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Preface to ”Biomedical Applications of Nanoparticles”

The concept of nanomaterials that can be designed for and administered in the human body to

improve health is of interest. For more than two decades, many research teams and biotechnology

companies have developed different types of nanoparticles for medical purposes. Of these, some

have marketing authorization such as Myocet R© (carrying doxorubicin) or Abraxane R© (carrying

taxol). At the preclinical level, several teams combined radiotherapy with nanoparticles of gold

or with gadolinium or hafnium oxides or with lipid nanocapsules of ferrociphenol. A total of

396 clinical studies implementing nanoparticles have been conducted to date and 73 are currently

recruiting (March 2020). Since each nanoparticle has its own peculiarities (bioavailability, more

or less important grafting capacity, internalization, etc.), developing new types and improving the

properties of existing ones are essential. During the past few years, research has been increasing

on the use of nanomaterials in diverse areas of biomedical research, including biological sensing,

labelling, imaging, cell separation, and therapy. Nano-objects are associated with organic molecules

to vectorize drugs. The objective is then to concentrate these treatments on the pathological site by

limiting the side effects. Nanoparticles are also used as contrast agents in medical imaging, especially

in MRI or optical imaging or intrinsically as therapeutic agents. In the latter case, the nanoparticles,

via physical phenomena emanating from their composition and/or their size, lead, for example, to the

destruction of cancer cells via hyperthermia or radiosensitization. For each of the new nanoparticles

developed, the toxicity, efficacy, and bioavailability should be determined. The biodistribution and

elimination of nanoparticles by different natural pathways, for instance, depends on many factors

including the size of nanoparticle agglomerates, their surface charge, their protein ring, and so on. All

these parameters must be mastered and interactions with the living world must be better understood.

This book, which is a Special Issue of the Nanomaterials journal, deals with all these fields and also

includes nanocomposite implant and metal detection.

Nadine Millot

Special Issue Editor
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Abstract: Complete surgical resection is the ideal cure for ovarian peritoneal carcinomatosis, but remains
challenging. Fluorescent guided surgery can be a promising approach for precise cytoreduction
when appropriate fluorophore is used. In the presence paper, we review already developed near-
and short-wave infrared fluorescent nanoparticles, which are currently under investigation for peritoneal
carcinomatosis fluorescence imaging. We also highlight the main ways to improve the safety of
nanoparticles, for fulfilling prerequisites of clinical application.

Keywords: cancer imaging; cytoreduction surgery; fluorescent nanoparticle; near-infrared; short-
wave infrared

1. Introduction

1.1. Epidemiology

Some peritoneal and gastrointestinal malignancies show preferential dissemination and invasion
into peritoneal cavity, leading to a peritoneal carcinomatosis with substantial consequences on
survival [1]. Among these malignancies, Epithelial Ovarian cancers (EOC) remain the fifth leading
cause of death with a five-year survival rate of only 46%, albeit EOCs are only the 8th most common
cancer in women [2]. The poor prognosis of these cancers is mainly due to the absence of specific early
symptoms, leading to late diagnosis [3]. When confined to the ovary or the regional lymph nodes,
EOC provides respectively 92.5 and 73% of survival at five years but they only represent 15 and 20% of
newly diagnosed EOC respectively. 65% of EOC are diagnosed at distant stage with a survival rate
of 28.9% [4].

Distant stages are characterized by the presence of cancer cells in the peritoneal cavity and/or
in the retroperitoneal lymph nodes, where they can induce peritoneal carcinomatosis [5]. Peritoneal
carcinomatosis suggests metastases, which in turn are localized on the peritoneum and the peritoneal
organs, varying in size from microscopic lesions to cancerous masses of several centimeters [6].

Nanomaterials 2018, 8, 572; doi:10.3390/nano8080572 www.mdpi.com/journal/nanomaterials1
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Ultimately, peritoneal carcinomatosis progression leads to debilitating ascites and, above all, intestinal
obstruction and subsequent lethal outcomes [7].

1.2. Conventional Treatment

The frontline treatment for peritoneal carcinomatosis of ovarian origin associates extensive
surgery with peri-operative chemotherapy, mainly by paclitaxel and cisplatin, to remove the whole
cancerous mass.

The main objective of extensive surgery is to excise macroscopic cancerous implants from the
ovary and from the entire peritoneal cavity. Initially considered as palliative treatment to alleviate
abdominal pain, extensive surgery was progressively developed for a curative intent with total removal
of cancerous lesions [8], and was finally standardized by Sugarbaker [9]. However, despite many
improvements, this procedure remains challenging.

First, surgeons can rely only on pre-operative imaging to distinguish all cancerous lesions, mainly
by position emission tomography (PET), computed tomography (CT) or magnetic resonance imaging
(MRI) [10], eventually combined with ultrasound, Doppler and laparoscopic observation [11].

During surgery, surgeons must explore the whole peritoneal cavity, delineated by a serous
membrane (the peritoneum), with organs such as liver, spleen, pancreas, and the whole gastrointestinal
tract. Altogether, peritoneum and peritoneal organs represent an area almost equivalent to that of
the body [12]. Exploration of this huge surface requires many hours and can be achieved only by
experienced surgeons. The goal of primary surgery is a complete resection, without any residual
disease [13]. To eliminate residual cancerous cells, several cycles of intravenous platinum-based
chemotherapy combined with paclitaxel is performed [14].

To treat residual microscopic metastases and thus to achieve a complete cytoreduction initiated
with the surgical procedure, it is necessary to increase the local drug concentration by intraperitoneal
injections [15]. It was quickly shown that the peritoneal membrane limits the plasmatic passage in
case of local injection of ionized and lipid insoluble compounds [16,17]. Therefore, hydrophilic drugs
injected by intraperitoneal are maintained at higher concentrations than after intravenous injection,
with a lower risk of systemic toxicity.

Although this approach was clinically validated [18–20], one limiting factor consisting of a shallow
drug penetration in the tumor (no more than few millimeters) considerably reduced its clinical
efficacy on gross residual colon tumors [21]. Recent studies show improved survival rate for ovarian
cancer patients treated by intraperitoneal chemotherapy, with better and longer survival rate [22,23].
Combination of hyperthermy and intraperitoneal chemotherapy was recently confirmed for ovarian
cancer treatment [24], showing improved survival without higher rates of side effects [25].

Irrespective of chemotherapy modalities, the residual disease after surgery remains one of the primary
prognosis factors [26–28]. Survival at five years is closely related to the absence (60% of totally debulked
patients) or the presence of microscopic metastases (30% for patient with “optimal” (<1 cm) residual
disease) [29]. Moreover, despite complete surgery, early post-operative computerized tomography detects
sub-optimal (>1 cm) residual tumors in almost half of the patients [30].

2. Fluorescence Guided Surgery

While chemotherapy has undergone adjustments and its optimization by hyperthermia is still
debated, surgical debulking still depends on the extensive experience of the surgeon and his/her own
ability to detect tumor deposits in the peritoneal cavity [31]. Attempts have been made to search for
complementary solutions to enhance surgeon guidance. Among other options, fluorescence guided
surgery (FGS) is highly demanded, especially in oncological surgery [32].

Tissue offers various autofluorescence patterns under ultraviolet illumination. Therefore, ultraviolet
illumination was tested to detect cancerous tissue in the middle of the 20th century with some success [33].
Moore improved the technique by using the difference of retention between cancerous and healthy tissue
of intravenous injected fluorescent dye, the fluorescein [34]. This technique was further applied with
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success to guide cerebral tumor resection [35]. Many improvements have been introduced since that time
to FGS with fluorescein for glioblastoma surgical treatment and a similar approach to detect ovarian
peritoneal carcinomatosis generated substantial improvements [36]. Van Dame and co-workers used as
a target the predominant folate receptor sur-expression in ovarian cancer cells, combining fluorescein
isothiocyanate (FITC) and folate. By means of filters and a fluorescence-specific camera, they increased the
detection rate of residual disease four-fold [37]. The development of high-resolution cameras considerably
contributed to real-time imaging of cancerous tissue with effective contrast and improved information
accessible to the surgeon [32]. Another advantage provided by cameras was the possibility to use
near-infrared (NIR) fluorescent dyes, invisible to human eye. Visible fluorescent dyes (fluorescein for
example) are detectable mainly on the surface of tissue, no deeper than few millimeters, due to the
absorption of biological chromophores (i.e., melanin, fat, hemoglobin, etc.).

By contrast, NIR fluorescence is weakly absorbed by the tissues, allowing a deeper detection
(up to five millimeters) [38] and even a whole-body fluorescence imaging for small animals such as
rodents [39]. From that point of view, FGS benefited from extensive development and application of
NIR-fluorescent dyes [40–42]. Among other available NIR-fluorescent dyes, indocyanine green (ICG)
is currently the spearhead of the probes applied for FGS purpose. This dye, developed in the middle
of the 20th century, is one of the few Food and drug administration (FDA)-approved NIR dyes [43].
ICG was indicated in patients for the measurements of cardiac output, liver function, blood flow and
retinal angiography, as well as tolerated and hepatic cleared dye. It has also been tested for sentinel
lymph node mapping and cancer imaging [44]. Even though ICG has no specificity for cancer cells,
its high affinity for plasma proteins results in a preferential accumulation of ICG-protein complex in the
tumor vasculature. Tumor anarchic vasculature offers larger lumen and fenestration, facilitating both
the permeability and retention of macromolecules, known as Enhanced Permeability and Retention
(EPR) effect [45]. The only known exception is the hepato-cellular carcinoma, which displays specificity
for ICG, probably because of their hepatic cell remnant characteristics [46].

In the case of ovarian cancer, encouraging results were obtained with intravenously injected
ICG in mice, allowing the detection of few millimeters of peritoneal metastases from different
origins [47]. However, the first clinical results were contradictory: high sensitivity was associated
with low specificity, with a high rate (62%) of false positive non-malignant lesions being observed [48].
Another problem, raised by the hepatic clearance of ICG, was the fluorescent contamination of the
gastrointestinal tract that hampers tumor implant detection [49].

From these observations, the authors identified the urgent need for targeting probes rather than
passive probes. With this aim, OTL-38, the NIR folate-targeted counterpart of the FITC-folate probe,
was clinically tested, showing encouraging results of a higher signal-to-background ratio (SBR) [50].
As expected, OTL-38 allows deeper tumor detection (almost one centimeter below tissue surface) than
with FITC-folate. However, irrespective of the NIR-fluorescent dyes used, light excitation and emission
scattering limit the detection depth to a few millimeters and the surgeon still needs a pre-operative
CT/MRI scan or other intraoperative imagery modalities for precise and exhaustive tumor localization
and surgery planning [38]. Thus, for ovarian peritoneal carcinomatosis and peritoneal malignancies,
the ideal probe for FGS should be multimodal by associating NIR dye, targeting moiety and another
imaging agent for either CT or MRI to overcome the lack of specificity and limitation of fluorescence
depth of detection.

Until now, only one chemical multimodal probe has reached the phase I clinical trial for
renal carcinoma. This probe consists in an antibody (girentuximab) directed against the carbonic
anhydrase IX (CAIX), a common target of renal cancerous cells, bound to infrared (IR) fluorescent dye
CW800 and the radioactive indium isotope 111In. Early results showed better fluorescent detection of
CAIX-positive tumors by using pre-operative SPECT/CT imaging and intraoperative gamma camera.
However, the authors noted that the fluorescence intensity had been attenuated by the surrounding
fibrous tissue and the tumor capsule [51]. Irrespective of such chemical construction of the probe and
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the real benefit of multimodal imaging, the intrinsic low photostability and fluorescence shared by
most chemical fluorescent dyes raise at least three challenging problems for FGS application.

