROS [197]. Recently, Ma et al. 2018 [182]
developed a ZnPC-soybean phospholipid complex based on DDSs with doxorubicin (Dox).
In vitro evaluations indicated that MTX-decorated self-assembled ZnPc-SPC complex
nanoparticles (NPs), referred as DZSM, presented high selectivity for FRα over-expressed
tumor cells as HeLa cells; significant multiphase PDT effect; significant cytotoxicity; and
great synergetic therapy potential. Additionally, Ma et al. 2018 [183] developed novel
DOX/ZnPc co-loaded mesoporous silica (MSNs)@ calcium phosphate (CaP)@PEGylated
liposome NPs. In vitro assays with HeLa cells indicated that CaP could not only achieve the
controllable release of PS triggered by pH but also promote its cellular uptake and induce
apoptosis. According to the authors, the MSNs@CaP@PEGylated liposomes could serve
as a promising nanoplatform for cancer treatment by synergic chemo-PDT and superior
tumor-targeting ability.

The results of both studies highlight that MPcs could serve as a promising multi-
functional platform in anticancer treatment by synergic chemo-PDT and superior tumor-
targeting ability.
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4.1.2. Silicon Pcs (SiPcs)

Two recent studies investigated the in vitro activity of silicon Pcs (SiPcs) formulations
against HeLa cells. Unlike most other Pcs, SiPcs possess two additional axial bonds that
reduce aggregation in solution and can be synthetically tailored, thereby creating further
scope for modulation of optical, chemical, and electronic properties [198]. The results of
both studies [173,184] were very promising as they showed that SiPcs presented high photo
cytotoxicity against HeLa cells and were non-cytotoxic/low-cytotoxic in the dark.

Finally, as far as we know, little has been studied about photobleaching in metal-free
Pc and MPC formulations against HeLa cells or other cervical cancer cell lineages.

Although the results presented in Table 2 are promising, some important points should
be highlighted:

1. Considering that the different studies included in Table 2 used different concentrations
of MPCs, different light exposure times, and different light sources, it is very difficult
to compare the results obtained between these studies.

2. Still, for the same reasons, it is very difficult to assess which formulation presented
the best therapeutic efficacy.

3. The number of recent studies evaluating the combination of PDT and chemotherapy
is very small and restricted to doxorubicin, limiting interpretations of its real benefit.

4.2. Both In Vitro and In Tumor-Bearing Mice Pcs Studies Based on HeLa Cells

A small number of studies evaluated Pcs effects against HeLa cells in vitro and
in vivo. Regarding in vivo data, these were performed in tumor-bearing mice with HeLa
cells [29,199–201] (Table 3). Briefly, Wang et al. 2019 [201] proposed that the therapeutic
activity of the MPc (sulfonated Al-phthalocyanine-AlPcS) can be efficiently excited via
plasmonic-resonance energy transfer from the two-photon excited gold nanobipyramids
(GBPs) and further generates cytotoxic singlet oxygen for cancer eradication. In vitro,
after incubation with GBP-AlPcS and exposure to laser irradiation, approximately 80%
of HeLa-cell mortality rate was achieved at GBP-AlPcS. In comparison, the compound
presented low dark cytotoxicity. In the study conducted by Li et al. 2019 [29], other MPc
(zinc II Pc) derivative entrapped mesoporous silica NPs (MSNs) and a wrapping DNA
(O1) (PcC4-MSN-514 O1) displayed in vitro selective phototoxicity against HeLa cells.
In vivo, with systemic administration of PcC4-MSN-O1, there was accumulation in HeLa
tumors of xenograft-bearing mice. After laser irradiation, tumor growth was inhibited
and apoptosis was induced. Moreover, the time-modulated activation process in tumors
and the relatively fast excretion of PcC4-MSN-O1 indicated its advantages in reducing
potential side effects. Li et al. 2019 [199] introduced two polyethylene glycol (PEG) linkers
on SiPc to synthesize a new water-soluble and tumor-targeting photosensitizer compound.
In vitro, this compound accumulated in biotin receptor (BR)-positive Hela cells through
BR-mediated internalization. In vivo, SiPc preferentially accumulated in the tumor tissue of
the tumor-bearing mice. Furthermore, SiPc significantly depressed tumor progression after
irradiation. Finally, Liang et al. 2021 [200] tested FA-TiO2-Pc in conjunction with folic acid
(FA), a tumor-targeting agent. In vitro, FA-TiO2-Pc presented high therapeutic efficiency at
low concentration and with a short incubation time, under one-photon excitation. In mice
with HeLa xenograft tumors, FA-TiO2-Pc led to decreased tumor growth with minimal
side effects, even at low concentrations and low light irradiation.

Therefore, the results of these studies highlight that the tested MPcs formulations are
very promising for cervical cancer PDT, including in vivo and presented great potential for
future use in clinical studies. However, the limitations highlighted above for the studies
included in Table 2 can be applied to the studies shown in Table 3. Therefore, additional
interpretations of these studies are greatly impaired.
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4.3. Studies Evaluating Pcs in Other Cervical Cancer Cells than Hela

In the last 5 years, only one study evaluated Pcs in other cervical cancer cell lines
in addition to HeLa [17]. This study evaluated the effectiveness of PDT using Silicon
phthalocyanine 4 (Pc4) in vitro and in vivo against human cervical cancer cells CaSki
(squamous cell carcinoma drive cell line, HPV-16 about 600 copies per cell, and HPV-18)
and ME-180 (squamous cell carcinoma drive cell line, HPV DNA with greater homology to
HPV-68 than HPV-18). Specifically, cell growth and cytotoxicity were measured in vitro
using a methyl thiazole tetrazolium assay. Pc4 cellular uptake and intracellular distribution
were determined. For in vitro Pc4 PDT, cells were irradiated at 670 nm at a fluence of
2.5 J/cm2. SCID mice (female C.B-17 mice) were implanted with CaSki and ME-180 cells
both subcutaneously and intracervical. Forty-eight hours after Pc4 administration, the
tumors were irradiated at 75 and 150 J/cm2, for 4 min. In vitro, Pc4 itself was relatively non-
toxic and Pc4 PDT was effective in killing cervical cancer cells grown as either spheroids
or monolayers. Additionally, in both cervical cancer cell lines, the subcellular distribution
of Pc4 occurred in the cytoplasm, lysosomes, RE, and mitochondria. In vivo, intracervical
tumors became necrotic after Pc4 PDT. In general, this study highlighted the in vitro and
in vivo potential of PDT with Pcs against invasive cervical cancer due to HPV-16, the
most prevalent HPV type in cervical cancer. Furthermore, these results occurred more
specifically in squamous cell carcinoma, which is the most common type of cervical cancer
worldwide (approximately 70% of total) [40].

4.4. Clinical Studies

As far as we know, only a recent study performed the clinical treatment of CIN with
Pcs [24]. PDT was performed using a chitosan NP containing chlorocyan-aluminum Pc
in patients with CIN1 and CIN2. The compound was applied on the surface of the cervix
of each selected patient with CIN1 (n = 11) or CIN2 (n = 1), which was then illuminated
after 30 min with a red laser lighting (minimum dose of 200 J, power of 1.20 W, irradiance
of 0.30 W·cm−2, and fluency of 50 J·cm−2). Among the 12 patients treated primarily,
11 (91.7%) presented negative cervical cytology in the first evaluation after treatment, but
1 (8.3%) presented no therapeutic benefit, even after reapplication. Two of the patients
who presented a good initial therapeutic response had relapse, but evolved to cytological
remission after a new round of PDT, remaining negative until the last follow-up. No
important side effects were observed in any of the patients. According to the authors, the
trial demonstrated that the treatment of CIN1 and CIN2 lesions using PDT with CNP-
AlClPc is feasible and safe. However, they suggested large randomized clinical trials to
establish efficacy.

To date, Pcs have not been used in clinical studies for the PDT of invasive cervical
cancer. According to clinicaltrials.gov, there is only one published study of a clinical trial
involving cervical cancer and PDT [202].

5. Conclusions

Throughout this review, we highlighted that the main topics in Pcs as agents for PDT
against cervical cancer are solubility, targeting capacity, and therapeutic efficiency. At a
chemical level, it is concluded that Pcs amphiphilic character leads to higher efficiency
in vitro and in vivo. Furthermore, the phototoxic potential as well as its cellular uptake
and internalization seem to be improved, making it difficult to stack it via axial ligation
and inclusion of positive charge(s). Additionally, the latest in vitro and in vivo studies of
Pcs against cervical cancer reported in this review strongly suggest that the application
of nanotechnologies as DDSs allowed for increased PDT efficacy and reduced side-effects
associated with the Pcs administration, which shows promise for cervical cancer treatment.

Hence, only considering their chemistry, Pcs exhibit this flexibility, enabling further
screening and investigations, which raises hope for cervical cancer treatment. However,
we highlight some important considerations as follows:
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• Current evidence indicates that despite the increasing number of studies with a
growing number of different Pcs formulations and their generally increased number
of favorable aspects as mainly related to in vitro low effective concentration (mainly
against the tumour cell line), low dark toxicity, increased photo cytotoxicity, and
cellular uptake in a dose-dependent manner for cervical cancer, only a few Pcs were
evaluated in cervical cancer cell lines other than HeLa. As a result, most studies
assessed the activity of different Pcs formulations against cervical adenocarcinoma
and not against squamous cervical cancer, which is the most common type of cervical
cancer worldwide (approximately 70% of total) [40]. Additionally, few preclinical
animal studies and no clinical studies with Pcs in invasive cervical cancer have been
performed to date.

• Regarding pre-clinical animal models [203], there are only a few studies in tumor-
bearing mice xenograft tumors based on HeLa cells. Therefore, there is an urgent need
for more in vivo studies in tumor-bearing mice and primates based on HeLa cells and
in other cervical cancer lineages to continue studies on the effectiveness of different Pc
formulations against cervical cancer.

• Indeed, our review showed that in the field of Pcs in cervical cancer, the photophysical
and photochemical properties, subcellular localization, phototoxic activity, mecha-
nisms of cell death, and improved targeting to tumor tissues have been the main
topics explored. However, up to this moment, there is an immediate need to increase
the number of clinical trials evaluating Pcs in CIN and invasive cervical cancer. As a
result, it would be possible to confirm preclinical studies and orient future research.