First, the low photostability of the chemical dye implicates either limited time for surgery, which is not
recommended for achieving total peritoneal cytoreduction, or higher amount of injected dye, which seems
hazardous because of the dye toxicity. Second, relatively poor fluorescence emitted by the dye decreases the
contrast between labeled and unlabeled tissue. To quantify the contrast, SBR is used. SBR measures the
sensitivity of imaging device, and remains “the key determinant of sensitivity, detectability, and linearity
in optical imaging” [52]. The lack of brightness and weak photostability of organic dyes reduce the SBR
to a value above 2 [49], while the reference research in imaging establishes that SBR must be above 5 to
reliably identify the object with absolute certainty [53]. Finally, this kind of “chemical fluorophore-based”
construction is obviously difficult to adapt to another probe. Third, similar to ICG, CW800 is slowly
excreted through the hepatobiliary way [49], resulting in contamination of the surgical field by the remnant
unbounded fluorescent dye [54].

To summarize this part of the review on clinical advances in FGS, it is obvious that future probes
will require bright and photo-resistant IR fluorescent dyes adaptable to multimodality and tumor
targeting. In addition, the probe must be safe and rapidly excreted from the body to avoid fluorescence
“contamination” and risk of toxicity in the long term. NIR nanoparticles (NPs) constitute alternative
and seductive chemical constructs with the potential to fulfill all these requirements.

3. Overview of NIR Nanoparticles

NIR-fluorescent NPs (Figure 1) possess common advantages (Table 1). First, they have higher
brightness, which is the product of a far superior molar attenuation coefficient (absorption of light per mol)
and very satisfying quantum yields (the ratio between emitted and absorbed photons) than any organic
fluorophores, providing higher SBR [55]. In the case of long operative time such as during cytoreduction,
NIR NPs maintain photostability without the production of toxic photoproducts.

Figure 1. Overview of NIR nanoparticles. BTPEPBI: 1,7-tetraphenylethene modified 3,4:9,10-Tetracarboxylic
perylene bisimide; Cy5: cyanine 5; DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)]; NP: nanoparticle; PEG: poly(ethyleneglycol).

Similar to protein/ICG complexes, NPs can accumulate in tumors by EPR effect. Finally, most of
them offer a versatile surface which can be easily modified for targeting and combined with another
imaging modality to achieve even more effective multimodal probe.
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3.1. Quantum Dots

Quantum dots (QD) are small fluorescent nanocrystals composed of semiconductor compounds.
Unlike organic fluorophores, QD offer broad absorption and narrow emission spectra. Their emission
wavelength depends on the composition and the size of nanocrystal (e.g., 3 nm PbS QD emits around 800 nm
while the increasing diameter up to 6.5 nm leads to the emission wavelength more than 1500 nm) [66].

They are mainly synthetized through colloidal chemical syntheses, under inert atmosphere,
where metallic precursors are suspended in organic solvent, such as octadecene, and heated at high
temperature. The precursors decompose to form monomers that nucleate, thus creating very small
nanocrystals. The second step is the growing stage of the nuclei and QD increase in size until they
reach the desired one. Then, the solution is cooled very quickly to stop the growth. Subsequently,
hydrophobic QD are transferred into water through ligand exchange (using mercaptopropionic acid
for instance) or phospholipid micelle encapsulation. These syntheses allow very high quantum yield,
even in the near-infrared range. The synthesis of hydrophilic QD has also been developed through
the hydrothermal process, where organic solvent is replaced by water with either stabilizer or reverse
micelles. However, these last hydrothermal syntheses have a higher polydispersity and a lower
quantum yield in comparison with organic synthesis.

QD are currently among the brightest known NPs. In addition, they possess longer fluorescence
lifetime, from tens to hundreds of nanoseconds or even microseconds, which may be used to selectively
detect QD fluorescence while eliminating autofluorescence background [67]. Therefore, QDs with
variable composition and size have been developed toward their clinical applications in FGS.

Beside these attractive optical properties, the weakness of most NIR QDs comes from their composition,
which is commonly based on heavy metals, such as cadmium (Cd) or lead (Pb). Despite their
in vitro stability, QDs can quickly degrade in the hepatocyte cells (Hep G2) model. Following intravenous
injection, QDs typically accumulate mainly in the liver and the kidney with therefore hazardous long-term
consequences [68,69]. Toxicity results from Cd accumulation in the liver while Te mainly accumulates in the
kidney [69,70]. The ionic leach of Cd is presumed to be the main cause of QD toxicity since the production
of induced oxidative stress was proven through the role of metallothionein in cadmium retention [71].
Therefore, to protect QD from degradation, a shell constituted by different compounds such as zinc sulfide
(ZnS) was placed around the QD core [72]. In addition, NIR-emitting QDs based on less toxic components,
such as silver (Ag) or Indium (In), have also been developed [73]. QDs can easily be combined with other
imaging modality, such as paramagnetic ion to obtain multimodal probe [56], while functionalization of
their surface chemistry enables grafting of targeting moieties [74].

3.2. Up-Converting Nanoparticles (UCNP)

Up-Converting Nanoparticles (UCNPs) represent another type of solvothermal or hydrothermal
made fluorescent nanocrystals, based on lanthanide atoms. The mechanism of NIR fluorescence
emitted by UCNP is particular. These NPs emit in the NIR after excitation at longer wavelengths
(usually 980 nm), through a multiphoton conversion process [75,76]. In addition to providing excellent
penetration depth, this modality eliminates the autofluorescence background [77]. NIR UCNPs
have already been used for murine peritoneal carcinomatosis imaging, showing satisfying imaging
properties. The authors highlighted the good biocompatibility of UCNPs and the fact that some
lanthanides, such as chelate gadolinium, are already FDA-approved for MRI imaging [58], and seem
to be less concerned by toxicity issues [78]. However, gadolinium is raising safety concerns, especially
due to its potential leaching in the absence of chelates [79].

Therefore, the behavior of lanthanide metals in the body through their metabolism and cell
interactions remains to be elucidated to fully ensure the safety of UCNPs [80], while less toxic rare-earth
elements, such yttrium, should be preferred to gadolinium [81].
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3.3. Carbon Dots

Carbon dots (CD) are a new kind of NP, gaining growing interest since 2004. They are made
from carbonated molecules with wide approach either from fragmented bulk material or carbonized
soluble substrate.

Their synthesis mainly implicates calcination and/or solvothermal process, either at high or low
temperature in acidic or basic conditions. The production of a graphene core depends on the organic
precursor and the synthesis process.

To significantly enhance the photophysical properties, the carbon particle core can be doped
with an inorganic salt such as ZnS before surface functionalization [82]. Similar to QD, some CDs are
characterized by high quantum yields and photostability with the advantage to be purely organic [83].
CD-labeled matrigel grafted in mice can be detected in the NIR range with a SBR above 2 [59].

Therefore, low-cost CDs have been rapidly investigated in bioimaging showing high biocompatibility
and acceptable fluorescence properties [84,85].

3.4. Aggregation-Induced Emission Dyes

Self-quenching is a well-known phenomenon common to many organic dyes such as ICG or
fluorescein, which lose their fluorescence efficiency at high concentrations or upon aggregation. By contrast,
some organic luminophores emit fluorescence only in the aggregated state. This phenomenon, namely
aggregation-induced emission (AIE), takes advantage of high brightness, strong photostability and, as with
most classical organic fluorophores, good biocompatibility [86].

However, their high hydrophobicity requires an encapsulation step by adding amphiphilic
polymers, such as pluronic F127 in organic solvent such as chloroform or tetrahydrofuran. Solvents
are eliminated through evaporation. Then, mixes of AIE luminogen and polymer are resuspended and
sonicated to obtain hydrophilic AIE NP.

Intravenously injected AIE NPs accumulate in tumors by the EPR effect, and detection of sub-
millimetric peritoneal tumors were achieved with the satisfying SBR of 7.2 [87]. In addition, targeting
of AIE NPs can be also proposed. NIR AIE NPs with folic acid as targeting agent display enhanced
fluorescence in folate receptor positive MCF7 cells and in subcutaneous tumor-bearing mice [60].

3.5. Silica-Encapsulated Dyes

Finally, silica-encapsulated dyes differ from the NPs described above by the protective
confinement offered by the silica shell [61,88]. Silica surface confers the advantage to be easily
adapted to various imaging modalities and targeting agents. For example, NIR dyes such as
cyanine 7 encapsulated in a silica nanoparticle were investigated for sentinel lymph node mapping [88].
They demonstrated enhanced brightness and photostability, which made them interesting probes for
long operative times without the need for reinjection or high initial dose.

Cornell dots (C-dots) are ultrasmall (less than 10 nm) core/shell silica NPs, which can fulfill FGS
requirements with their remarkable properties. Their synthesis relies on a modified sol-gel process,
where cyanine derivative is crosslinked with silica precursor, and react to form a fluorescent core.
A silica shell is then added to form a core shell structure.

To date, the C-dots are the only type of silica nanoparticles to have reached clinical trial phase I.
First, after encapsulation of cyanine 5 NIR-fluorescent dye, the emission of the dye remains unchanged
while both photostability and brightness were greatly increased, leading to the enhancement of
SBR [62]. Second, C-dots were designed to avoid the major drawbacks of the QDs as with NPs:
bio-accumulation and induced toxicity [89]. Ultrasmall, to target the renal excretion windows, C-dots
can be renally excreted intact from animals [61] and humans [63]. Besides the reduction of the cytotoxic
risk, this fast excretion offers better imagery by rapid reduction of the remnant probe background.
Third, these NIR-fluorescent NPs possess all advantages of the versatile surface chemistry of silica NPs.
Appropriate coating, for example with PEG, can be easily applied and associated with a targeting agent
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such as cRGDY, which target αvβ3-integrins and with another imaging agent such as the smallest
radioactive iodine covalently linked to the cRGDY moiety. It is acknowledged that integrins play a key
role during the whole metastatic process of ovarian cancer [64]. Therefore, αvβ3-integrin appears to
be an appropriate target for this type of cancer [90], although integrin expression may vary between
patients [91]. For this purpose, Philipps et al. (2014) performed PET imaging using such a construction
on patients with various types of cancer, allowing the detection of different integrin-positive lesions,
from the liver to the pituitary gland, proving that intravenously injected C-dots can cross blood–brain
barrier [63]. Therefore, an FGS probe should be available with different targeting to fulfill individual
patient needs.

Currently, C-dots have entered early phase I clinical trials (NCT02106598) for Image-Guided
Intraoperative Sentinel Lymph Node Mapping in Head and Neck Melanoma, Breast and Gynecologic
Malignancies. Thus, C-dots are the first NPs to enter clinical trials for FGS. Completion of the study is
expected in 2018.

Independent of fluorescence imaging, another property of C-dots was recently highlighted by
showing the death of nutrient-deprived cancer cells exposed to C-dots by ferroptosis [65]. This property
was confirmed in vivo in two different tumor models, thus conferring unexpected theranostic
properties to C-dots.

Finally, C-dots seem able to fill all the criteria required in clinical bioimaging: high brightness,
versatility, multimodality and targeting possibilities. In addition, C-dots are safe due to the fast
clearance of the unbounded probe and theranostic properties. However, voluntarily made ultrasmall
to target the renal clearance window, the few-nanometer size of the C-dot combined with a large-size
antibody or a Super Paramagnetic Iron Oxide Nanoparticle (SPION) could hamper renal elimination,
resulting in a decrease in safety.

4. Toward the Short-Wave Infrared

Another possibility to considerably improve the fluorescence imaging efficiency is to increase
the infrared wavelength emission of the probe. Short-Wave InfraRed (SWIR) between 1000 and
2500 nm is gaining increasing attention in biological application, especially because of biological
chromophore absorption and tissue scattering that are reduced in the 1000–1300 nm “transparent”
window. Computational and in vitro simulation have long predicted that SWIR fluorescence could
greatly outperform NIR fluorescence imaging, but SWIR imaging cameras have not been made widely
available until recently [92]. Therefore, FGS devices were mainly focused on the NIR window and the
development of FDA-approved NIR excitation sources [32].

SWIR cameras based on InGaAs sensor offer broad imaging facilities in the SWIR range [93].
Currently they are widely available in many fields of investigations including medical [94] and clinical
predevelopment devices [95]. Moreover, the prediction of SWIR dye superiority as compared to
NIR ones was confirmed by bioimaging [96,97]. While NIR provides a penetration depth of one or
two millimeters, SWIR easily pushes the depth limit to five millimeters [98] making SWIR promising,
especially for peritoneal cytoreduction.

However, SWIR dyes remain scarce and not efficient enough. The state-of-the-art dye is the
IR-1050 from Nirmidas biotech (Palo Alto, CA, USA) which has several drawbacks [99]. Despite
encouraging characteristics and safe renal excretion, IR-1050 displays very low SWIR fluorescence as
compared to NIR dyes [100]. As with all organic dyes, IR-1050 is subjected to photobleaching and the
attempt to associate it with a targeting agent and/or another imaging modality is similar to trying to
square the circle. SWIR-emitting organic dyes are currently under development but their fluorescence
quantum yield does not exceed a few percent [101]. Therefore, SWIR-emitting inorganic NPs (Figure 2)
appear as interesting alternatives (Table 2).
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Figure 2. Overview of SWIR nanoparticles. NP, nanoparticle; PEG, poly(ethyleneglycol); SWCNT,
Single-walled carbon nanotube; TQ-BNP, N,N′-((6,7-diphenyl-[1,2,5]thiadiazolo[3,4-g]quinoxaline-4,9-
diyl)bis(4,1-phenylene))bis(N-phenylnaphthalen-1-amine).

4.1. SWIR QD

Similarly to NIR QDs, the main interest of SWIR QD as compared to other NPs is their outstanding
photophysical properties, especially for Ag2Se QD and InAs QD, resulting in a better signal and higher
SBR [96,102,103]. Similar to NIR-emitting QDs, it will be necessary to develop bright SWIR QDs devoid
of heavy metals and carefully characterize their in vivo degradation and their potential toxicity.

4.2. Lanthanide Nanoparticles

Next, by their high QY, SWIR lanthanide NPs gained attention for bioimaging. Indeed, several
lanthanide NPs have been developed to be absorbed in NIR and to emit in SWIR by the doping of
sodium yttrium or gadolinium tetrafluoride nanocrystals, made using a solvo- or hydrothermal process,
with different rare-earth elements. These NPs, encapsulated in a 100 nm hydrodynamic diameter albumin
shell, were shown to be confined in the peritoneum at least 12 h after intraperitoneal injection [104],
while another group reported more than 48 h confinement for similar NPs [108]. Other SWIR fluorescent
lanthanide NPs, encapsulated in 100 nm polymeric shell, led to the detection of tumor deposits up to 72 h
after intraperitoneal injection in a murine ovarian peritoneal carcinomatosis model. In this case, the process
by which NPs remains for a long time in the cavity is still unknown [109]. The undeniable advantage of
lanthanide NPs is their relative safety, mainly because of the absence of heavy metal in their composition.
For example, microparticles of radioactive yttrium were approved as radiotherapeutic agents for liver
malignancies [110]. On the other hand, leaching of Gd ions from NaGdF4 may present severe long-term
toxicity issues. If photophysical properties remain a concern for lanthanide nanoparticles, some coatings,
such as silica or NaGdF4, have greatly improved it, at least in vitro for now [111].

4.3. Gold Nanoparticles

By reducing chloroauric acid in the presence of lipoic acid sulfobetaine, Chen et al. obtained
SWIR fluorescent gold NPs with satisfying biocompatibility. Indeed, these NPs exhibited renal
excretion and fast clearance in healthy mice, with fluorescent-observable excretion from circulation
to kidney, despite a weak fluorescence. Further studies in animal tumor models could provide more
interesting results [105].
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4.4. Carbon Nanoparticle

Single-walled carbon nanotubes (SWCNT) are acknowledged for their SWIR emission under NIR
excitation. Several synthesis methods exist to produce SWCNT, such as arc discharge, laser ablation
and several chemical vapor deposition processes, which are far more productive. The nanoparticle
reviewed below is a commercially available SWCNT made using a specific chemical vapor deposition
process named high-pressure carbon monoxide method. In this process, carbon monoxide, which acts
as carbon source, and iron carbon monoxide catalyst are continuously injected at high temperature,
forming high-quality SWCNT.

Despite the low fluorescence of SWCNT, they have pure carbon composition which do not raise
many concerns about QD heavy metal content [112]. Their potential toxicity can be adjusted by using
appropriate length and coating. Additionally, depending on their design, they can be safely urinarily
excreted or biodegraded [113].

Investigated in a murine model of ovarian peritoneal carcinomatosis, SWCNT displayed high
imaging capacity upon 808 nm laser excitation. The SBR was superior to 5 in vivo, and up to
100 ex vivo [106]. Compared to unguided surgery, SWCNT guided surgery offered a significantly
better detection, with ten times more sub-millimetric tumors excised through fluorescence guidance.

4.5. SWIR Fluorescent Organic Nanoparticles

Several AIE luminogens have a NIR absorption spectrum and display both NIR and weak SWIR
fluorescence. Encapsulated in an organic shell such as the pluronic one, these NPs show extended
photostability and allow clear visualization of tiny vessels in tissue below 0.8 mm in depth with an SBR
higher than 30. They provide suitable properties to detect highly vascularized tumors when used to
observe the EPR effect in the subcutaneous murine tumor model [107].

These NPs have the greatest advantage of nontoxic composition, and no adverse effects were
observed after intravenous injection. However, their low photophysical properties in the SWIR
region is a limiting factor for in-depth detection. Another disadvantage is related to the alteration of
fluorescence and photostability upon the addition of a targeting moiety or/and another imaging agent
to the NP [114].

5. NP Safety: A Major Concern

NPs are the main attractive newcomer in the field of pharmaceutics and biomedicine over the
last decade. However, their exceptional properties raise major concern about safety. NP design
significantly affects toxicity as well as targeting ability and biodistribution behavior of NP in vivo [115].
NPs can rely on their nanosize to cross biological barriers and to reach the most sensitive organs [116],
ultrasmall NP (few nanometers) are easily endocyted, where then can disrupt cell biochemistry [117].
Therefore, these NPs are presumed more toxic than their larger counterparts [118]. It was proven that
a retention for a long period in many organs such as lung and liver can be harmful, thus careful surface
functionalization and passivation of NP is important for safe clinical application [119–121].

5.1. Urinary Excretion Is Mainly a Matter of Size

Safe application in clinics suggests total excretion of drugs from the organism. Therefore the
main criteria to use these NPs clinically are an ultrasmall size (<5.5 nm) and/or an encapsulation
in a biocompatible material likely to promote the excretion renally [122]. Additionally, NPs for
FGS require appropriate photophysical properties. Considering that, inorganic NPs, especially QDs,
are potent agents which could provide excellent imaging capacities if they can be excreted. Ultrasmall
QDs were designed to avoid Kupfer cell endocytosis and to reach the bladder through renal filtration.
Choi et al. tested cystein-coated Cd/Se QD of varying sizes and different emission wavelengths.
Only the smallest QDs (less than 6 nm) were clearly removed by the renal pathway and were collected
in the bladder, whereas the largest ones accumulated mainly in the liver, lungs and spleen [122].
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The authors concluded that NPs should have a hydrodynamic diameter below 5.5 nm to achieve
complete elimination from the body. However, the excretion rate of ultrasmall NPs is more complex
than it seems. In fact, a recent study reported some differences between NPs made with varying
amounts of gold atoms. Consistently, 1.7 nm NPs (201 gold atoms) are faster renally removed than
2.5 nm ones, while, surprisingly, lower excretion rate was measured with smallest NPs made of less
than 20 atoms of gold. Authors also highlighted the role of the renal glycocalyx which acts like
a chromatography filtration gel that allow larger NPs to pass rapidly through [123]. Therefore, it can
be assumed that the ideal diameter for a NP is comprised between 1.7 nm and 6 nm to target renal
excretion and to obtain an effective clearance. The clinical use of NIR Cd-based QD appears unlikely
since many of them did not fit size condition.

Another approach to facilitate the renal excretion is using biocompatible coating such as
silica-phosphonate for Cd-based QD. From 11.5 nm hydrodynamic diameter core, Ma et al. produced
core/shell QD/silica-phosphonate NPs with a diameter of almost 30 nm. Despite its relatively
large hydrodynamic diameter, the NP was mainly urinarily excreted after intravenous injection.
In addition, the silica-phosphonate coating produced extended circulation time in blood to decrease
liver accumulation [124].

Finally, the design of biodegradable NPs is still under investigation to reach excretion of NP
after intravenous injection [125,126]. This approach can be easily applied to silica NP, AIE NP, carbon
dot and SWCNT; however, its utilization for NP made of heavy metals or rare-earth elements is
limited. In this context, biodegradable and heavy metal-free QDs constitute attractive alternatives.
Among them, NIR silicon QDs [127] are small enough (<5 nm) [128], highly biocompatible and are
able to be endocytosed by cancerous cells [129]. No toxicity was detected both in mice and monkey
models even at high dose of QD (200 mg/kg). The size of silicon QDs varied from 4 to 11 nm, so they
are rapidly accumulated both in the liver (the largest fraction) and in the bladder (the smallest fraction).
Three months post-injection, high silica content was found in the liver and the spleen due to the
retention of the largest QDs in these organs. Consistently, liver damage was histopathologically
observed in mice but not in monkeys, suggesting the influence of the anatomical scale between these
models exposed to identical amount of silicon QDs [130].

5.2. Rethinking of the Injection Route

Among the drawbacks in toxicity, fluorescent contamination by unbounded dye also must be
considered for FGS with NPs. Evidently the biodistribution of fluorescent dye significantly depends
on the injection route. For example, a large part of intravenously injected organic dye such as
ICG is excreted through the liver and the intestine for a long time. The remaining part of the
probe in these organs produces fluorescence contamination which can overshadow the fluorescence
emitted by the cancerous tissue, decreasing SBR. Therefore, the renal excretion route is preferable for
intravenously injected FGS drugs. A seen above, NPs require small size (less than 6 nm) [123] and
probably a specific shape to be renally excreted [131]. This has already been shown clinically with
the example of Cornell dots. However, the size of nanoparticle can be adjusted only for the limited
numbers of nanomaterials. Thus, whenever possible, systemic exposition should be avoided as the
simplest solution.

Additionally, intravenously injected probes demonstrated limited efficiency in the case of
sub-millimetric-sized and/or small tumors which are not yet vascularized [132]. For these kind
of tumors, the advantages of injection had been proved for organic NIR dyes. After intravenous
injection, fluorescent contamination of many organs was observed. The appropriate SBR was displayed
only for tumors larger than 5 mm. On the contrary, intraperitoneally injected dye allows detection
of small tumors with reduced fluorescent contamination [133]. According to that, the use of the
intraperitoneal injection route prevents systemic exposition and fluorescent contamination and
provides an opportunity to safely use nanoparticle in clinics for peritoneal carcinomatosis FGS.
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Biodistribution of NPs injected by the intraperitoneal route has been recently investigated in
several studies reporting promising results. The intraperitoneal injection of QDs facilitated the
dissection of peritoneal lymph nodes during the cytoreduction in rats due to rapid lymphatic drainage
of the QDs [134]. Kato et al. (2010) monitored the biodistribution of intraperitoneally injected captopril
QD by means of mass spectrometry [135]. The authors observed significant difference between QDs
injected intraperitoneally and intravenously: only 2.5% of the initial dose of QDs in the liver, 1.5% in
the spleen and almost 8% in the bloodstream, and almost 85% of the QDs were not detected in
organs and seemed to remain confined to the peritoneal cavity six hours after intraperitoneal injection.
Finally, injection of QD by intraperitoneal route showed appropriate toxicity. Adverse effects of
mercaptopropionic acid coated QD were observed in mice only after 15 days of repeated intraperitoneal
injection of 10 mg/kg [136]. QD induced mild toxicities in liver and lung, which they were detected by
fluorescence microscopy.