• Additionally, we showed that the combination of PDT with MPcs and chemotherapy
using Dox can induce synergistic therapeutic effects, highlighting that MPcs could
serve as a promising multifunctional platform in anticancer treatment by synergic
chemo-PDT and superior tumor-targeting ability. However, the number of studies
with this approach is still limited, so we strongly suggest implementing research in
this area.

• Finally, the search for new possible mechanisms of action in different cervical cancer
cells may consequently contribute to novel applications for single or combined Pcs
treatments to CIN and invasive cervical cancer.

In conclusion, Pcs are promising as pharmaceutical entities for anti-cervical cancer
agents. Major research requirements are needed to encourage studies evaluating Pcs in
cervical cancer cell lines other than HeLa and in squamous cervical cancer type; increase
preclinical animal studies and clinical trials evaluating Pcs in CIN and invasive cervical
cancer to confirm preclinical in vitro studies and orientate future research; implement
research in by combining PDT with Pcs and chemotherapy; and understand the new exact
mode of actions of Pcs in different cervical cancer cells. Despite all the drawbacks and
limitations mentioned above, the authors firmly believe that Pc-based formulations could
emerge as a privileged scaffold for the establishment of lead compounds for PDT against
cervical cancer. A deeper understanding of the effects of PDT with Pcs could enable the
future improvement of currently used protocols and the treatment of different cervical
cancer types.
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phthalocyanine against cervical and oral squamous cell carcinoma cells in vitro. Med. Sci. Monit. Basic Res. 2016, 22, 156–164.
[CrossRef] [PubMed]

193. Yurt, F.; Ocakoglu, K.; Ince, M.; Colak, S.G.; Er, O.; Soylu, H.M.; Gunduz, C.; Biray Avci, C.; Caliskan Kurt, C. Photodynamic
therapy and nuclear imaging activities of zinc phthalocyanine-integrated TiO2 nanoparticles in breast and cervical tumors. Chem.
Biol. Drug Des. 2018, 91, 789–796. [CrossRef]

194. Hodgkinson, N.; Kruger, C.A.; Mokwena, M.; Abrahamse, H. Cervical cancer cells (HeLa) response to photodynamic therapy
using a zinc phthalocyanine photosensitizer. J. Photochem. Photobiol. B Biol. 2017, 177, 32–38. [CrossRef] [PubMed]

195. Pazos, M.D.C.; Nader, H.B. Effect of photodynamic therapy on the extracellular matrix and associated components. Braz. J. Med.
Biol. Res. 2007, 40, 1025–1035. [CrossRef] [PubMed]

196. Bacellar, I.; Tsubone, T.; Pavani, C.; Baptista, M. Photodynamic efficiency: From molecular photochemistry to cell death. Int. J.
Mol. Sci. 2015, 16, 20523–20559. [CrossRef] [PubMed]

197. Hu, T.; Wang, Z.; Shen, W.; Liang, R.; Yan, D.; Wei, M. Recent advances in innovative strategies for enhanced cancer photodynamic
therapy. Theranostics 2021, 11, 3278–3300. [CrossRef]

198. Mitra, K.; Hartman, M.C.T. Silicon phthalocyanines: Synthesis and resurgent applications. Org. Biomol. Chem. 2021, 19, 1168–1190.
[CrossRef]

199. Li, K.; Dong, W.; Liu, Q.; Lv, G.; Xie, M.; Sun, X.; Qiu, L.; Lin, J. A biotin receptor-targeted silicon(IV) phthalocyanine for in vivo
tumor imaging and photodynamic therapy. J. Photochem. Photobiol. B Biol. 2019, 190, 1–7. [CrossRef]
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Abstract: Cancer is responsible for a significant proportion of death all over the world. Therefore,
strategies to improve its treatment are highly desired. The use of nanocarriers to deliver anticancer
treatments has been extensively investigated and improved since the approval of the first liposomal
formulation for cancer treatment in 1995. Radiotherapy (RT) is present in the disease management
strategy of around 50% of cancer patients. In the present review, we bring the state-of-the-art
information on the combination of nanocarrier-assisted delivery of molecules and RT. We start with
formulations designed to encapsulate single or multiple molecules that, once delivered to the tumor
site, act directly on the cells to improve the effects of RT. Then, we describe formulations designed to
modulate the tumor microenvironment by delivering oxygen or to boost the abscopal effect. Finally,
we present how RT can be employed to trigger molecule delivery from nanocarriers or to modulate
the EPR effect.

Keywords: nanocarriers; nanosystems; chemotherapy; radiotherapy; radiosensitizer; abscopal effect;
hypoxia; synergism; cancer

1. Introduction

Cancer is recognized as a leading cause of death all over the world. The disease is a
barrier to increasing life expectancy, and its incidence and mortality keeps growing rapidly
throughout the world. According to GLOBOCAN 2020, there were 19.3 million new cancer
cases and around 10 million deaths from it in 2020 [1]. Currently, the main strategies used
in cancer management are surgery, chemotherapy, and radiotherapy (RT). Chemotherapy
acts not only in tumor cells but also in normal tissues, leading to systemic side effects
that limit the doses that can be administered to the patients. One strategy to reduce the
toxicity to normal tissues, thus enhancing the therapeutic index of chemotherapeutics,
is the use of nanocarriers [2]. Nanosized formulations rely on their ability to passively
accumulate in the tumor due to the enhanced permeability and retention (EPR) effect,
discovered more than 30 years ago. Briefly, the EPR effect consists of nanocarriers taking
advantage of the defective vascular architecture and poor lymphatic drainage in the tumoral
area, to passively accumulate in this region [3,4]. This effect has been validated in both
experimental animal models and different human tumors [3]. Since the approval of the first
nanocarrier (Doxil®, liposomal doxorubicin) by the FDA in 1995, these formulations have
been extensively researched and improved [5]. These improvements consist of different
strategies. Active targeting to the tumor tissue is one of them. By decorating the surface
of the nanocarriers with ligands directed to receptors known to be overexpressed in the
tumor cells, it is possible to significantly increase drug delivery to the tumor as compared
to passive targeting only [4,6]. Enhancing drug release kinetics at the tumor is also critical
for the antitumoral effects. Therefore, nanocarriers designed to release their contents only
when exposed to a trigger stimulus, either endogenous or exogenous, lead to superior
anticancer effects [7]. The tumor microenvironment (TME) consists of different types of
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cells and many molecules released by tumor, stromal, and immune cells. It plays a role
in tumor growth, differentiation, invasion, epigenetics, and immune evasion [8,9]. The
complexity of the TME makes it an important target for cancer therapy with nanocarriers,
which can carry and deliver multiple drugs with different targets [9,10]. The possibility
to co-encapsulate molecules in nanocarriers allows for theranostic applications [11,12] as
well as combination chemotherapy [13]. For combination chemotherapy, nanocarriers have
been further finely designed to deliver specific synergistic ratios of drugs, significantly
enhancing the antitumor activity [14,15].

The combination of different strategies to fight cancer will shape the future of cancer
management. Understanding the mechanisms of strategies that can work together will
lead to the greatest anticancer effects [2]. One strategy that is leading to good results is the
combining nanocarrier-assisted delivery of molecules and RT. Commercialized nanocar-
riers such as Caelyx® (liposomal doxorubicin) and Abraxane® (albumin nanoparticles of
paclitaxel) have already been combined to RT in clinical trials, showing to be a promising
and safe treatment strategy [16–18]. These formulations, however, were not designed
specifically with the purpose to be combined to RT.

RT deposits energy in the cells damaging their genetic material, thus hindering their
ability to divide and proliferate. The damage to the cells occurs in a direct or indirect
manner as illustrated in Figure 1. The direct action comprises approximately 50% of the
damage to DNA. The direct-type effect consists of two different events. The first arises from
energy deposited in the DNA itself, so that sites of electron loss (radical cations), electron
gain (radical anions), and excitations (minor role) are created through ionizations. The
second event consists of quasidirect effects, arising from the DNA solvation shell. When
the solvation shell is ionized, radical cations and ejected electrons are rapidly transferred
to DNA [19,20]. The indirect action consists of the radiolysis of water molecules present
in the cells producing free radicals such as superoxide, hydrogen peroxide, and hydroxyl
radical. These reactive oxygen species (ROS) interact with cellular molecules, such as DNA,
lipids, and proteins [20,21]. ROS-mediated cell death is mainly caused by clustered DNA
strand lesions, which are difficult to repair. The membranes and organelles of cells are also
believed to be major targets of ROS. It acts by peroxidizing the membrane lipids, leading
to structural and functional impairment, contributing to cell cycle arrest and apoptosis.
Apoptosis can also arise from ROS-altered cellular homeostasis and ROS-modified signaling
pathways [22]. Mitochondrial dysfunction due to ROS-mediated mitDNA damage leads
to a sustained increase in endogenous ROS production, which culminates in more cell
damage [23]. ROS are also related to early and late effects of RT, such as the bystander
effect, field effect, inflammation, and fibrosis [24]. The direct and indirect disruption of the
DNA molecular structure can lead to single-strand breaks (SSBs), base oxidation, apurinic,
or apyrimidinic sites, and double-strand breaks (DSBs, the most important DNA damage)
which culminate cell damage or death [25].

It is estimated that around 50% of cancer patients receive RT in their disease man-
agement. RT can be used as an isolated radical treatment or combined with surgery or
systemic therapy in the curative setting. For patients with locally advanced or disseminated
cancer, it is used to provide some symptom relief [27]. During RT, radiation doses that
can be delivered to the patient are limited by normal tissue tolerance. Over the past few
decades, thanks to engineering and computing, radiation instrumentation has strongly
evolved. This allows an improved therapeutic ratio as radiation is delivered to the tumor
with great precision, thereby minimizing normal tissue exposure, leading to higher cure
rates. Additionally, radiobiology knowledge of tumor radiation sensitivity and resistance
combined to normal tissue toxicity has improved RT outcome. The combined treatment
of radiation and systemic drugs affects the radiobiological mechanisms in tumor and nor-
mal cells and is used in a large proportion of patients. Despite the good tumor control
observed in many patients nowadays, some tumor types remain insensitive to RT or recur
shortly after the treatment, indicating that there is still room for improvement [28–30]. The
promising combination of nanocarriers and RT is the focus of the present review. Herein,
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we present how nanocarriers can be designed to modulate the effects of RT by delivering
molecules that act either directly on the tumor cells or on TME. RT, in turn, can be used
either as exogenous nanocarrier-trigger stimulus or to modulate the EPR effect. A summary
of these strategies is depicted in Figure 2.

 

Figure 1. Ionizing radiation damages the DNA by direct and indirect effects. Direct damages arises
from direct interaction between radiation and cellular DNA. Indirect DNA damage is caused by free
radicals prevenient of the radiolysis of water molecules present in the cells. Reproduced from Hur
and Yoon, MDPI, 2017 [26].

 

Figure 2. Strategies for combining nanocarrier-assisted delivery of molecules and radiotherapy.
Encapsulation of single or multiple radiosensitizing agents in a nanocarrier (1); delivery of oxygen
to diminish tumor hypoxia (2); radiation as exogenous triggering stimulus for in situ compound
release (3); antigen-capturing nanocarriers to boost the abscopal effect; and (4) induction of transient
enhanced vascular permeability by micro- and mini-beam irradiation modulating the EPR effect (5).
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2. Nanocarriers Encapsulating Radiosensitizers

A range of compounds that influence, for example, DNA repair (especially double-
strand break repair), act as radiosensitizers by increasing damage to the irradiated cells,
leading to increased cell death [30]. However, these compounds present side effects that
sometimes hamper their use [31]. Effective radiosensitizers should have less effect on
normal tissues [21]. In this scenario, nanocarriers play an important role in directing the
radiosensitizer to the tumor cells, sparing the normal tissue of the additional damage
caused by irradiation.

2.1. Chemotherapeutic Drugs That Act as Radiosensitizers

Combinations of conventional chemotherapeutic drugs with RT led to most of the
significant advances in cancer treatment in the last decades. Therefore, combinations
of chemotherapy and RT are today the standard of care for many patients with solid
tumors [32,33].

2.1.1. Cisplatin

Platinum analogs such as cisplatin (CDDP) are well-known radiosensitizers that
have been widely used clinically in combination with RT for cancer treatment. Different
potential mechanisms associated with radiation potentiation have been reported. Some
of these mechanisms consist of adduct formation and DNA damage repair inhibition, an
increase in cellular platinum uptake induced by radiation, synergistic effect due to cell cycle
disruption, and enhanced formation of platinum intermediates when radiation-induced
free radicals are present [32,33]. However, the use of CDDP is limited due to its severe
nephrotoxicity [34], which can be overcome by its encapsulation in nanocarriers. Zhang
et al. developed liposomes encapsulating CDDP (L-CDDP) and evaluated its antitumor
efficacy in combination with RT (6 Gy) in a mouse model with human lung adenocarcinoma
A549 tumor. L-CDDP plus irradiation led to a higher tumor growth suppression compared
to CDDP plus irradiation and irradiation alone. The tumor growth delay (TGD) values
were 11.95, 3.27, and 1.83 days, respectively. Sensitizer enhancement ratio (SER) values,
when drugs were administrated 72 h before radiation, were 3.21 for CDDP and 4.92 for
L-CDDP, confirming the effective role of L-CDDP in directing the radiosensitizer to the
tumor [35]. More details about all formulations presented in this review can be found on
Table 1.

Jung et al. [36] prepared liposomes modified with epidermal growth factor receptor
(EGFR) antibodies encapsulating CDDP (EGFR:L-CDDP). A colony formation assay (CFA)
was performed on A549 cells treated with the free drug, actively and nonactively targeted
formulations combined to irradiation (0, 2, 5, or 10 Gy) 2 h later. This assay consists of an
in vitro cell survival assay which assesses the ability of a single cell to grow into a colony,
defined as a group of at least 50 cells. It is the gold-standard method in radiobiology to
determine cell reproductive death after exposure to ionizing radiation [37]. This preliminary
study indicated that both liposomes lead to enhanced radiosensitivity, with the actively
targeted formulation being slightly more potent. The antitumor efficacy was evaluated in
animals bearing A549 tumors. On the final date of the experiment, the change of tumor
growth was compared between treated group and control group (T/C). The percentual
changes of tumor growth were calculated as: T/C (%) = [(change in tumor growth for
treated group)/(change in tumor growth for control group)] × 100. The T/C (%) were 53.1
for free CDDP, 61.3 for L-CDDP, and 46.8 for EGFR:L-CDDP. After the combination of drugs
with irradiation (5 Gy), these values were 40.7, 32.2, and 20.7, for free CDDP, L-CDDP, and
EGFR:L-CDDP, respectively, while it was 51.8, for the group treated with irradiation alone
(5 Gy). These results reveal a higher efficacy of EGFR:L-CDDP either alone or combined to
irradiation [36].
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Table 1. Nanocarriers designed to be used in combination with radiotherapy.

Formulation Composition
Encapsulated

Agent
Mean

Diameter
Irradiation
Dose (Gy) *

Reference

Nanocarriers Encapsulating Radiosensitizers

Liposome HSPC:CHOL:DSPE-PEG2000 Cisplatin ~100 nm 6 Gy [35]

Liposome
(DPPC):CHOL:ganglioside:DCP:DPPE)

(35:40:15:5:5 molar ratio) and
anti-EGFR antibodies

Cisplatin 247.9 nm 5 Gy [36]

Liposome
(Promitil®)

HSPC:CHOL:DSPE-PEG2000:MLP
(60:30:5:5 molar ratio)

HSPC:CHOL:DSPE-PEG2000:MLP
(55:30:5:10 molar ratio)

Mitomycin C 98.61 nm 5 Gy [38–41]

Liposome
(Myocet®) EPC:CHOL (55:34 molar ratio) Doxorubicin ~160 nm 2 Gy [42,43]

Liposome DSPE-PEG2000:MDH:CHOL Doxorubicin 169.4 nm 2 Gy [44]

Micelles PEG-PCL/P105 Doxorubicin ~20 nm 6 Gy [45]

Nanoparticle
Precirol ATO, Pluronic F68,

dimethyldioctadecyl-ammonium
bromide

Curcumin ~300 nm 2 Gy to 9 Gy [46]

Liposome lecithin:CHOL:CUR (18:1:1
weight ratio) Curcumin 114.9 nm 5 Gy [47]

Liposome DOPC:CHOL:DSPE-PEG2000
Cupric

tirapazamine
complex

160–180 nm 7 Gy or 10 Gy [48]

Liposome DPPC:MSPC:DSPE-PEG2000 (86:10:4
molar ratio) Pimonidazole ~100 nm 4 Gy [49]

Nanoparticle H1 nanopolymer:Dbait Dbait 170 nm 9 Gy [50]

Co-delivery of Molecules: The Search for Synergism

Nanoparticle PLGA-PEG Cisplatin and
Paclitaxel 82.9 nm 5 Gy [51]

Nanoparticle PLGA-PEG Wortmannin and
Cisplatin 80–200 nm 5 Gy [52]

Nanoparticle PLGA-PEG Cisplatin and
Etoposide 100 nm 5 Gy [53]

Nanoparticle PLGA-PEG:transferrin at a molar ratio
of 1:3

Tetrahydrocurcumin
and Doxorubicin 255.8 nm 3 Gy [54]

Nanoparticle angiopep-2:DSPE-
PEG2000:DOTAP:PLGA

Temozolomide and
Dbait 99.9 nm 3 Gy [55]

Nanoparticle H1 nanopolymer:Docetaxel:Dbait Docetaxel and
Dbait 117 nm 3 Gy [56]

Nanoparticle magnetic graphene oxide:FePt
nanoparticles

Metronidazol and
5-fluorouracil 243 nm 2 Gy [57]

Nanoparticle (Poly-metronidazole)n:DSPE-PEG2000:
lecitina:angiopep-2-DSPE-PEG-2000

Metronidazol and
Doxorubicin ~80 nm 2 Gy [58]

Liposome DSPE-PEG2000: MDH: CHOL Metronidazole and
Dbait 127 nm 2 Gy [59]

Nanoparticle 1,4-dicarboxybenzene (BDC): Hafnium
(Hf):PEG

Talazoparib and
Buparlisib 112 nm 4 Gy or 8 Gy [60]

273



Pharmaceutics 2022, 14, 105

Table 1. Cont.

Formulation Composition
Encapsulated

Agent
Mean

Diameter
Irradiation
Dose (Gy) *

Reference

Nanocarriers Encapsulating Oxygen: Targeting Hypoxia

Nanoparticle perfluorotributylamine
(PFTBA)@albumin Oxygen 150 nm 5 Gy [61]

Nanodroplets

perfluoro-15-crown-5-ether
(PFCE)@cisPt(IV)-Lip

cisPt(IV)-Lip is prepared by mixing
2.5 mg cisPt(IV)-DSPE, 5 mg DPPC,

1.5 mg cholesterol and 4 mg
DSPE-mPEG5k

Oxygen
Cisplatin ~200 nm 6 Gy [62]

Nanoparticle PEG-Bi2Se3 @perfluorohexane Oxygen ~35 nm 6 Gy [63]

Nanoparticle
decorated

nanodroplets
TaOx@PFC-PEG Oxygen ~150 6 Gy [64]

Liposome PFH@DSPE-PEG2000:CHOL:lecithin
(3.79:4.28:24.65 weight ratio) Oxygen ~100 nm 10 Gy [65]

Nanocarriers Designed to Boost the Abscopal Effect

Nanoparticle
PLGA based NP coated with either

amine polyethylene glycol; DOTAP or
PEG-maleimide

- <200 nm - [66]

Nanoparticle Mesoporous silica nanoparticles
functionalized with APTES - ~100 nm 8 Gy [67]

Nanoparticle
PEG-maleimide-mPEG-functionalized
hollow mesoporous titanium dioxide

(HTiO2)

IDOi
(Indole-amine-2,3-

dioxygenase
inhibitor)