Obviously intraperitoneally injected NPs can passively accumulate in ovarian peritoneal tumors
e.g., lanthanide NPs [109]. However, the majority of FGS drugs possess low tumor selectivity which
can be improved by using active targeting molecules. For example, SWCNTs functionalized with the
secreted protein acidic and cysteine rich (SPARC)-binding peptide, actively targeting tumors with
an SBR up to 5, remaining confined to peritoneal cavity at least for 24 h [106]. Indirect targeting can
be also used with success in murine peritoneal carcinomatosis by injecting the peptide iRGD first,
to permeate the tumor tissue before injecting NIR QDs. Then, unbounded QDs were bleached by using
an etchant, and this step of the procedure allowed the detection of QD-labeled tumors [57]. To increase
SBR, a peritoneal washing procedure could also be applied to any type of NPs. At the same time,
the “washing” of a peritoneal cavity by etchant could enhance the safety of QDs by removing heavy
metals from the organism, for example, in the case of ZnSeHg QDs [57].

6. Conclusions

Ovarian carcinomatosis FGS requires safe drugs, which selectively accumulate in the malignant
tissue and provide high SBR for complete cytoreduction. NIR-fluorescent NPs possess all necessary
characteristics to be potent FGS probes. To date, Cornell dots are the safest type of NIR NP, which is
already in clinical trial phase I. The special design of Cornell dots results in rapid excretion renally
following intravenous injection but were never applied for peritoneal carcinomatosis. By contrast, CD,
UCNP and QDs were already studied using the intraperitoneal injection route, which is suggested
to be the most potent for the detection of ovarian metastases. Obviously, the intraperitoneal route
avoids systemic exposition, improving NP safety and providing the opportunity to use active targeting
molecules to enhance selectivity and SBR of NPs. Another way to improve SBR is to use SWIR
fluorescent NP, which demonstrated extended photostability and provided visualization of tiny vessels
below 0.8 mm in tissue depth with an SBR higher than 30. Finally, NPs can be associated with other
imaging agents in multimodal approaches to achieve pre-operative whole-body imaging, and precise
tumor detection to complete cytoreduction.

Currently, NIR cameras and lasers are already FDA-approved for FGS. SWIR cameras have also
become available on the market and are expected to be approved for medical use. In fact, the application
of FGS in NIR and SWIR is limited by the number of FDA-approved dyes (ICG and methylene blue),
therefore the investigation of NP-based FGS probes is of great interest.
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Abstract: A large number of deaths from cancer can be attributed to the lack of effective early-stage
diagnostic techniques. Thus, accurate and effective early diagnosis is a major research goal
worldwide. With the unique phenomenon of localized surface plasmon resonance (LSPR), plasmonic
nanomaterials have attracted considerable attention for applications in surface-enhanced Raman
scattering (SERS) and metal-enhanced fluorescence (MEF). Both SERS and MEF are ultra-sensitive
methods for the detection and identification of early tumor at molecular level. To combine the merits
of the fast and accurate imaging of MEF and the stable and clear imaging of SERS, we propose
a novel dual functional imaging nanoprobe based on gold nanoparticles and gold nanocluster
composites (denoted AuNPC-RGD). The gold nanoparticles are used as LSPR substrates to realized
enhancement of Raman or fluorescence signal, while the gold nanoclusters serve as a fluorophore
for MEF imaging, and exhibit better biocompatibility and stability. Furthermore, target molecule
of cyclic Arg-Gly-Asp (cRGD) is incorporated into the composite to improve delivery efficiency,
selectivity and imaging accuracy. These integrated properties endow AuNPC-RGD composites with
outstanding biocompatibility and excellent imaging abilities, which could be used to achieve accurate
and effective diagnosis for early cancer.

Keywords: surface-enhanced Raman scattering (SERS); metal-enhanced fluorescence (MEF);
dual functional imaging nanoprobe

1. Introduction

Cancer has become one of the most serious causes of disease-related death, accounting for about
15% of total human deaths every year [1–4]. The earlier cancer is discovered, the greater the likelihood
of successful treatment. Therefore, effective diagnosis for early cancer is of great importance [5]. Despite
recent advances in traditional clinical diagnostic techniques (including magnetic resonance imaging,
ultrasound imaging, computed tomography and positron emission tomography), the accuracy and
sensitivity of diagnosis are still poor during the early stages of cancer, when the tumor is only a few
cells in size [6,7]. In this context, the combination of enhanced Raman scattering and fluorescence
methods, which uses nanomaterials as a probe for optical image of early-stage cancer, has come to be
regarded as a promising alternative strategy, as it can achieve single-molecule imaging with excellent
sensitivity and selectivity [8–12].

With the unique phenomenon of localized surface plasmon resonance (LSPR), plasmonic nanoparticles
are widely used as a probe in surface-enhanced Raman scattering (SERS) and metal-enhanced fluorescence
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(MEF) techniques [13–15]. SERS can provide ultra-sensitive characterization down to the single-molecular
level, and a higher sensitivity (1010–1014 times enhancement) compared to conventional Raman
spectroscopy [16–18]. Jing et al. demonstrated the ability of a nanothermometer, which used a gold
nanostar-indocyanine nanoprobe to realize real-time monitoring via SERS imaging [19]. However,
the drawback of traditional SERS imaging is the long time required for image acquisition. MEF is
capable of fluorescence enhancement via the interactions of fluorophores with metallic nanoparticles,
and has attracted widespread interest as a method for developing novel nanostructures for biosensors
and biomedical engineering [20–22]. Lee reported a fast and facile MEF optical method to monitor
and probe bacterial interactions in three-dimensional resolution [23]. But the organic fluorophores
are relatively unstable against photobleaching and can be easily degraded in microenvironments.
Therefore, to achieve both more stable and faster imaging, one highly effective strategy is to combine
SERS and MEF to construct a dual functional probe, which would not only obtain ultrahigh-resolution
imaging in a short time, but also maintain image stability in the long term.

Herein, we designed and synthesized a novel dual functional nanoprobe combining SERS and MEF for
the accurate imaging of early cancer or metastasis tissues. Specifically, gold nanoparticles (AuNPs), used as
the source of plasmonic resonance, were modified with a Raman reporter molecule 4-mercaptobenzoic
acid (AuNP-MBA), and encapsulated with silica (AuNP@SiO2). Then, gold nanoclusters (AuNCs) were
grown on surface of AuNP@SiO2 (AuNPC), and functionalized with bovine serum albumin (BSA) and
cyclic Arg-Gly-Asp (cRGD) to construct the final dual functional nanoprobes (AuNPC-RGD). The novel
nanoprobe design combines four advantages. Firstly, the AuNPs used as plasmonic substrates to enhance
the signal intensity of Raman activity or fluorescence and the AuNCs which act as a fluorophore for
MEF imaging, are homologous nanomaterials possessing good biocompatibility. Secondly, compared
with conventional organic dyes, AuNCs exhibit much higher stability, which improves the temporal
resolution of imaging. Thirdly, the nanoprobes realize both faster and more accurate MEF imaging in
the short term and more stable and clearer SERS imaging in the long term. Finally, the conjugation of
the probe with the target molecule, cRGD, improves the delivery efficiency of the latter and therefore
the selectivity and imaging accuracy. With these integrated properties, AuNPC-RGD is a novel dual
functional imaging agent with outstanding stability and biocompatibility, and excellent SERS and MEF
imaging efficiency, capabilities that are urgently needed for early cancer diagnosis and imaging.

2. Materials and Methods

2.1. Materials

Gold (III) chloride trihydrate (HAuCl4·3H2O), γ-mercaptopropyltrimethoxysilane (MPTES) and
sodium citrate dihydrate (Na3Ct·2H2O) were purchased from Adamas Beta (Shanghai, China).
Ammonium hydroxide (NH3·H2O, 25%), sodium hydroxide (NaOH) and 2-propanol were obtained
from Tianjin Chemical Regent Co., Ltd. (Tianjin, China). Tetraethylorthosilicate (TEOS), bovine serum
albumin (BSA) and 4-mercaptobenzoic acid (4-MBA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC·HCl) were obtained from J&K Scientific Ltd. (Beijing, China). Cyclic Arg-Gly-Asp
(cRGD) was obtained from GL Biochem Ltd. (Shanghai, China).

2.2. Synthesis of the AuNP-MBA

The AuNP-MBA was synthesized by two steps. First, HAuCl4 was reduced by Na3Ct to form
AuNPs [24], 2 mL of HAuCl4 solution (10.0 mM) was added into 60 mL of water containing 1 mL of
Na3Ct (1.0%) and the mixture was heated to boiling for 3.0 min. The color of solution changed to red
and the resulted AuNPs dispersion were kept in 4 ◦C after cooled down to room temperature. Second,
the modification of 4-MBA was completed according to a reported approach [25]. 20 μL of different
concentration of 4-MBA (1.0–100 mM in ethanol) was mixed with AuNPs dispersion (2 mL) and
reacted for 2 min. The SERS intensity of obtained AuNP-MBA1-4 were taken by Raman spectrometer.
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2.3. Preparation of the AuNP@SiO2 and AuNPC

AuNP@SiO2 was prepared using TEOS as silicon source with a modified approach [26]. Briefly,
6 mL of AuNP-MBA and 0.75 mL of NH3·H2O (25%) were added into 30 mL of 2-propanol and then
10% TEOS in ethanol (21–36 μL) was added drop by drop. After the reaction of 5 h, the obtained
AuNP@SiO2 was washed twice with ethanol by centrifugation (11000 rpm, 10 min) and dispersed in
3 mL of ethanol. For mercapto modification, 3 mL of the above-prepared AuNP@SiO2 was mixed with
1 mL of MilliQ water and 30 μL of MPTES. The mixture was kept stirring at 60 ◦C for 5.0 h in a constant
temperature bath and the obtained nanoparticles were collected by centrifugation (11,000 rpm, 10 min)
and washed with water for three times, and finally re-dispersed into 3 mL of water.

AuNPC was prepared according to a modified method [27]. 2 mL of the as-prepared mercapto
functionalized AuNP@SiO2 (AuNP@SiO2-SH) and 0.5 mL of HAuCl4 (10.0 mM) were mixed for 30 min,
and 0.5 mL of BSA (50 mg/mL) was added into the solution. After 10 min, 0.2 mL of NaOH aqueous
solution (1 M) was injected and the mixture was kept at 37 ◦C for 3 h. Subsequently, the resulting
AuNPC was collected by centrifugation (12,000 rpm for 10 min) and re-dispersed into 2 mL of water.
Then, the MEF intensity of AuNPC1-4 were taken by fluorescence spectrometer.

2.4. Conjugation of Targeted Molecule cRGD

Finally, the target molecule cRGD was grafted to the AuNPC nanoparticles with a modified
approach [28,29]. Specifically, 2 mL of as-prepared AuNPC, 4 mg of EDC·HCl and 2.5 mg of NHS were
mixed in 8 mL of PBS (pH 7.4) for the reaction of 8 h. Then, 2 mg of cRGD was added into the solution
and kept stirring in the dark at room temperature. After 16 h, the resulted AuNPC-RGD was collected
by centrifugal filter units (Millipore, MWCO 50.0 kDa, Darmstadt, Germany) and dispersed in 2.0 mL
of water for subsequent application.

2.5. Characterization

Transmission electron microscope (TEM) images of the nanoparticles were obtained by a Tecnai
G20 (FEI, Hillsboro, OR, USA), which was operated at 200 kV. The size distribution and zeta potential
were measured by dynamic light scattering (DLS) with a zeta particle size analyzer (Nano-ZS,
Malvern, UK). Raman spectra and imaging were taken with a confocal microprobe Raman system
(LabRAM HR Evolution, Tokyo, Japan) with 633 nm laser, and scattering spectra were recorded in
the range of 400–1700 cm−1. The characterization of fluorescence spectra were taken on fluorescence
spectrophotometer (F-7000, Hitachi, Tokyo, Japan), and fluorescence imaging was taken with a confocal
laser scanning microscope (CLSM, Nikon C2 SIM, Tokyo, Japan).

2.6. Biocompatibility and Cellular Uptake of Nanoparticles

Human cervical cancer cell line HeLa cells were cultured in DMEM at 37 ◦C in 5% CO2.
For the evaluation of in vitro cytotoxicity, the MTT assay was performed on the HeLa cells [3].

Briefly, 100 μL of HeLa cells (1 × 105 cells per mL) was added in 96-well plate with the incubation of
24 h. Then the culture medium was removed and 100 μL of AuNPC-RGD (0–1.0 mg/mL) in fresh
culture medium was added and incubated for another 24 h. Next 10 μL of MTT (5 mg/mL) was
added and incubated for 4 h, then 100 μL of DMSO was added after removing the medium and free
MTT. The absorbance of the suspension was recorded by a microplate reader (Thermo MultiskanFC,
Waltham, MA, USA) at a wavelength of 570 nm.

To measure the cellular uptake of nanoparticles, inductively coupled plasma (ICP) analysis was
used. HeLa cells were incubated with either AuNPC or AuNPC-RGD (5 mg/mL) as described above
for 2 or 4 h. Then HeLa cells were washed for three times by PBS and collected by centrifugation
(1000 rpm, 5 min). Finally, the amount of Au of cell samples were measured by ICP-OES (VISTA-PRO
CCD Simultaneous ICP-OES, VARIAN, Palo Alto, CA, USA).
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2.7. Surface-Enhanced Raman Scattering (SERS) and Metal-Enhanced Fluorescence (MEF) Imaging

For the study of SERS imaging, 2 × 105 HeLa cells dispersed in 2 mL of culture medium were
added in a 6-well plate and incubated for 24 h. Then, the culture medium was replaced with 2 mL
of fresh culture containing AuNPC or AuNPC-RGD (5 mg/mL). After another 4 h, HeLa cells were
washed for three times with PBS. SERS images at the Raman shift of 1065–1080 cm−1 were then
obtained under laser excitation at 633 nm on the confocal laser Raman scanning microscopy (LabRAM
HR Evolution, Tokyo, Japan).

A similar method was used to study the MEF imaging. Additionally, the HeLa cells were
treated with Hoechst 33258 (0.5 μg/mL) to stain the nucleus. Hoechst and AuNPC were excited at
the same wavelength of 405 nm, and the fluorescence images were taken by a CLSM (Nikon C2 SIM,
Tokyo, Japan) at wavelengths of 420–480 and 600–660 nm.

3. Results and Discussion

3.1. Characterization of the Dual Functional Nanoprobes

The design, preparation and application of the SERS nanoparticles are illustrated in Scheme 1.
As shown in Scheme 1a, the AuNPs are used as LSPR substrates to enhance the signal intensity of
Raman scattering and fluorescence. In combination with the enhanced Raman and fluorescence signals,
the novel dual functional nanoprobe is designed to simultaneously achieve SERS and MEF imaging.
As shown in Scheme 1b, the LSPR substrate of AuNPs are modified with a Raman reporter molecule
of 4-MBA, via an Au-S bond to realize SERS imaging. To avoid fluorescence quenching by the AuNPs,
the surfaces of AuNP-MBA are encapsulated in SiO2 shells, for which the thickness of SiO2 is optimized
with respect to fluorescence enhancement. Then, the AuNP@SiO2 are functionalized with the –SH
group to induce the growth of AuNCs on the nanoparticles. By S–Au bonds, both BSA (containing
S–S) and AuNP@SiO2 (containing –SH) could form S–Au bonds with AuNCs, which modified BSA
on the surface of AuNP@SiO2 via AuNCs. The BSA of AuNCs are attached on the surface of the
dual-functional nanoparticles to improve the stability and biocompatibility of the nanoparticles and
achieve MEF imaging. Then, the target molecule, cRGD, which has been demonstrated to show high
binding affinity to αvβ3 integrin that are up-regulated by tumor endothelial cells, is conjugated onto
the surface of the AuNPC through the amidation reaction between –COOH groups of BSA and –NH2

groups of cRGD [29]. Scheme 1c shows the application of AuNPC-RGD for targeted imaging of cancer
cells, which achieve excellent SERS and MEF imaging ability and efficiency.

 

Scheme 1. The illustration for the design (a), preparation (b) and application (c) of the dual-functional
imaging nanoprobe.
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The amount of 4-MBA on the AuNPs is a very important parameter for the SERS effects of LSPR
system, so that the concentration of 4-MBA during the preparation of AuNP-MBA nanoparticles
were systematically optimized with respect to the stability and SERS intensity of the AuNP-MBA
nanoparticles. In Table 1 and Figure 1e, the SERS intensity and spectra of preparative conditions
and performances of the AuNP-MBA are presented. The major Raman peaks of AuNP-MBA1-4 at
1076 cm−1 are magnified and shown in Figure 1e which indicate the vibration peak of benzene ring
of 4-MBA [25]. It could be found that the tendency of SERS intensity increased obviously with the
increase of 4-MBA concentration from 10 to 500 μM (the magnified spectra in Figure 1e & Table 1)
for AuNP-MBA1-4. On the basis of the stability and SERS intensity of the modified AuNP-MBA
nanoparticles, the final concentration of 4-MBA was fixed at 500 μM in all subsequent experiments,
due to the higher 4-MBA concentrations resulted in poor stability of the nanoparticles (the AuNPs was
easy to agglomerate with 4-MBA at concentration of 1 mM so that its SERS intensity was not measured).
To prevent fluorescence quenching, the surfaces of the AuNP-MBA (about 35 nm) were encapsulated
with the SiO2 shells. The thickness of the SiO2 shells was optimized with respect to the MEF intensity
of the nanoparticles by varying the concentration of TEOS, as shown in the TEM images of Figure 1a–d.
Table 2 shows the performances of the AuNPC nanoparticles and Figure 1f shows the MEF spectra
of the prepared AuNPC nanoparticles. With the increase of SiO2 shell thickness (from about 6.3 to
20 nm, as shown in Table 2), the MEF intensities of the AuNPC nanoparticles first increased and then
decreased. And the peak value of MEF were shown in Table 2, AuNPC2 and AuNPC3 had similar
MEF intensity, but AuNPC2 had higher MEF and the thickness of SiO2 in AuNPC2 was optimization
condition for MEF. Therefore, SiO2 shells of thickness (13 ± 1.2 nm) were chosen to maximize the
fluorescence enhancement for the following application of MEF imaging.

Table 1. The conditions and results for the preparation of the AuNP-MBA.

Nomenclature CAu (mg/mL) C4-MBA (μM) SERS Intensity a

AuNP-MBA1 0.05 500 964 ± 2.5
AuNP-MBA2 0.05 100 627 ± 5.2
AuNP-MBA3 0.05 50 215 ± 6.7
AuNP-MBA4 0.05 10 23 ± 4.3

a SERS intensity of the nanoparticles determined at 1076 cm−1.

Figure 1. (a–d) TEM imaging of AuNP@SiO2-1-4; (e) SERS spectra of the AuNP-MBA1-4; (f) MEF
spectra of the AuNPC1-4.
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Table 2. The conditions and results for the preparation of the AuNPC.

NO. Size (nm) The Thickness of Shell (nm) MEF Intensity a

AuNPC1 45 ± 1.9 6.3 ± 0.8 930 ± 3.2
AuNPC2 60 ± 2.3 13 ± 1.2 1545 ± 4.2
AuNPC3 70 ± 2.9 17 ± 1.3 1480 ± 4.1
AuNPC4 78 ± 4.0 20 ± 2.0 1037 ± 5.0

a MEF intensity of the nanoparticles determined at 630 nm.

Figure 2a–c show TEM images of the modified AuNPs, exhibiting their core-shell structure.
It can be seen that the AuNP@SiO2, AuNPC and AuNPC-RGD are all well dispersed. The SiO2 was
modified with –SH groups which could link AuNCs by S–Au bonds and anchored in the surface
of SiO2 shell. The size of AuNCs was below 2 nm which was too small to be seen [27]. When it
was enlarged (the insert image of Figure 2b), AuNCs could be found on the SiO2 shell in AuNPC
nanoparticles, indicating that the AuNCs were modified on AuNPC successfully. Figure 2d shows
the size distributions of the AuNPs, AuNP-MBA, AuNP@SiO2, AuNPC and AuNPC-RGD in MilliQ
water. The hydrodynamic diameters of the nanoparticles increase in the order AuNPs < AuNP-MBA
< AuNP@SiO2 < AuNPC < AuNPC-RGD, i.e., the nanoparticles have successively larger diameters
after each modification step. Both the TEM and DLS results indicate that the size of the AuNPC-RGD
nanoparticles is less than 200 nm, which is sufficiently small to allow enhanced permeability and
retention effect for targeting tumor cells [7]. As shown in Figure 2e, the zeta potentials of the AuNPs,
AuNP-MBA, AuNP@SiO2, AuNPC and AuNPC-RGD are −4.2 mV, 9.7 mV, −42.3 mV, −41.5 mV
and −29.8 mV, respectively. All of the nanoparticles are therefore negatively charged, which can
be expected to suppress their non-specific interaction with cells [24,25]. Figure 2f shows the UV-Vis
spectra of the AuNPs, AuNP-MBA, AuNP@SiO2, AuNPC and AuNPC-RGD. It could be found that
the absorbance peak of AuNPs at 525 nm with the wavelength range of 460–700 nm, indicating that
AuNPs had a strong plasmonic absorption peak in LSPR [14]. And strong resonance effect was induced
with the incident light of 525 nm which could produce high SERS effect [17]. In consideration of
fluorescence interference of cells, long wavelength of 633 nm laser was used to excite SERS imaging.
The absorption peak shifts from 525 nm for the AuNPs to 550 nm for the AuNPC-RGD. This red shift
of surface plasmon band can be ascribed to modification of 4-MBA, SiO2 shell, AuNCs and cRGD
which changed the refractive index surrounding the AuNPs [30]. The modification of 4-MBA on
AuNPs does not change the plasmonic absorption of AuNPs due to the low concentration of 4-MBA
encoded on AuNPs. When encapsulated with AuNCs and cRGD, the absorption at range of long
wavelength (650–800 nm) increased obviously, which resulted from the interaction between the LSPR
effects of AuNPs and AuNCs [31]. Figure 2g shows SERS spectra of 4-MBA, AuNP-MBA, AuNP@SiO2,
AuNPC and AuNPC-RGD. The peaks of 1076 cm−1 associated with vibration peak of benzene ring,
and 1581 cm−1 were identified along with the band at 1422 cm−1 corresponding to deformation and
stretching vibrations of carboxylate groups [32]. It is clear that Raman intensity of 4-MBA increases
due to the SERS of AuNPs, and the enhancement factor (EF) of SERS for AuNPC-RGD is calculated
according to the equation (EF = [ISERS]/[IRaman] × [NRaman]/[NSERS]) [18,33]. The Raman intensity
of 4-MBA or AuNPC-RGD are IRaman or ISERS, and NRaman or NSERS indicated molecular weight of
4-MBA in dispersion or on AuNPC-RGD. The EF is calculated to be 500, suggesting that the intensity
of AuNP-MBA is 500 times greater than that of 4-MBA without AuNPs substrates. Figure 2h exhibits
MEF spectra of AuNPC, AuNPC-RGD and silica nanospheres (~70 nm) without AuNPs core that
grow gold nanoclusters on the surface (abbreviated as SNPC). The fluorescence property of AuNCs
mostly relate to ligands with Au atoms, which influence the emission wavelength and intensity of
AuNCs [21]. The fluorescence peak of AuNCs shifted when modified cRGD, it could be ascribed to
the ligand molecule of BSA changed to BSA-cRGD which had great influence on luminous properties
of AuNCs. Moreover, the AuNPs could also influence the emission property of AuNCs induced the
difference of AuNPC and SNPC. AuNPC-RGD had higher MEF intensity due to the enrichment of
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AuNPC-RGD after centrifugation. The silica nanoparticles with similar size of AuNP@SiO2 (about 70 nm),
was prepared by hydrolysis of tetraethylorthosilicate (TEOS) [26]. SNPC (silica nanoparticles modified
with AuNCs with the same preparation method with AuNPC) was used as control to calculate EF
of MEF for AuNPC. There was no AuNPs core in silica nanoparticles but AuNCs were conjugated
on their surfaces. Comparing the fluorescence spectra of AuNPC and SNPC, we can find that the
fluorescence intensity is approximately doubled than AuNPC.