~50 nm 4 Gy [68]

Radiation-Triggered Delivery Systems

Nanoparticle DNA:AuNP Doxorubicin NA 5 Gy [69]

Nanoparticle bismuth nanoparticles functionalized
with S-nitrosothiol - 36 nm 5 Gy [70]

Nanoparticle Pegylated thioether-hybridized hollow
mesoporous organosilica nanoparticles

tert-butyl
hydroperoxide

(TBHP) and iron
pentacarbonyl

(Fe(CO)5)

~50 nm 8 Gy [71]

Liposome DOTAP:DOPC (~1:1 weight ratio) Doxorubicin NA 4 Gy [72]

Liposome egg lecithin-80: DSPE-PEG2000
(60:9 w/w)

Hemoglobin and
Doxorubicin ~140 nm 8 Gy [73]

* Photon irradiation was used in all experiments. Abbreviations: (3-aminopropyl) triethoxysilane (APTES);
cholesterol (CHOL); diacetyl phosphate (DCP); 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-di-(9Z-
octadecenoyl)-3-tri- methylammonium-propane (DOTAP); dipalmitoylphosphatidylcholine (DPPC); dipalmi-
toylphosphatidylethanolamine (DPPE); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000 (DSPE-PEG2000); folate–polyethylenimine600–cyclodextrin (H1 nanopolymer); hydrogenated Soy
Phosphatidylcholine (HSPC); malate dehydrogenase (MDH); mitomycin and glycerol lipid (MMC lipid prodrug)
(MLP); 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC); polyethylene glycol (PEG); polyethylene
glycol-polycaprolactone/pluronic (PEG-PCL/P105); and poly(lactic-co-glycolic acid) (PLGA).

2.1.2. Mitomycin

Mitomycin C (MMC) is a DNA crosslinking agent considered to be a potent chemother-
apeutic drug and radiosensitizer. It forms DNA adducts compromising the repair of
radiation-induced DNA breaks by cells. MMC is attractive as a radiosensitizer as it
may target hypoxic cell populations in detriment to oxygenated cells; however, its use
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is still associate with significant toxicity such as pulmonary fibrosis, hemolytic uremic
syndrome, and damage to bone marrow and other tissues [38–40]. Thus, Gabizon et al.
developed a lipidic prodrug consisting of MMC linked to 2,3-distearoyloxy-propane-1-
dithio-4′-benzyloxycarbonyl, abbreviate as MLP and formulated into liposomes, known
as Promitil® [40,41]. A phase 1A clinical study with Promitil® showed that toxicity was
substantially reduced. Currently, Promitil® is in a phase 1B clinical study [38]. In vitro cy-
totoxicity of free MMC and Promitil® against colorectal cancer cell lines HT-29 and SW480
was evaluated, and both cell lines showed a dose-dependent response to the treatments.
When HT-29 and SW480 cells were irradiated (doses ranging from 0 to 8 Gy) after drug
treatments (10 nM MMC), radiation survival curves demonstrated that both Promitil® and
MMC produced significant radiosensitization in HT-29 cells, with SER values of 1.4 and 1.3,
respectively. However, there was no significant sensitization in SW480 cells. The anti-
tumor efficacy was evaluated in human HT-29 and SW480 xenograft models. Animals
treated with Promitil® and RT (5 Gy) had significantly prolonged TGD in both tumor
models compared to free MMC plus RT, demonstrating the efficacy of Promitil® as a cancer
therapy [38]. Promitil® has finally reached clinical testing as palliative therapy for two
patients with oligometastases from colorectal cancer. Both patients presented durable
clinical responses to the combination of Promitil® and RT, suggesting the combination as a
chemoradiotherapy approach [39].

2.1.3. Doxorubicin

Doxorubicin (DXR) is a tetracycline antibiotic that induces DNA damage by inhibiting
topoisomerase II and generating free radicals. Another mechanism of action consists of the
formation of DXR-DNA adducts and interstrand crosslinks from DXR convalently binding
to DNA. This makes DXR promising to be used in combination with RT, by increasing sub-
lethal radiation-induced damage. DXR low solubility in water and severe dose-dependent
cardiotoxicity are important reasons to support its delivery in nanocarriers [45,74].

Liu et al. developed liposomes composed of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000), cholesterol
(CHOL), and malate dehydrogenase (MDH) to encapsulate DXR (MLP-DXR). The hypoxic
radiosensitizer 2-methyl-5-nitroimidazole-1-ethanol (metronidazole) was conjugated to hex-
adecanedioic acid (HA), in order to form (16-(2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethoxy)-16-
oxohexadecanoic acid (MHA). The MHA was then coupled with 3-dimethylaminopropane-1,
2-diol (DA) to form ester-linked MDH. The MDH lipid was used for obtaining hypoxia
radiosensitizer liposomes. Liposomes without MDH were prepared as control (DLP-DXR).
When tested in a xenograft glioma model obtained by intracranial injection of human glioblas-
toma U87 cells, MLP-DXR plus RT clearly demonstrated the strongest inhibition of glioma
growth. Fourteen days after treatment, animals treated with MLP-DXR plus RT presented
tumors with ~580 mm3, while those receiving RT alone and DLP-DXR plus RT presented
tumors with ~4000 and ~1000 mm3, respectively [44].

DXR has been shown to be an effective therapeutic agent against malignant glioma
cells. However, DXR has not been used for the treatment of brain tumors as its poor
penetration across the blood–brain barrier hinders its efficacy. Liposomes encapsulating
DXR have been studied to circumvent this poor penetration [42]. Labussière et al. evaluated
the commercialized nonpegylated liposome of DXR (Myocet®) on two subcutaneous U87
and TCG4 and one intracranial U87 malignant glioma models xenografted on nude mice.
After the treatment with RT alone (2 Gy), the median survival was 30.5 and 81.0 days,
for U87 and TCG4 subcutaneous models, respectively. The combination of Myocet® plus
RT (2 Gy), increased the median survival up to 36.5 days in U87 and 93.0 days in TCG4
subcutaneous models. However, in intracranial U87 model, the median survival was
39.5 days for the RT alone and 32.0 days for the Myocet® plus RT [43]. Chastagner et al.
evaluated Myocet® and the commercialized pegylated liposome (Caelyx®, DXR) on U87
xenograft model. The overall survival was 22, 47, and 48 days when mice received RT alone
(2 Gy), Myocet® plus RT (2 Gy) and Caelyx® plus RT (2 Gy), respectively. These results
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showed that both Myocet® and Caelyx® have a synergistic interaction with RT [42]. Han
et al. showed that micelles composed of polyethylene glycol (PEG), polycaprolactone (PCL),
and Pluronic P105, loading DXR inhibited the drug resistance of human myelogenous
leukemia (K562/ADR) cells [75]. Lung adenocarcinoma is the most common primary lung
cancer, and it is often detected at the metastastic stage [76]. Therefore, Xu et al. selected the
A549 cell line to evaluate micelles consisting of PEG-PCL/P105 loading DXR. CFA using
A549 lung cancer cells was performed to determine the effects of the treatment with DXR-
micelles plus irradiation (at 0–6 Gy). The cell survival fraction was ~0.05% and ~0.005%
after treatment with irradiation alone (6 Gy) and the DXR-micelles plus RT, respectively.
Moreover, SER of cells treated with DXR-micelles was 1.44 [45].

2.2. Natural Products as Radiosensitizers

Natural products play a role as radiosensitizers, presenting different effects on irradi-
ated normal and tumor cells. Despite promising effects in cancer treatment, their clinical
applications in RT are few. This is possibly related to their low bioavailability, which can be
overcome with the use of nanocarriers [77–79].

Curcumin

Curcumin (CUR) is a phenylpropanoid isolated from the roots of the herbaceous peren-
nial plant Curcuma longa. It is a natural antioxidant and nuclear factor (NF-κB) inhibitor,
used on the treatment of inflammatory conditions and cancer and as a radiosensitizer. The
radiosensitizing role of CUR arises from its interference with many different pathways. It
has been shown that CUR inhibits transcription factors (NF-KB, AP-1, and STAT3) highly
expressed in cancer cells, and genes involved in processes such as proliferation (COX-2,
c-Myc, and cyclin D1), survival (Bcl-2, Bcl-XL), invasion (MM9), and metastasis (ICAM-1,
ELAM-1, VCAM-1). It has also been reported to interfere with the cell cycle, arresting cells
in the most radiosensitive G2/M phase. In this phase, cells passing the G2 checkpoint
are unable to repair DNA damage. CUR has also been found to increase the intrinsic and
extrinsic apoptosis pathways induced by RT [46].

Minafra et al. prepared solid lipid nanoparticles loaded with CUR and evaluated its
sensitizing effects in breast cancer cells. CUR nanoparticles (10 μM) were combined to
different doses of irradiation (2, 4, 6, and 9 Gy) in order to obtain dose-response curves.
The radiosensitizing effect was determined by the dose-modifying factor (DMF) obtained
from the curves and calculated at the surviving fraction of 50%. DMFs of 1.78 and 1.38 were
obtained for the MCF7 cell line and the triple-negative MDA-MB-231 cell line, respectively.
Shi et al. prepared liposomes encapsulating CUR (L-CUR) and evaluated its sensitizing
effects in a mouse model with LL2 (murine Lewis lung carcinoma) tumor. There was
a significant inhibition of tumor growth in mice treated with L-CUR plus RT (5 Gy), in
relation to the animals treated with either L-CUR or RT alone (5 Gy). Twenty-two days after
treatment, animals treated with L-CUR plus RT presented a tumor volume of ~300 mm3,
while those receiving irradiation alone (6 Gy) presented a tumor volume of ~600 mm3 [47].

2.3. Hypoxic Cell Radiosensitizers

Hypoxia plays an important role in RT as tumor cells have been reported to be
2–3 times more radioresistant when in a hypoxic environment as compared to tumor
cells under normal oxygen level [80]. This cellular response dependency on oxygen after
irradiation is known as the “oxygen fixation hypothesis”. As previously mentioned, in the
indirect action of ionizing radiation, ion pairs created in water react with molecules yielding
free radicals (R•). These radicals cause a type of DNA base damage that can be easily
repaired by antioxidants. However, peroxides (RO2•) formed by the reaction of molecular
oxygen with the R• in DNA lead to damage that is difficult or even impossible for the cell to
repair. Thus, as the hypothesis postulates, molecular oxygen can permanently fix the DNA
damage caused by radicals [81,82]. Oxygen deficiency is present in the majority of solid
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human tumors, due to inadequate and heterogeneous vascular network. For this reason,
strategies to overcome hypoxia-induced radioresistance are of clinical importance [83,84].

2.3.1. Tirapazamine

Tirapazamine (TPZ) is a hypoxic cytotoxin, i.e., a type of radiosensitizer that is only
activated under a hypoxia condition. In such a condition, TPZ is reduced into a radical
intermediate (TPZ•−) which in sequence becomes protonated (TPZH•). The bioactive rad-
icals which are precursors for DNA damage are formed in further reaction steps, still under
debate. What is known is that they lead to the inactivation of the enzyme topoisomerase II,
and then, DNA DSB arise. In the presence of O2, the TPZ•− radical is back-oxidized to the
parent neutral state, hence the hypoxia selectivity [85,86].

Silva et al. synthetized a cupric-TPZ complex [Cu(TPZ)2] that improved TPZ’s hypoxia
selectivity in prostate cancer, exhibited slower metabolism, and higher DNA binding,
compared to TPZ [87]. Then, Silva et al. [48] developed liposomes of different lipidic
compositions to load Cu(TPZ)2. A formulation composed of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC):CHOL:DSPE-PEG2000, when tested in C4-2B (human prostatic
carcinoma cells) spheroids presented an IC50 of ~22.0 μM, significantly reduced compared
to that of the free complex (~42 μM). The combination of Cu(TPZ)2-loaded liposomes with
RT was evaluated in C4-2B spheroids, treated with 10 μM of total TPZ either as free Cu
(TPZ)2 or liposomal-Cu(TPZ)2 for 24 h followed by X-ray irradiation at a single dose of
7 or 10 Gray. The changes in spheroids diameter were monitored for 22 days. At the end
of the experiment, liposomes significantly reduced spheroid growth rate compared to RT
alone or in combination with the free complex [48].

2.3.2. Nitroimidazoles

Nitroimidazoles have also been studied as hypoxic cell radiosensitizers. They mimic
the oxygen reacting with DNA radicals to “fix” radiation damage in hypoxic cells. The
adducts formed lead to DNA strand breaks and, consequently, cell death [88]. So far, the
toxicity of these compounds has limited its clinical translation making its encapsulation
in nanocarriers a promising strategy [89]. Sadeghi et al. developed temperature-sensitive
liposomes loaded with pimonidazole (PMZ) (TSL-PMZ). Cell survival was measured by
CFA in FaDu (human hypopharyngeal carcinoma) cell line under hypoxic conditions.
TSL-PMZ enhanced the effect of RT (4 Gy) in a concentration-dependent way. The SER of
TSL-PMZ in concentrations of 0.25, 0.50, and 0.75 mM in FaDu cells were 1.7, 2.3, and 2.9,
respectively [49].

2.4. DNA Repair Inhibitors

Tumor cells respond to the DNA damage caused by irradiation by activating the
DNA signaling response, which upregulates DNA repair. The DNA repair pathways are
promising targets for therapeutic intervention such as radiosensitization [90].

Dbait

Dbait (DNA strand break bait) are innovative molecules composed of 32 base-pair
deoxyribonucleotides. They form intramolecular DNA double helix mimicking DNA
damages, acting as a bait for DNA damage signaling enzymes. This “false” DNA damage
signal prevents the recruitment of repair enzymes (DNA-PK and PARP) that would act on
DSB and SSB. These molecules have given promising results as radiosensitizer in several
types of tumors as they inhibit several repair pathways of DNA damage induced by
RT [91,92]. Yao et al. 2016 developed a polycation nanoparticle to delivery Dbait (NP-
Dbait). The therapeutic efficacy of NP-Dbait was evaluated in xenograft mouse models
bearing PC-3 or 22Rv1 prostate cancer. The combination of NP-Dbait and RT (9 Gy) led
to significantly longer TGD and prolonged the survival time of tumor-bearing mice when
compared with controls groups. When tumor volumes of control group reached 3000 mm3,
animals treated with NP-Dbait plus RT presented tumor volumes of ~1300 mm3 (PC-3
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model) and ~700 mm3 (22Rv1 model). Those receiving irradiation alone (9 Gy) presented
tumor volume of ~2500 mm3 (PC-3 model) and ~2000 mm3 (22Rv1 model) [50].

3. Co-Delivery of Molecules: The Search for Synergism

The efficacy of chemotherapeutic agents is often hindered by the rapid development of
drug resistance. Combination therapy based on the understanding of tumor biology, tumor
environment, and molecular pathways is a successful strategy to overcome multidrug
resistance [93,94]. The use of nanotechnology for cancer treatment keeps on evolving,
particularly in combinatorial treatments [95,96]. The co-encapsulation of molecules in
nanocarriers is a technical challenge that comes with advantages. Some of those consist of
lower costs of constituents and manufacturing process as compared to two single formu-
lations, as well as a lower adjuvant load to the patient. Another point is the uncertainty
about the biodistribution when two different formulations are administered. Ultimately,
established synergistic ratios can be encapsulated, guaranteeing a higher efficacy [14,15].
Nanocarriers co-encapsulating molecules are a promising strategy to increase the effective-
ness of RT [95].

Tian et al. developed nanoparticles composed of poly(lactic-co-glycolic acid) (PLGA)
coated with PEG to co-deliver paclitaxel (PTX, a chemotherapeutic drug that can cause
myelosuppression and peripheral neuropathy [97]) and CDDP at a molar ratio of 1:1 (NP-
PTX:CDDP 1:1). The efficacy was evaluated in murine models using both the human
lung cancer 344SQ allograft and H460 xenograft models. NP-PTX:CDDP 1:1 plus RT
(5 Gy) greatly retarded tumor growth rates compared to RT alone (5 Gy). Twenty-three
days after treatment of mice bearing 344SQ tumors, a tumor volume variation of ~10 was
observed in the animals treated with RT alone, while those receiving NP-PTX:CDDP 1:1
plus RT presented a tumor volume variation of ~5. For mice bearing H460 tumors, at
the end of eighteen days, a change in tumor volume of ~12 was observed after treatment
with RT alone and of ~5 after treatment with NP-PTX:CDDP 1:1 plus RT. These results
showed the potential of NP-PTX:CDDP 1:1 as a promising chemoradiotherapy strategy [51].
Zhang et al. developed nanoparticles to co-encapsulate wortmannin (WTMN) and CDDP
(NP-WTMN:CDDP), to enhance chemoradiotherapy and reverse platinum resistance in
ovarian cancer models. These nanoparticles were evaluated in murine xenograft models
of platinum-sensitive ovarian cancer (A2780 cell line) and CDDP-resistant ovarian cancer
(A2780cis cell line). After treatment with NP-WTMN:CDDP followed by irradiation (5 Gy),
the TGD was ~8 days in A2780 model. Moreover, the TGD was ~10 days in A2780cis model.
For both models, the TGD was ~2 days, in animals treated with RT alone (5 Gy). These
results showed that co-delivering WTMN:CDDP in nanoparticles is a strategy to reverse
CDDP resistance and improve chemoradiotherapy efficacy [1]. In another study, Zhang
et al. developed PLGA-PEG-based nanoparticles to co-deliver etoposide (ET) and CDDP at
a molar ratio of 1:1.8 (NP-ET:CDDP). The efficacy of these nanoparticles in combination
with RT was evaluated using both 344SQ and H460 murine lung cancer models. The TGD
was ~8 days, after treatment with NP-ET:CDDP followed by 5 Gy irradiation, while for
animals treated with RT alone (5 Gy), the TGD was ~2 days, for both 344SQ and H460
models [53].

Nanoparticles composed of PLGA-PEG conjugated to transferrin (Tf) were developed
by Zhang et al. to co-deliver tetrahydrocurcumin (THC) and DXR (NP-Tf-THC:DXR)
into glioma [54]. The overexpression of Tf receptors (TfR) in glioma cells is well known.
Nanocarriers targeting TfR have been investigated for the effective delivery of drugs to
brain tumors [98]. When tested in a xenograft glioma model obtained by subcutaneous
injection of rat C6 glioma cell line, NP-Tf-THC:DXR combined with irradiation (3 Gy)
showed a tumor inhibition rate of 94.49%, while that for treatment with irradiation alone
(3 Gy) was ~40% [54].

Li et al. developed nanoparticles to co-deliver temozolomide (TMZ) and Dbait (NP-
TMZ-Dbait). CFA using C6 mouse glioma cells was performed to determine the effects of
the different treatments. The survival fractions of cells treated with radiation alone (3 Gy),

278



Pharmaceutics 2022, 14, 105

NP-TMZ-Dbait or NP-TMZ-Dbait plus RT (3 Gy), were −0.8, ~0.60, and ~0.20, respectively,
confirming the synergistic potential of the combination [55].

Liu et al. developed a Dbait nanoparticle to deliver docetaxel (DTX, a chemother-
apeutic drug that can lead to infusion reactions, febrile neutropenia, pneumonitis, and
neuropathies [99]). The combination of RT (3 Gy) and nanoparticles was evaluated in mice
bearing PC-3 tumor. Thirty days after treatment, animals receiving the formulation plus
RT presented a tumor volume of ~850 mm3. Those treated with irradiation alone (3 Gy)
presented a tumor volume of ~1500 mm3. This was reflected on longer survival time for
animals receiving both the nanoparticles and RT compared to RT alone [56].