Figure 2. Characterization of the bifunctional nanoprobes. (a–c) TEM images of the AuNP@SiO2,
AuNPC and AuNPC-RGD; (d–e) Size distributions and zeta potentials of the AuNPs, AuNP-MBA,
AuNP@SiO2, AuNPC and AuNPC-RGD in water; (f) UV-Vis spectra of the AuNPs, AuNP-MBA,
AuNP@SiO2, AuNPC and AuNPC-RGD in aqueous solution; (g) SERS spectra of the 4-MBA, AuNPs,
AuNP@SiO2, AuNPC and AuNPC-RGD; (h) MEF spectra of the AuNPC, AuNPC-RGD and SNPC in
aqueous solution.

3.2. Biocompatibility and Cellular Uptake of Nanoparticles

It is well known that biocompatibility is an important factor for any nanoplatforms in a drug
delivery system, as it determines whether a nanomaterial can be used in vivo [34]. AuNPC and
AuNPC-RGD were modified with BSA, which not only increases the stability and biocompatibility
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of the nanomaterials, but also provides a large number of functional groups of –COOH and –NH2.
Through the amidation reaction between –COOH and –NH2, the target molecule cRGD was grafted
onto the nanoparticles. In preparation of AuNPC-RGD, a tiny amount of cRGD reacted with a high
amount of BSA, suggesting most of cRGD reacted with BSA and conjugated on AuNPC. The amount
of AuNCs and BSA were all the same, and then cRGD was modified on AuNPC, which could not
interfere the amount of cRGD on AuNPC-RGD. cRGD is a typical target molecule possessing high
binding affinity to αvβ3 integrin, which are highly expressed in tumor endothelial cells (such as lung
adenocarcinoma, cervical cancer and breast cancer cells) [29].

The in vitro cytotoxicity and cellular uptake of nanoparticles must be evaluated before their
application to ensure that the biocompatibility of nanoparticles could be applied for cell imaging [24].
Firstly, the cytotoxicity of the as-prepared different nanoparticles were evaluated via MTT assay,
in which HeLa cells were separately incubated with AuNPs@SiO2, AuNPC and AuNPC-RGD.
From Figure 3a, it can be observed that AuNPs@SiO2 had the most severe cytotoxicity (survival
rates of 74.7% for 0.1 mg/mL and 57.1% for 1 mg/mL), while the other nanoparticles had excellent
biocompatibility (survival rates higher than 85.0% for 0.1 mg/mL and 83.3% for 0.8 mg/mL for
both materials). Nonetheless, the cell viability in the presence of AuNPC-RGD, in which cRGD
was conjugated onto the nanoparticles, was reduced (compared with 92.65% for 1 mg/mL of
AuNPC), because the cellular uptake of the former was higher than the latter, as shown in Figure 3b.
Figure 3b shows the quantitative ICP measurement of AuNPC and AuNPC-RGD accumulated in cells.
The cellular uptake of the nanoparticles increased with the increase of incubation time from 2 h to 4 h.
And the cellular uptake of AuNPC-RGD increased compared with AuNPC, which indicates that it
could realize active targeting for AuNPC-RGD delivery to tumor cells.

 

Figure 3. In vitro cytotoxicity and cellular uptake of different nanoparticles. (a) Viabilities of HeLa cells
incubated with different nanoparticles; (b) Cellular uptake performance of AuNPC and AuNPC-RGD
with incubation for 2 and 4 h.

28



Nanomaterials 2018, 8, 819

3.3. Application of SERS and MEF Imaging

As is widely known, AuNPs have strong plasmonic properties through their long electronic
relaxation time, which provide powerful enhancement for Raman scattering and fluorescence
signals [18]. As the SERS and MEF techniques possess ultrahigh-sensitivity that can reach single
molecule detection, the prepared AuNPC-RGD has the potential to be used in single cell imaging.

To investigate the performance of the nanoprobe for SERS imaging, HeLa cells were incubated
with AuNPC or AuNPC-RGD. Figure 4a shows the bright field cell imaging of HeLa cells incubated
with AuNPC, and Figure 4b,c are the corresponding SERS images, in which the Raman signals were
collected in the range of 1065–1080 cm−1 and the excitation wavelength was chosen as 633 nm to
avoid fluorescence interference [19]. The SERS images of Figure 4b,c are enlarged views of the cells
in the green boxes in Figure 4a, which are well matched with the corresponding bright field images.
SERS images of HeLa cells incubated with AuNPC-RGD are exhibited in Figure 4d–f. Similar to
AuNPC, Figure 4d shows the bright field imaging of the cells and Figure 4e,f are the SERS images
under the same conditions as mentioned above, and both the bright field and SERS images are again
completely matched. Compared with Figure 4b,c, the SERS intensities of Figure 4e,f are much brighter,
which can be ascribed to the higher cellular uptake of AuNPC-RGD than AuNPC. The very close
matching of the SERS images with the bright field images indicates that the SERS nanoprobes can
achieve single-cell imaging.

 
Figure 4. SERS images of HeLa cells incubated with nanoprobes. (a–c) AuNPC; (d–f) AuNPC-RGD.
SERS images at the Raman shift of 1065–1080 cm−1 were obtained under the laser of 633 nm.

Compared with Raman scattering signals, fluorescence signals are stronger and more sensitive [35].
By utilizing the MEF effect, fluorescence intensity and photostability can be further increased [18].
As presented in Figure 5, the as-prepared nanoparticles show excellent MEF performance. Figure 5a–d
show the HeLa cells incubated without nanoparticles as a control for comparison with AuNPC
and AuNPC-RGD. The bright field and MEF images of HeLa cells incubated with AuNPC or
AuNPC-RGD are as shown in Figure 5e–l, respectively. The images of bright field were shown clearly
in Figure S1–S3 (Supplementary Materials). The images of the second columns (Figure 5b,f,j) and
third columns (Figure 5c,g,k) are fluorescence images of Hoechst 33258 (blue) and AuNPC (red) under
single-wavelength 405 nm excitation. The MEF image of AuNPC-RGD displays stronger fluorescence
than the image of AuNPC, as a result of the active-targeting effect of AuNPC-RGD. From the merged
images (Figure 5d,h,l), the cell nucleus (blue) and cytoplasm (red) are matched accurately, indicating
that the MEF nanoprobes can achieve single-cell fluorescence imaging. The results of SERS and
MEF imaging demonstrate that AuNPC-RGD as a dual-functional imaging agent shows outstanding
biocompatibility and excellent SERS and MEF imaging efficiency, and is expected to be applied for
effective cancer imaging.
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Figure 5. Laser confocal microscopy images of HeLa cells incubated with/without nanoparticles.
(a–d) Without nanoparticles; (e–h) with AuNPC; (i–l) with AuNPC-RGD (i–l). Hoechst and AuNPC
were excited at the same wavelength of 405 nm, and the fluorescence images were taken at 420–480 and
600–660 nm, respectively. Scale bar: 50 μm.

4. Conclusions

In summary, we have developed new nanoprobe for SERS and MEF dual functional imaging to
achieve fast and long-lasting imaging for early cancer. AuNPs of about 35 nm in size are modified
with a Raman reporter molecule of 4-MBA, encapsulated with SiO2, grown AuNCs on the surface,
and functionalized with BSA and cRGD to construct the dual functional (i.e., SERS and MEF) probes,
denoted AuNPC-RGD. To maximize the stability, SERS intensity and MEF intensity of the AuNPC-RGD
nanoparticles, the concentration of 4-MBA was optimized to be 500 μM, and the thickness of SiO2 was
optimized to be about 13 nm. The TEM and DLS results indicate the monodisperse AuNPC-RGD,
with a negative surface charge that suppresses the non-specific interaction with cells. From the SERS
and MEF spectra, the calculated EFs of AuNPC-RGD are 500 and 2, respectively. Moreover, cell viability
in the presence of 1 mg/mL AuNPC-RGD is 84.3%, indicating the outstanding biocompatibility of
the nanoprobe. For application in SERS and MEF imaging, our AuNPC-RGD nanoparticles exhibit
excellent imaging abilities, which suggest that the AuNPC-RGD composite is a powerful probe for
accurate and effective cancer imaging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/10/819/
s1.
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Abstract: Progress in the field of biocompatible SERS nanoparticles has promising prospects for
biomedical applications. In this work, we have developed a biocompatible Raman probe by
combining anisotropic silver nanoparticles with the dye rhodamine 6G followed by subsequent
coating with bovine serum albumin. This nanosystem presents strong SERS capabilities in the
near infrared (NIR) with a very high (2.7 × 107) analytical enhancement factor. Theoretical
calculations reveal the effects of the electromagnetic and chemical mechanisms in the observed
SERS effect for this nanosystem. Finite element method (FEM) calculations showed a considerable
near field enhancement in NIR. Using density functional quantum chemical calculations, the chemical
enhancement mechanism of rhodamine 6G by interaction with the nanoparticles was probed, allowing
us to calculate spectra that closely reproduce the experimental results. The nanosystem was tested in
cell culture experiments, showing cell internalization and also proving to be completely biocompatible,
as no cell death was observed. Using a NIR laser, SERS signals could be detected even from inside
cells, proving the applicability of this nanosystem as a biocompatible SERS probe.

Keywords: surface enhanced Raman scattering; SERS; finite element method; density functional
theory calculations; cell labeling; cancer
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1. Introduction

In recent years, Raman spectroscopy has been studied extensively, given its wide range of
applications especially those based on the Surface Enhanced Raman Scattering (SERS) effect [1–8],
by which Raman-active compounds can be detected at very low concentrations. This approach is
especially valuable since Raman scattering is a very inefficient spectroscopic process and its use for
detection purposes is limited. In SERS, to obtain an efficient amplification, the organic compound
should be near the surface of metallic nanoparticles (NPs), especially those based on the reduced form
of metals such as copper, gold or silver, where the Raman signals can be amplified by factors as high as
1014–1015 [9–11]. In this manner, the ultimate detection limit could be a single analyte molecule [12–14].
The net SERS effect is the outcome of two mechanisms, which can act simultaneously or separately.
These have come to be called electromagnetic (EM) and chemical (CM), respectively [15,16]. The
EM is a consequence of the local increase of electric field in the vicinity of the NPs, due to surface
plasmon excitation. This increase leads to a more intense absorption of electromagnetic radiation in
molecules in the vicinity of the NPs, and therefore to enhanced Raman scattering [17]. The CM arises
from changes in the polarizability of a given molecule, owing to charge transfer interaction between
electronic states of the molecule and the NPs surface, leading also to increased Raman signals [18].
The CM depends exclusively on the Raman-active molecule and its interaction with the surface of
NPs, while the EM depends on the surface plasmon resonance (SPR) [19–21]. SPR can be defined as a
quantized collective oscillation of electrons confined within a metal/dielectric boundary that strongly
interact with electromagnetic fields. According to the latest findings, Raman spectroscopy parallel
to the SERS effect can be considered as one of the most powerful techniques currently available for
sensing applications [22–27].

Rhodamine 6G (R6G) is a rigid molecule composed of a xanthene ring, an ethoxycarbonylphenyl
group, and two ethylamino groups. Rhodamine 6G exhibits a high Raman cross-section and has
been extensively studied experimentally, and so it represents a suitable benchmark molecule for SERS
studies. Specifically, R6G has been shown to exhibit SERS effect on films composed of aggregates
of thiol-immobilized silver-based NPs (AgNPs) [28]. In this sense, it is worth to mention that
detailed data analysis from computational studies have been useful and valuable to understand
SERS experimental-based phenomena, including the vibrational analysis of the R6G cation [29–31],
the SERS effect on AgNPs to characterize the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) states [32], the effect of geometry on SERS of minimal silver
clusters [33], as well as the spectroscopic states involved in the transition in resonance Raman [34].