Magnetic graphene oxide nanoparticles were developed by Yang et al. to encapsu-
late 5-fluorouracil (5-FU, a chemotherapeutic drug that can lead to mucositis, leukopenia,
neutropenia, and thrombocytopenia [100]). Firstly, magnetic graphene oxide (MGO) was
conjugated with PEG2000 and covalently bonded with metronidazol. These nanocompos-
ites (NCs) were mixed with FePt magnetic nanoparticles, and 5-FU was added. CFA under
2 Gy irradiation was conducted in H1975 and A549 human lung adenocarcinoma cells, to
evaluate the radiation enhancement ratio (RER) of MGO-FU:MI NCs. Survival fractions of
H1975 cells changed from 0.58 with radiation alone (2 Gy) to 0.36 with combined therapy,
an RER of 1.6. For A549 cells, the RER was 1.5 with survival fractions of 0.79–0.52 after
treatments with radiation alone and combined therapy, respectively. The dose enhancement
factor (DEF) was calculated to evaluate the effect of MGO-FU:MI NCs [57]. DEF is defined
as the ratio between the dose deposited in tumor with NCs and the dose deposited in
control group [101]. The DEF values were 1.68 for H1975 cells at 15 μg/mL and 1.68 for
A549 cells at 10 μg/mL. These results showed the radioprotective and dose enhancement
effects of MGO-FU:MI NCs. In addition, the SER values of MGO-FU:MI NCs were 1.15 for
H1975 cells at 15 μg/mL and 1.99 for A549 cells at 10 μg/mL, confirming the effective role
of MGO-FU:MI NCs as a radiosensitizer [57].

Hua et al. synthetized metronidazole polymers to develop nanoparticles encapsulating
DXR for glioma therapy. The nanoparticles obtained [ALP-(MIs)n:DXR] were evaluated
in mice bearing C6 tumor, and ALP-(MIs)n:DXR plus RT (2 Gy) had significant effects
on inhibiting glioma growth compared to other treatments. Nanoparticles composed
of a nonradiosensitizer polymer (PLGA) were compared to ALP-(MIs)n:DXR to further
investigate the radiosensitization effect of (P-MIs)n. Both the glioma inhibition rates of ALP-
(MIs)25:DXR (19.6) and ALP-(MIs)48:DXR (13.7) presented a remarkably higher inhibition
efficacy toward glioma growth than the AL-PLGA:DXR (68.3), which suggests that (P-MIs)n
has a radiosensitizing effect [58].

Liu et al. developed liposomes to deliver Dbait (MLP-Dbait) for glioma therapy. To
evaluate the antitumoral efficacy of MLP-Dbait, a xenograft glioma model was obtained
by intracranial injection of C6 cells to mice. Liposomes containing the green fluorescent
protein (GFP) gene were used as a control group. For the combination of RT (2 Gy) with
free Dbait or MLP/GFP or MLP/Dbait, the tumor growth rates were 37.9%, 39.9%, and
21.1%. This higher effectivity of the combination of Dbait, MLP, and RT was also translated
to a longest median survival rate, compared to the other treatments [59].

Neufeld et al. developed a formulation of talazoparib and buparlisib in Hafnium and
1,4-dicarboxybenzene (Hf-BDC) nanoscale metal organic frameworks (nMOFs) coated with
DSPE-PEG (TB@Hf-BDC-PEG) [60]. Hf is a high atomic metallic ion, which interacts with
ionizing radiation, to generate ROS for cancer treatment [102]. The results of CFA indicated
that the growth rates and colony formation abilities of 4T1 cells were significantly inhibited
by RT plus TB@Hf-BDC-PEG. The RER of TB@Hf-BDC-PEG combined with irradiation
(8 Gy) was 12.68. The therapeutic efficacy of TB@Hf-BDC-PEG was evaluated on Balb/C
mice bearing subcutaneous 4T1 murine breast tumors. Fourteen days after treatment, there
was a change in tumor volume ~6 in the animals treated with RT alone (4 Gy), while those
treated with TB@Hf-BDC-PEG plus RT (4 Gy) presented a change in tumor volume of
~4.5 [60].
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It is important to highlight that some nanocarriers themselves, such as high atomic
number nanoparticles (mainly gold nanoparticles), act as radiosensitizers by enhancing
radiation energy deposition in the cells. This strategy has been recently reviewed else-
where [103,104] and is not the focus of the present review. Herein, we describe nanocarriers
designed to encapsulate and deliver radiosensitizing molecules.

4. Nanocarriers Encapsulating Oxygen: Targeting Hypoxia

On item 2.3, we describe how hypoxia plays an important role in radioresistance and
the encapsulation of hypoxic cell radiosensitizers as one strategy to overcome it. Another
strategy consists of the delivery of oxygen itself using agents such as fluorocarbons (FC).
FC can dissolve oxygen and then deliver it in hypoxia regions by passive diffusion [84].
Perfluorocarbons (PFCs) are chemically inert and present excellent biocompatibility. They
have been extensively studied as oxygen suppliers to improve RT outcome [61].

Zhou et al. used perfluorotributylamine (PFTBA), a PFC with strong platelet inhibi-
tion effect to obtain PFTBA:albumin nanoparticles. These nanoparticles were stored in an
oxygen chamber for PFC oxygenation. These nanoparticles were designed to function as
a two-stage oxygen delivery system. Once administered, the PFTBA:albumin nanopar-
ticles take advantage of the EPR effect to passively accumulate at the tumor and release
the bound O2. At the same time, the PFTBA inhibits platelet activation in the tumor
blood vessels disrupting the vessel barriers. This leads to higher red blood cell infiltra-
tion and consequently higher oxygen delivery to the tumor. The efficacy of combining
PFTBA:albumin nanoparticles to radiation was evaluated in vivo. Balb/C mice bearing
the highly hypoxic subcutaneous CT26 colon cancer tumors (~50 mm3) were divided in
groups to receive different treatments. Fourteen days after treatment, animals treated
with PFTBA:albumin nanoparticles presented tumors >700 mm3, while those receiving
irradiation alone (5 Gy) presented tumors between 300 and 600 mm3. Animals receiving
PFTBA:albumin nanoparticles followed 10 h later by irradiation (5 Gy) presented tumors
<150 mm3. These results showed that PFTBA:albumin nanoparticles were able to sensitize
the tumors to RT, effectively inhibiting tumor growth [61].

Yao et al. designed nanoparticles composed of commercial lipids and perfluoro-15-
crown-5-ether (PFCE) loading CDDP prodrug (cisPt(IV)) for enhanced chemoradiotherapy
efficacy. An in vivo study in mice bearing 4T1 murine breast tumor (~150 mm3 at day
0) was performed to show the hypoxic relief enhanced chemoradiotherapy. At the end
of fourteen days, animals treated with PFCE@cisPt(IV)-Lip nanoparticles (at days 0 and
3) presented tumors with ~800 mm3. Animals receiving irradiation alone (6 Gy at days
1 and 4) presented tumors with ~600 mm3, and animals receiving PFCE@cisPt(IV)-Lip
nanoparticles (at days 0 and 3) followed by irradiation (6 Gy at days 1 and 4) presented
tumors with ~200 mm3. Tumor slices were stained with a hypoxia-probe (pimonidazole) to
confirm the potency of the formulation on tumor oxygenation, as compared to a control.
The semiquantitative analysis of positive hypoxia areas revealed positive area percentages
of only ~2.5% for animals receiving the formulation, as compared to ~42.4% for control
animals [62].

Song et al. prepared pegylated hollow Bi2Se3 nanoparticles which could be filled
with perfluorohexane (a liquid PFC). This PEG-Bi2Se3 @perfluorohexane functioned as
an oxygen reservoir targeting hypoxia combined with the ability of the high Z element
Bi to locally concentrate the radiation energy, further sensitizing the tumor. First, it was
verified in vivo that the exposure of the oxygen-loaded PEG-Bi2Se3 @perfluorohexane
nanoparticles to NIR light (808 nm laser for 10 min) led to the burst release of oxygen from
the nanoparticles, instantly increasing tumor oxygenation. Tumor slices stained with a
hypoxia probe (pimonidazole) showed enhanced oxygenation level for tumors injected with
PEG-Bi2Se3 @perfluorohexane nanoparticles and exposed to NIR light (~35%) as compared
to the control (~75%). Following that, the antitumor efficacy was evaluated in Balb/c mice
bearing subcutaneous 4T1 murine breast cancer tumors. Therefore, the relative tumor
volume (RTV) was calculated by using the formula: RTV = Tx × 100/T0, where Tx refers to
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the tumor volume of the respective tumor on day x, and T0 refers to the tumor volume of
the same tumor when the treatment started. Sixteen days after treatment, animals treated
with oxygen-loaded PEG-Bi2Se3 @perfluorohexane nanoparticles plus NIR presented RTV
of ~11. Those receiving irradiation alone (6 Gy) presented RTV of ~7.5. Animals exposed
to oxygen loaded PEG-Bi2Se3 @perfluorohexane nanoparticles plus NIR plus irradiation
(6 Gy) presented RTV of ~1.5. This confirmed the synergistic effect of the combination of the
nanoparticles with NIR and irradiation on tumor growth suppression [63]. In another study,
Song et al. prepared another multifunctional RT sensitizer. The formulation consisted
of pegylated PFC nanodroplets decorated with TaOx nanoparticles (TaOx@PFC-PEG).
Similarly to the previously described formulation, this is also able to deliver oxygen loaded
on PFC and to concentrate radiation energy at the tumor site due to the TaOx. Again, they
evaluated the antitumor efficacy in Balb/c mice bearing subcutaneous 4T1 tumors. Twelve
days after treatment, animals treated with oxygen-loaded TaOx@PFC-PEG presented RTV
of ~9. Those receiving irradiation alone (6 Gy) presented RTV of ~6. Treatment with
oxygen-loaded TaOx@PFC-PEG plus irradiation (6 Gy) presented the highest efficacy with
an RTV of ~2, confirming the radiosensitizing potential of the formulation [64].

Xu et al. prepared a liposomal formulation encapsulating perfluorohexane (lip-PFH).
Balb/c mice bearing CT26 (mice colon cancer) tumors with ~80 mm3 were used in in vivo
experiments. First, the accumulation of lip-PFH at the tumor site was verified 24 h after
intravenous administration. Subsequently the antitumor efficacy was evaluated. When
animals received the injection of lip(PFH) followed 24 h later by 10 Gy irradiation, the TGD
was ~17.5 days. This was not that notable but significantly improved compared to the TGD
(~14 days) for animals treated with irradiation only (10 Gy) [65].

5. Nanocarriers Designed to Boost the Abscopal Effect

The abscopal effect consists of a systemic anticancer response that can result from RT.
It occurs in addition to the local effect of radiation. An antitumor response throughout the
body is induced, reaching distant sites, which were not irradiated [105]. The mechanisms
for the abscopal effect are not fully understood, but the immunological hypothesis supports
that it occurs due to immunogenic responses initiated by RT-induced DNA breaks. This
antitumor immune response, mediated by T-cell activation, leads to the regression of off-
site, nonirradiated tumors [105,106]. Although considered promising, the practical efficacy
of the abscopal effect is unsatisfactory. Therefore, new strategies as means to enhance it are
highly desired [68]. One of these strategies consist of the development of antigen-capturing
nanoparticles (AC-NPs). These nanoparticles bind to tumor antigens, released after RT-
induced immunogenic cell death and improve their delivery to antigen presenting cells,
enhancing cancer immunity. Antigens are then presented to T-cells, and the effector T-cells
are directed to both primary and distant tumor sites boosting the abscopal effect [107,108].

Min et al. developed different poly(lactic-co-glycolic acid) (PLGA)-based AC-NPs,
and showed that the set of captured antibodies is dependent on the surface properties of
the NP. AC-NPs composed of unmodified PLGA bind to proteins through noncovalent
hydrophobic–hydrophobic interactions. When coated with either amine polyethylene
glycol or 1,2-dioleoyloxy-3-(trimethylammonium)propane (DOTAP), the AC-NPs bind to
proteins via ionic interactions. When coated with PEG-maleimide, they bind to proteins
through stable thioether bonds [66].

Yang et al. developed mesoporous silica nanoparticles (MSNs) functionalized with
(3-aminopropyl) triethoxysilane (APTES) and investigated its potential to enhance the
abscopal effect in the treatment of hepatocellular carcinoma. MSNs have a large surface
area and porous structure that can absorb biomaterials such as antigens and deliver them to
target cells. An in vivo experiment was performed in mice with bilateral Hepa1-6 (Murine
hepatoma) tumors. The primary tumors received RT alone (8 Gy); MSN alone (injected into
the tumor) or RT + MSN (same scheme) and the distant tumors (nonirradiated/non-treated)
had their volumes evaluated. At the end of 40 days, the tumor volumes were ~1100 and
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~1300 mm3 for animals treated with RT alone and MSN alone, respectively. By comparison,
when RT and MSN were combined, the tumor volume was reduced to ~550 mm3 [67].

Chen et al. developed AC-NPs based on PEG-maleimide-mPEG-functionalized hollow
mesoporous titanium dioxide (HTiO2) aimed at eradicating metastatic breast tumor. In
this formulation, the PEG-maleimide is responsible for capturing the tumor-associated
antigens. To further boost the abscopal effect, this formulation was used to encapsulate
an indole-amine-2,3-dioxygenase inhibitor (IDOi). IDO is an immunosupressive cytosolic
enzyme often overexpressed in the tumor. The potential of the formulation on activating the
abscopal effect was investigated in mice with bilateral 4T1 (murine mammary carcinoma)
tumors. Animals received different formulations and irradiation (4 Gy) on the primary
tumor, and the RTV of distant tumors (non-irradiated) was evaluated. At the end of
20 days, the RTV was ~4.5 and ~3.0 for animals treated with RT alone and HTiO2-mPEG,
respectively. By comparison, adding PEG-maleimide to the formulation (HTiO2- mal-
mPEG) allowed for an RTV of ~1.0 and combining PEG-maleimide and an IDOi to the
formulation (IDOi@HTiO2- mal-mPEG) led to an RTV of ~0.5. This study made it clear
that the combination of RT with immunotherapy provided by the formulation was highly
effective on tumor suppression [68].

6. Radiation-Triggered Delivery Systems

Nanocarriers can be designed to be triggered when exposed to endogenous or ex-
ogenous stimuli at the tumor site. This prevents drug release in the bloodstream, sparing
normal tissues and allowing maximum antitumor efficacy [7,109]. X-rays, as other exoge-
nous triggering stimuli, have the advantages of being delivered to a precise region and on
demand. As a main limitation, X-rays do not access and treat the metastatic sites of uncer-
tain location [110]. The high clinical translation potential of X-rays is due to its high tissue
penetration and the fact that it is already used to treat tumors [69]. The capacity of bond
breaking and ROS generation have been explored as means of triggering delivery systems.

The first demonstration of X-ray triggered release from a nanocarrier leading to higher
cytotoxicity was published by Starkewolf et al. in 2013 [69]. The nanocarrier consisted of
DNA strands attached to gold nanoparticles (AuNP). DXR can be loaded by conjugation
to the DNA strands [69,111]. When irradiated with X-rays, the generated ROS break the
DNA strands, triggering the release of the DXR. CFA using MCF-7 (human breast cancer)
cells was performed to determine the effects of different treatments. When not irradiated,
DXR–DNA–AuNP (0.80 cell survivability) and DXR alone (0.81 cell survivability) presented
similar toxicity and were more toxic than DNA–AuNP (0.92 cell survivability). Upon 5 Gy
irradiation, DXR–DNA–AuNP (0.20 cell survivability) were more toxic than radiation
alone (0.32 cell survivability) DXR alone (0.28 cell survivability) and DNA–AuNP (0.30 cell
survivability). The extra toxicity of DXR–DNA–AuNP was attributed to the triggering
irradiation [69].

Zhang et al. developed bismuth nanoparticles functionalized with S-nitrosothiol (Bi-
SNO NPs). When irradiated, the X-ray breaks the S-N bond, triggering the release of large
amounts of nitric oxide (NO). NO is a gas signal molecule of vasodilation and can therefore
alleviate tumoral hypoxia. The efficacy of this formulation was evaluated in vivo in mice
bearing subcutaneous U14 (murine cervical carcinoma) tumors (70 mm3). At the end of
14 days, animals receiving RT alone (5 Gy) and Bi-SNO NPs presented RTV of ~12.5 and
~14, respectively. The combination of RT (5 Gy) and Bi-SNO NPs led to synergistic activity,
and RTV was significantly reduced (~2) [70].

Combining the strategies of co-delivery and X-ray triggering, Fan et al. developed
pegylated thioether-hybridized hollow mesoporous organosilica nanoparticles (HMONs)
encapsulating tert-butyl hydroperoxide (TBHP) and iron pentacarbonyl (Fe(CO)5). X-ray
irradiation of the formulation activates a cascade release of •OH and CO. Upon irradiation,
a peroxy bond cleavage takes place within TBHP, generating the highly oxidative •OH
radical, for enhanced RT. This radical attacks the Fe(CO)5 releasing CO for gas therapy,
leading to mitochondria exhaustion followed by cell apoptosis. The formulation was
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evaluated in vivo for its efficacy in mice bearing subcutaneous U87MG glioma tumor
(~6–8 mm). Animals received either irradiation alone (8 Gy) or different formulations
followed by irradiation (8 Gy) 24 h later. Twenty days after the treatments, the RTV was
similar (~5.5) for animals receiving either irradiation alone or HMON-Fe(CO)5 followed by
irradiation. For animals receiving HMON-TBPH followed by irradiation, the RTV was ~4.5.
Treatment with the co-loaded formulation (HMON-TBPH-Fe(CO)5) followed by irradiation
was able to cause tumor regression with an RTV close to zero. When administered without
irradiation, the HMON-TBPH-Fe(CO)5 formulation was not able to suppress tumor growth
(RTV ~9.5) as compared to a PBS control (RTV ~10.5), confirming the synergistic efficacy of
co-encapsulated compounds and irradiation [71].

Deng et al. designed liposomes triggered by X-ray irradiation. In this work, a liposo-
mal formulation was embedded with a photosensitizer (verteporfin) and gold nanoparticles.
Irradiation induces 1O2 generation by the photosensitizer. Singlet oxygen acts by oxidizing
unsaturated lipids, leading to liposomal membrane destabilization and cargo release. The
gold nanoparticles interact with X-rays acting as a radiosensitizer. These liposomes were
used to encapsulate DXR and evaluated for its activity in xenograft mouse model bearing
HCT 116 colorectal cancer. Animals were divided into groups to receive PBS, liposome
only, irradiation only (4 Gy), or liposome plus irradiation (4 Gy), and the ability of these
treatments to control tumor growth was evaluated. Two weeks post-treatment, the tumor
volume increase was verified for animals receiving PBS (3.0-fold), liposome only (2.9-fold),
and irradiation only (3.4-fold). On the other hand, treatment with liposome plus irradiation
allowed for tumor size reduction (74%) as compared to the PBS control group [72].

Zu et al. developed liposomes encapsulating hemoglobin (Hb) and DXR. In this
formulation, Hb alleviates hypoxia, and DXR release is radio-triggered by the action of ROS
in the lipid membrane. When evaluated for ROS generation, this was higher in B16 (murine
melanoma) tumors after treatment with the formulation plus irradiation as compared to
either formulation alone or irradiation alone. Regarding the triggered release of DXR,
10 min after 2 Gy irradiation, up to 6% of content was released. When the irradiation
dose was enhanced to 8 Gy, up to 20% of DXR was released. For the nonirradiated
formulation, only ~1% of DXR was released in the same time. As expected, when evaluated
for antitumor efficacy in a highly radioresistant tumor model (C57BL/6 mice bearing
B16), RT alone (8 Gy) was not able to significantly inhibit tumor growth. Combining RT
to the formulation co-encapsulating Hb and DXR allowed for significant tumor growth
inhibition. This was superior to the combination of RT plus liposomes encapsulating Hb
only or RT plus liposomes encapsulating DXR only, confirming the synergistic effects of the
combination [73].