Since SERS is able to detect Raman-active compounds at picomolar concentration, it could be used
as a powerful tool for diagnosis and/or monitoring disease progression through tracking of specific
biomarkers [35]. Typically, NPs used as SERS nanotags are obtained by interaction or anchoring
of a Raman dye onto the surface of metallic NPs such as gold- or silver-based NPs. Subsequently,
these NPs-dye conjugates are coated with a biocompatible, protective layer such as polymers or
proteins [36,37]. For instance, gold nanoparticles (GNPs) conjugated with bovine serum albumin (BSA)
have been used with encouraging results for in vivo multiplexing SERS [38].

Development of new non-spherical nanoparticles is becoming an option to increase SERS
amplification for intracellular applications [39], since this type of anisotropic nanoparticles produce a
high confinement of electromagnetic energy at sharp-nanostructured corners and edges [40]. Among
them, of particular interest are star-shaped [6,41] or elongated/rod-shaped nanoparticles [42] which
show considerable field amplifications near the tips, i.e., at the extremities of the particle long axis.
In addition, another advantage of these nanoparticles is the possibility of using lasers in the near-IR, due
to a shifting of the SPR, which is a particularly interesting feature for their usage in biological systems.
Thus, an evaluation of the suitability of these nanoparticles for SERS applications can be made by using
the finite element method to determine the near field around the particle, followed by comparison
of the intensity of the electromagnetic field enhancement for different nanoparticle shapes and laser
wavelengths [43,44]. In this sense, it has been shown that in general AgNPs have an intrinsically
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higher enhanced factor (EF) compared to GNPs [45]. However, Yuan et al. [46] demonstrated that EF
of gold nanostars and silver spheres are similar, and both are considerably higher than gold spheres,
making those particular NPs suitable for cellular SERS labelling. Remarkably, recent studies have
been reported the use of AgNPs in cellular SERS labelling [39,47,48], suggesting that these could
discriminate between different cell compartments for in vitro experimental approaches.

Nevertheless, for in vivo purposes, SERS-based nanoparticles should be compatible with the use
of lasers with wavelengths within the so-called biological window, in order to minimize the absorption
from living tissues [49,50].

Based on the above, the aim of this work was to obtain a biocompatible nanosystem that allows
sensitive intracellular SERS probing. For that purpose, anisotropic AgNPs with an elongated shape
were conjugated with the R6G Raman active dye and BSA. These elongated shape AgNPs show a
SPR band in the near-IR region. The BSA coating entraps the Raman active dye and confers colloidal
stability as well as biocompatibility to the nanosystem. To the best of our knowledge, this is the first
time that analytical enhanced factor (AEF) is analyzed both by density functional theory (DFT) and
finite element method (FEM) calculations. Remarkably, our results are in good agreement with SERS
experimental findings. In this sense, FEM calculations show a significant field enhancement at 785 nm,
making the elongated AgNPs excellent SERS probes. Finally, we were able to label by intracellular
SERS a carcinoma cell line (A431), using a laser in the near-IR region and without any detectable
toxicity to cells.

2. Materials and Methods

2.1. Materials

All chemicals were of reagent grade and have been used without further purification:
tetraethylrhodamine hydrochloride (Rhodamine 6G) and BSA from Sigma Aldrich (Madrid, Spain),
silver nitrate, sodium citrate, ascorbic acid and hydroxylamine hydrochloride from Panreac (Barcelona,
Spain). Water was purified using a Milli-Q (18.2 MΩ) water system from Millipore (Madrid, Spain).

2.2. Synthesis of Silver Nanoparticles (AgNPs)

A solution containing silver nitrate (3.06 mM) and sodium citrate (6.2 mM) was prepared in
25 mL of Milli-Q water in a round bottom flask dipped in an ice bath and was stirred at 700 rpm.
Upon complete dissolution of both salts, 0.5 mL of a 56.7 mM solution of ascorbic acid was quickly
added and the reaction was allowed to proceed for additional 5 min. After this, the dispersion was
centrifuged at 4000 rpm for 20 min and the resulting pellet was redispersed in Milli-Q water. This
process was repeated 3 times to remove unreacted reagents, resulting in a final dispersion of AgNPs.

2.3. Transmission Electron Microscopy (TEM)

TEM measurements were performed in a 200 kV Philips CM-200 microscope (Philips, Amsterdam,
Netherlands) with a supertwin objective lens, a LaB6 filament and side-entry specimen holder (point
resolution 0.24 nm). To prepare the TEM samples, ~5 μL of solution containing the sample were
removed from the bottom of the vial, followed by the removal of ~5 μL of the supernatant into the
same pipette tip. Two drops of this suspension were deposited on a carbon-coated copper TEM
grid (Ted Pella, Redding, CA, USA). The instrument is equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector (EDAX Inc., Tilburg, Netherlands). Signals from the elements Si, Cu and
C are originated from carbon-coated copper TEM grid. Taking into consideration that EDX is based
on the principle that each element has a unique atomic structure (with a unique set of peaks on its
electromagnetic emission spectrum), we can discriminate between silver NPs and the TEM grid. The
size histogram was prepared using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA),
based on the measurements obtained from more the 150 nanoparticles.
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2.4. Preparation of AgNPs@R6G@BSA

AgNPs concentration was determined by direct weighing of a sample after drying. A volume of
0.65 mL of the AgNPs suspension (2.84 mg/mL) was incubated with 120 μL of R6G 10−3 M. After two
hours of incubation, 2 mL of a 50 μM BSA solution in phosphate buffer saline (PBS) was added and
allowed to incubate overnight, followed by centrifugation at 4000 rpm for 30 min and re-suspension
in Milli-Q water. The amount of bound R6G was determined using the UV-Vis spectrum (Ocean
Optic, Largo, FL, USA) of a R6G blank solution (mixing 120 μL R6G and 0.65 mL of Milli-Q water)
as a standard and comparing with the supernatant obtained after incubation with the particles and
centrifugation. The remaining concentration of R6G in AgNPs was calculated to be 9.8 × 10−7 M
(4.1 × 10−10mol R6G/mg AgNPs).

2.5. UV-VisSpectroscopy

The UV-Vis spectra were recorded with an Ocean Optic spectrometer (Ocean Optic, Largo, FL,
USA) equipped with a HR4000 detector with a quartz tray with a light path of 1 cm.

2.6. Dynamic Light Scattering (DLS)

The size distribution measurements of the nanoparticles were performed on a Zetasizer Nano
ZS90 (Malvern, UK). The nanoparticles were dispersed in milli-Q water or PBS at a concentration of
50 mg/L of Ag. The measurements were done on a cell type: ZEN0118-low volume disposable sizing
cuvette, with 173◦ Backscatter (NIBS default) as angle of detection. The measurement duration was set
to automatic and three measurement repeats. The analysis model was set to general purpose (normal
resolution). The polydispersity index (PDI) is determined using a Malvern software (Malvern, UK),
based on a cumulants analysis that performs a single fit to the correlogram.

2.7. Raman Spectroscopy

Raman IR spectra were measured on a Bruker Senterra Confocal Raman Microscope (Bruker,
Hamburg, Germany) equipped with a 785 nm Ne laser and a DU420A-OE-152 detector (Oxford
Instruments, Abingdon, UK). A 50× objective was used for all measurements, with a slit aperture
fixed to 50 μm and an integration time of 100 s with a laser power of 50 mW. All spectra were recorded
with a 3 cm−1 resolution. In order to calculate the analytical enhanced factor (AEF), measurements
were carried out on a Labram 300 Jobin Yvon spectrometer (Horiba Jobin Yvon, Bensheim, Germany)
equipped with a 17 mW HeNe laser operating at 632.8 nm and with an air-cooled CCD detector.
Spectra were recorded as extended scans. The laser beam was focused with a 50× Olympus objective
lens (Olympus, Tokyo, Japan). The laser power at the surface of the samples was fixed with the aid of
a neutral density filter (optical density 0.3). All measurements were performed using 5 scans with 25 s
of laser exposure.

2.8. Density Functional Theory (DFT) Calculations

DFT calculations were performed with the Gaussian 2009 program [51], using B3LYP exchange
and correlation functional as a well-established and robust method along with DGDZVP as basis set
(Gaussian, Wallingford, CT, USA). Structure optimizations of the R6G molecule and of the metal/R6G
complex were carried out in vacuum with a very tight convergence criterion. All the presented
spectra lacked imaginary frequencies, indicating that the minimization yielded true (at least local)
minima. Calculated spectra were broadened by a 5 cm−1 convolution to facilitate comparison with
experimental spectra. No shifting or scaling of wavenumbers was performed in any of the represented
spectra. Raman spectra were obtained according to the methodology known from the literature [29],
calculation of Raman intensities was based on Placzeks polarizability theory. It should be noted that the
theoretical values were obtained within the double harmonic approximation, i.e., the force constants
were assumed to be harmonic, and only the linear terms were retained in the series expansion of the
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polarizability tensor components with respect to a normal mode [51]. Spectra were calculated at room
temperature and for a 785 nm wavelength. The basis set DGDZVP was applied to the silver-R6G
conjugates. DGDZVP, as a full electron basis set, provides roughly 50% more basis functions than other
basis set such as LANL2DZ and spectra obtained were found to compare more favorably in preliminary
calculations. This has also been reported for related systems [52,53].Although it is customary to apply
a scaling factor of 0.975 to all computed frequencies due to the finite size of the basis set employed,
this has not been done in this work.

2.9. Finite Element Method (FEM) Calculations

FEM calculations were performed using a commercial software package, Comsol Multiphysics
4.4 (Comsol, Burlington, MA, USA) to obtain the near field enhancement around the nanoparticle at
the wavelengths of the Raman lasers used (633 and 785 nm). A particle geometry similar to the most
elongated structures visualized by TEM was simulated using an ellipsoid shape with dimensions of
30 × 13 × 5 nm. A single particle aligned along the y-axis of the simulation was used to calculate
electric field intensities. The complex dielectric functions for silver were calculated from Johnson and
Christy’s data [54]. Nanoparticles were enveloped in water simulated as an isotropic dielectric medium
with a refractive index of 1.33. The meshing of the geometry was performed using a minimum element
size of 1.2 nm and a total of 73,208 mesh elements. An incident electromagnetic field was applied along
the y-axis direction and the simulation was solved using a direct solver for a scattered field formalism.

2.10. Cell Culture

Epidermoid (squamous cell) carcinoma cell line (A431) (from CLS Cell LinesServiceGmbH,
Eppelheim, Germany) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 4.5 g/L glucose, 2 mM L-glutamine, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(ATCC, Manassas, VA, USA) at 37 ◦C in an incubator with a humidified atmosphere with 5% CO2 for
24 h at different experimental conditions.

2.11. Cytotoxicity Assays

Epidermoid A431 cells were seeded overnight in 96-well plates at a density of 10.000 cells per
well, in a final volume of 200 μL. For 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) and lactate dehydrogenase (LDH) determination, the medium was replaced the day after with
fresh media containing AgNPs@R6G@BSA at concentrations ranging from 0.5 μg/mL to 140 μg/mL
for 24 h. As a negative control, cells without exposure to NPs have been used while positive
controls for cell death were obtained by exposing cells to 20% ethanol in the media culture.After
treatment, the supernatant of each well was saved for LDH measurements and replaced by 100 μL of
media containing the MTT labelling reagent (Roche Diagnostics GmbH, Mannheim, Germany) at a
final concentration of 0.5 mg/mL. After further incubation for 4 h under a humidified atmosphere
(37 ◦C, 5% CO2), 100 μL of the solubilization solution was added to each well. The plates were
kept overnight in the incubator under a humidified atmosphere after complete solubilization of
the formazan crystals. Then, spectrophotometric absorbances were measured using a microplate
(ELISA) reader (Dynatech, Burlington, MA, USA) at 570 nm with 660 nm as the reference wavelength.
LDH release after 24 h incubation with AgNPs@R6G@BSA was determined in the saved supernatant
according to manufacturer’s instructions (Roche Diagnostics GmbH, Mannheim, Germany). Data were
obtained from three independent experiments. Measurements were made in five replicas for each
experimental condition.