Two liposomal formulations designed to be irradiation-triggered were patented by
Fologea et al. One formulation consists of pH-sensitive liposomes designed to encapsulate
an agent and an organic halogen (such as chloral hydrate, fluoral hydrate, or bromal
hydrate). The triggering mechanism relies on the reaction of the organic halogen with
water in the vesicle’s aqueous interior upon irradiation. This reaction releases H+, leading
to a drop in the internal pH and disruption of the pH-sensitive bilayer, releasing the
encapsulated content [112]. The other liposomal formulation was designed to contain a
nanoscintillator responsive to irradiation, an enzyme capable of hydrolyzing the liposomal
membrane, and an enzyme activator in a photolabile molecular cage. Triggered release
occurs in a series of events that take place upon irradiation. When the nanoscintillator is
irradiated, light is emitted, and the photolabile molecular cage with an enzyme activator
is disrupted. The enzyme is then activated to disrupt the liposomal membrane releasing
the encapsulated agent [113]. Another patent by Bondurant et al. relates to liposomes
composed of a stable forming lipid, an ionizing radiation polymerizable colipid, and a chain
transfer agent. Upon irradiation, radical species produced in water can initiate radical chain
polymerizations in the polymerizable colipid (e.g., polymerizable phosphatidylcholines),
leading to membrane destabilization and content release. The transfer of irradiation-
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generated free radical ions by the chain transfer agent (such as thiols or esters) increases the
polymerization of the radiation polymerizable colipid, enhancing the trigger capacity [114].

7. Microbeam and Minibeam Radiation Therapy to Modulate the EPR Effect

Aiming at the reduction of radiation-induced side effects, many novel RT treatment
strategies are arising. Spatially fractionated radiotherapy such as microbeam radiation
therapy (MRT) and minibeam radiation therapy (MBRT) have attracted interest in the last
years. Figure 3 represents commonly used beam widths for MRT and MBRT.

 
Figure 3. Schematic representation of commonly used widths for microbeam, minibeam, and broad-
beam radiotherapy preclinical studies. Reproduced from Brönnimann et al., Nature Publishing
Group, 2016 [115].

7.1. Microbeam Radiation Therapy

MRT was proposed by Slatkin and coworkers in 1992 [116]. In MRT, a multislit
collimator is used in order to shape an X-ray beam so that the dose deposition profile
consists of areas of peaks and valleys, spatially modulated on the micrometer scale (beam
width ranging from 25 to 100 μm). On the peak areas, doses might consist of several
hundred Grays, while valley regions present doses below the level of tissue tolerance.
This distinct dose deposition enables a substantial reduction on toxicity to the normal
tissue combined with a tumor control rate similar to that observed with conventional RT.
The increased therapeutic index that can be obtained with MRT is of high importance for
improved cancer treatment with radiation [117,118]. The mechanisms that underlie the
increased antitumor efficacy combined with the sparing of surrounding normal tissues are
not yet fully understood. One of the suggested biological mechanisms consists of the fact
that MRT damages preferentially the tumor microvasculature in comparison to normal
tissue microvasculature. It has been demonstrated that normal tissue mature vessels are
highly tolerant against peak (high) doses going through transiently increased permeability
only, while immature tumoral vessels undergo complete disruption [119–121].

With this in mind, MRT can be used to modulate the EPR effect. It is true that the
EPR effect has been validated in both experimental animal models and different human
tumors [3]. However, the importance and extent of the EPR effect in patients is still the
focus of intense debate. The EPR effect is known to be more pronounced in small animal
models, usually used to evaluate the preclinical efficacy of nanocarriers, as compared to
human tumors. This is one explanation for the disbalance between the high amount of
promising preclinical nanocarriers and the relative small number of these carriers in the
clinical setting [122]. Therefore, a strategy to enhance tumor vessel permeability optimizing
the EPR effect is highly desirable.

Sabatasso et al. demonstrated in mice bearing U-87 human glioblastoma that tumor
irradiation with MRT (synchrotron generated parallel X-rays in a range of 25–50 μm in
width) led to FITC-dextran (~27 nm) extravasation in this area. In nonirradiated animals,
administered FITC-dextran remained intravascular with no extravasation to the control
tumors. When animals were treated with MRT (150 Gy peak dose), a twofold increase in
FITC-dextran transpermeability was observed 45 min postirradiation, as compared to the
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control. A study with FluoSpheresTM (100 nm microspheres) showed that they remained
constrained to MRT paths. This indicates, as expected, a size-dependent transpermeability
following MRT. It was possible to conclude from this study that the transient vascular
permeability induced by MRT can be a strategy to improve the delivery of nanocarriers to
the tumor site [123].

7.2. Minibeam Radiation Therapy

Despite promising preclinical studies for MRT, its production depends on large syn-
chrotron facilities, of which there are currently only a few around the world. In addition to
the difficulty to access these facilities, specialized hospitals are rarely close to them, hin-
dering the clinical application of MRT [124]. In order to overcome this problem, efforts are
put into using nonsynchrotron irradiators (such as a conventional X-ray tube) to produce
microbeams [125]. Another strategy consists of using slightly wider ‘minibeams’ (beam
widths ~500–700 μm), which are more easily produced with custom multislit collimators
placed in small animal irradiators, as compared to microbeams [124,126,127]. Minibeam
radiation therapy (MBRT) leads to similar radiobiological effects as compared to MRT and
is also hypothesized to improve the delivery of nanocarriers. This idea was evaluated
by Price et al. on a study of the effects of MBRT on the delivery of liposomal DXR. An
in vivo study was performed on mice with syngeneic orthotopic triple-negative breast
cancer. Animals were irradiated with either MBRT (28 Gy) or broadbeam radiation therapy
(7 Gy) and 24 h later received the liposomal DXR. The delivery of liposomal DXR to the
tumor was increased by 7.1-fold for MBRT and 2.7-fold for broadbeam radiation therapy
compared to liposomal DXR alone (sham RT) [127].

8. Limitations and Future Directions

Besides the clear advantages of combining nanocarrier-assisted delivery of molecules
and RT, which were presented in this review, there are also limitations that must be consid-
ered. Among limitations that come from the nanocarriers, it is important to remember that
none of them are completely safe and nontoxic. This is affected by the lack of knowledge
regarding their distribution and action, controlled by characteristics such as size, charge,
degradation, and cancer stage and type, among others [128,129]. The commercial viability
and availability of nanocarriers also have to be considered. Some of the most important
challenges are: Possible scale-up problems, low production rate, difficulties in separating
by-products, lack of quality control system, inconsistencies in reproducibility, and the high
cost [130]. These limitations help us understand why the impact of nanocarrier-assisted
drug delivery on human patients and clinical outcome has so far been insufficient [131].
For their future wide application, collaborative research efforts with more in vivo studies
and clinical trials are necessary [128]. If the developed products are novel, safe, and meet
the medical needs with cost effective benefits, the investment in nanocarrier development
is likely to increase [130].

RT, in turn, has as its major limitation the damage caused to normal surrounding
tissues. In this manner, modern RT and imaging techniques are enhancing the applications
of radiation oncology. To the best of our knowledge, the nanocarrier-assisted delivery of
molecules has only been evaluated in combination with photon RT, as reviewed herein.
Photon RT is also the treatment modality applied to most patients worldwide. However,
particle therapy, such as proton and carbon ions, is a promising strategy to be evaluated in
combination with nanocarrier drug delivery. These therapy modalities are characterized
by steep dose falloff with a minimal exit dose beyond a specified target. This allows for a
more accurate and precise treatment, reducing healthy tissue exposure and, therefore, the
toxicity [132]. Nevertheless, it is important to have in mind that such techniques have a
high cost. So far, their use is concentrated in high-income countries that have centers able
to deliver these particles [133].
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In addition, the combination of nanocarrier drug delivery and RT has only been evalu-
ated with single RT courses. Fractionated and hypofractionated RT should be evaluated in
future in vivo studies [132].

Another important point is the heterogeneity in the RT response observed for tumors
of the same histology [134]. Response prediction by means of liquid biopsy and circulating
biomarkers allows for a refined treatment with patient stratification by biological parame-
ters. Molecularly designed systems to target specific cancer will lead to future personalized
cancer care [132,135].

9. Conclusions

In this review, we present the state of the art of nanocarriers designed to be used in
combination with RT. So far, these systems were used to encapsulate one of or a combination
of different radiosensitizing molecules such as classic chemotherapeutic drugs, natural
products, hypoxic cell radiosensitizers, or DNA repair inhibitors. Nanocarriers have also
been successfully designed to encapsulate and deliver oxygen, modulating the hypoxic
TME; or to capture and deliver antibodies to antigen-presenting cells, boosting the abscopal
effect. X-ray irradiation was shown to be an efficient exogenous trigger to nanoparticles
and liposomes, enhancing the therapeutic ratio of these formulations. Finally, we presented
how the transient and efficient vascular permeability arising from spatially fractionated
RT modalities, such as microbeam and minibeam radiation therapy, can modulate the EPR
effect and enhance the passive delivery of nanocarriers to the tumor site. All these different
strategies of combining nanocarrier-assisted delivery of molecules and RT were validated
in in vitro and/or in vivo studies. Thus, nanotechnology can be used to overcome the
limitations of RT and the other way around.
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Abbreviations

A2780 platinum-sensitive murine ovarian cancer
A549 human non-small-cell lung cancer cell
C4-2B human prostatic carcinoma cell
C6 rat glioma cell line
CDDP cisplatin
CT26 colon carcinoma cell line
CUR curcumin
DTX docetaxel
DXR doxorubicin
ET etoposide
FaDu human hypopharyngeal carcinoma cell
HCT 116 human colorectal carcinoma cell line
HT-29 human colorectal adenocarcinoma cell
H1975 human non-small-cell lung cancer cell
H460 human non-small-cell lung cancer cell
K562/ADR human myelogenous leukemia
LL2 murine Lewis lung carcinoma
MCF-7 human breast cancer cell line with estrogen,

progesterone and glucocorticoid receptors
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MDA-MB-231 triple-negative breast cancer cell
MMC mitomycin C
PC3 human prostate adenocarcinoma cell
PMZ pimonidazole
PTX paclitaxel
TCG4 human glioma cell line
U14 murine cervical carcinoma
THC tetahydrocurcumin
TMZ temozolomide
TPZ tirapazamine
U87 human primary glioblastoma cell
WTMN wortmannin
SW480 human colon adenocarcinoma cell
22Rv1 human prostate carcinoma cell
344SQ human lung cancer cell
4T1 murine mammary carcinoma cell line
5-FU 5-fluorouracil
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