The relative cell viability (%) and its error related to control wells were calculated by the equations:

RelativeCellViability(RCV)(%) =

(
[Abs]test − [Abs]Negative control

[Abs]Negative control − [Abs]Positive control

)
× 100 (1)
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Error(%) = RCVtest ×
√
(

[σ]test
[Abs]test

)
2
+ (

[σ]control
[Abs]control

)
2

(2)

Non-parametric tests were used for statistical analyses using IBM SPSS package v22 (SPSS,
Chicago, IL, USA).

2.12. Flow Cytometry

For detection of apoptotic cells by flow cytometry, A431 cells were seeded overnight in 12-well
plates at a density of 120,000 cells per well, in a final volume of 1 mL, and treated for 24 h at different
nanoparticle concentrations. At the end of the experiment, the cells were fixed in an ice-cold solution
of 70% (v/v) ethanol for at least 24 h, incubated for 10 min in DNA extraction buffer (0.2 MNa2HPO4,
pH 7.8) and then incubated with 0.1% (w/v) RNAse (Thermofisher, Waltham, MA, USA) and 50 μg/mL
propidium iodide at 37 ◦C for 30 min before analysis of the DNA content by flow cytometry using cell
quest software (BD Biosciences, San Jose, CA, USA).

2.13. Dark Field Microscopy (DFM)

Epidermoid (squamous cell) carcinoma cell line (A431) (from CLS) were cultured on 1 mm
thick and 1 cm in diameter (Goldseal number 1) glass coverslips for 48 h in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 4.5 g/L glucose, 2 mM L-glutamine, 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (ATCC) at 37 ◦C in an incubator with a humidified
atmosphere with 5% CO2. AgNPs@R6G@BSA resuspended in DMEM (15 μg/mL final concentration)
were added to the cell culture and kept under the same incubation conditions for 24 h. These assays
were performed in duplicate. In order to ensure that only internalized nanoparticles are present in
cell preparations, the cell culture was washed repeatedly with PBS 1×. After that, cells were fixed
with paraformaldehyde and treated with Hoechst dye (dye with affinity for cell nuclei). Finally,
the coverslips were mounted onto microscope slides using Vectashield Mounting Medium (Vector
Laboratories, Burlingame, CA, USA) and analyzed using an upright fluorescence microscope Leica
DM 2500 (Leica, Wetzlar, Germany), 100 W quartz halogen light and an external light source EL6000
for fluorescence images. Microscope was equipped with a dark field condenser without lens and a
condenser upper lens DF D 0.80–0.95. Overlay fluorescence and DFM images were recorded using a
Leica DFC 450 C camera and an HCX PL APO 100×/1.40–0.70 oil immersion objective.

3. Results and Discussion

Anisotropic silver nanoparticles were easily produced by a one-pot method, using non-toxic
reagents and water as solvent. The conditions of low temperature and mild reducing agent that were
used favour a kinetic-driven process and thus the formation of anisotropic nanoparticles [55]. TEM
images of the nanoparticles are shown in Figure 1.

The TEM picture depicts a representative field in which the majority of particles exhibit an
anisotropic and elongated irregular shape (Figure 1A). Energy-dispersive X-ray spectroscopy (EDX)
results show a clear peak for Ag, Cu and C elements corresponding to the grid, while Si and O
indicate are related to minor associated impurities (Figure 1B). The particle size distribution is shown
in histograms (Figure 1C,D). The long-axis of the nanoparticles has an average distribution of lengths
around 19 ± 5 nm, with more elongated populations reaching up to 30 nm, while the short-axis has
dimensions of 13 ± 5 nm.

The UV-Vis spectrum of the AgNPs in solution shows a strong, broad SPR band with a maximum
intensity in the range of 650–950 nm (Figure 1E). In addition, this SPR band makes these nanoparticles
particularly suitable for studies in cells and tissues, due to the limited absorption of biological materials
in the NIR region, which implies deeper penetration of radiation energy. In this sense, the laser
wavelength used in this work (see details below) for in vitro experiments (785 nm) is within the high
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extinction range of the surface plasmon resonance of AgNPs, which favors the EM component of the
SERS effect.

Figure 1. Microstructural characterization of AgNPs by TEM (A), EDX analysis of AgNPs (B), in
which arrows indicate silver peaks. Particles short-length (C) and long-length (D) histograms-based on
the measurements of over 150 nanoparticles. UV-Vis spectrum of AgNPs in solution (E) showing a
maximum absorption in the NIR region (650–1350 nm in a red box). Signals from the elements Si, Cu
and C are originated from carbon-coated copper TEM grid.

The particles have a high degree of stability, as DLS determinations in PBS (pH = 7.4) shown
immediately after and one month after the synthesis procedure (Figure S1). Synthesized AgNPs
showed a hydrodynamic diameter by DLS of 153.6 ± 0.9 nm. This high value might be explained by
some degree of sample aggregation, especially because DLS is more sensitive to aggregates and large
nanoparticles compared to small ones.

This partial sample aggregation is also reflected in the high value of the polydispersity index
(PDI) of 0.184 ± 0.006. The large variety of shapes and sizes of the AgNPs could also contribute
to this PDI value. After R6G physical adsorption procedure to AgNPs, the AgNP@R6G obtained
showed an increase in size up to 269.2 ± 26 nm and due to some aggregation, the PDI was increased to
0.410 ± 0.098. In order to minimize this aggregation, BSA was used as a stabilization agent, yielding
AgNP@R6G@BSA with smaller sizes (214.6 ± 0.5 nm) and PDI values (0.212 ± 0.007) compared to
AgNP@R6G.

The suitability of these AgNPs for SERS using a NIR laser was further confirmed by finite element
method (FEM) calculations of the near field enhancement, assuming excitation lasers at 633 and 785 nm.
FEM calculations were performed on a model particle of greater than average dimensions and with a
high aspect ratio (shape similar to a rice grain) based on the results observed by TEM. This shape was
chosen since the bigger and most elongated particles will have a greater contribution to the overall
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hotspots formed. The results from FEM calculations were mapped as color-coded field enhancements
around the particle (Figure 2A).

 

Figure 2. Local electric field enhancement (A) in the vicinity of one AgNP for incident radiation at
633 nm (A, top scheme) and at 785 nm (A, bottom scheme). Graphical representation of the electric field
strength (B) (normalized to the incident field) along the y-axis of the simulation crossing the points of
greater electric field intensity around the apexes of the AgNP.

The numerical values for the calculated electric field strength were extracted along a line through
the y-axis of the simulation that crosses the points of greatest electric field intensity around the apexes of
the AgNPs. The electric field enhancement was then calculated by dividing these values by the incident
electric field and was plotted against the distance on this line (Figure 2B). This allowed a numerical
comparison to the maximum electric field enhancements for the two considered wavelengths. For the
633 nm laser, a moderate increase in the near field electromagnetic enhancement could be obtained,
with a maximum of ca. 30-fold at a point near the particle surface.

However, for the 785 nm laser, we calculated a considerable field enhancement of 110–120-fold,
and near points close to the surface of AgNPs corresponding to the apexes of a rice shape (Figure 2).

This considerable increase in the local field intensity stresses the potential usefulness of these
particles as NIR capable Raman probes.

Once we have previously obtained an estimation of the EM component and in order to have a
comprehensive understanding of our nanostructured system, we performed a computational study of
R6G in Ag clusters to estimate the CM component of the SERS effect.

We chose a flat surface of 10 atoms of Ag to compare it with the computational Raman spectrum
of isolated R6G. In Figure 3, we show the results from DFT calculations for the SERS effect on a flat
surface composed of 10 atoms of Ag.

Notably, the Raman intensity is 1 order of magnitude higher when compared to isolated R6G
(area under the curve for the peak 1545 cm−1; calculated SERS = 429,898/isolated R6G = 39,682). These
calculations demonstrate that Ag atoms themselves are very significant in SERS effect and are in good
agreement with previous work modelling a flat surface of 6 atoms [56].
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Figure 3. DFT calculation of R6G alone (grey line) and R6G interacting with a thin layer of 10 atoms of
Ag (black line). The Ag layer causes a SERS effect leading to an increase in Raman signal intensity of
one order of magnitude.

DFT calculations have some limitations, such as that calculated Raman spectra only take into
account the interaction of the R6G with a single Ag atom of the thin layer. Actually, the nanoparticle
has multiple Ag atoms interacting with the chemical compound, but the electronic structure of the
nanoparticle is not considered in the previous estimation (Figure 3). Comparing computational
enhanced and non-enhanced spectra, changes in the relative intensities of the signals are mainly in the
lines appearing at 1695, 1335 and 1322 cm−1. These vibrations are primarily assigned to aromatic C–C
stretching vibrations (Table S1) [57]. Another limitation using DFT to predict SERS spectra is that the
calculation invariably gives rise to peaks that are not experimentally detected. Experimentally, some of
the adjacent Raman lines in the SERS spectra will merge into a new and stronger line, and these adjacent
lines will become difficult to distinguish due to limitations in instrumental resolution. In addition,
a phenomenon that plays a dominant role in SERS enhancement, i.e., the local enhancement of the
electromagnetic field due to the localized surface plasmon resonance (LSPR) is not taken into account
in DFT [58]. Experimentally, the similarity of the spectra of pure R6G and AgNP@R6G@BSA (A and B
in Figure S2) is useful for the identification of the adsorbed compound. The computational spectrum is
similar to both experimental condensed phase spectra. This confirms that computational methods are in
good agreement for this system (Figure S1C). It should be mentioned that all computationally-obtained
vibrations have higher wavenumbers, as explained in the methods section. The peak positions and
intensities are shown in Table S1. After adding the Raman indicator R6G to the AgNP solution, the
next step in the synthesis was the incorporation of BSA to complete our design for the nanosystem.

This protein not only provides colloidal stability to the particles, but also prevents desorption of
the Raman active dye and provides a biocompatible outer surface to the nanosystem. Furthermore,
our AgNP@R6G@BSA platform opens the possibility for additional binding of antibodies which could
ultimately lead to smart-targeted delivery approaches.

Pure solid R6G crystals and AgNP@R6G@BSA have very similar spectra (Figure 4A,E, respectively)
indicating that BSA does not replace the R6G on the nanoparticle surface nor mask the R6G vibrations,
allowing its detection by Raman.
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Figure 4. Raman and SERS spectra from different steps in the nanosystem synthesis. Raman spectra of
pure R6G solution (A) and R6G at the same concentration used in the AgNP@R6G@BSA nanosystem
(B). No spectrum is obtained from (B) because of the very low concentration of R6G. SERS spectra of
AgNP@R6G (C), which is Raman active but has a very limited colloidal stability. AgNP@BSA is not
Raman active (D). Raman spectra of AgNP@R6G@BSA nanosystem (E).

Furthermore, AgNP@R6G (Figure 4C) also has a very similar spectrum to pure R6G (Figure 4A)
and to AgNP@R6G@BSA (Figure 4E). However, AgNP@R6G displays a very low colloidal stability
in cell culture medium, and therefore it is not suitable as an in vitro Raman probe. In the spectrum
of AgNP@R6G@BSA (Figure 4E), a broad line between 1550 and 1650 cm−1 can be assigned to BSA,
since the spectrum of AgNP@BSA presents the same signal (Figure 4D). A hypothesis for the absence
of changes in vibrations upon encapsulation with BSA could be that R6G interacts with the surface
of the nanoparticle by one of the lateral amino groups, so that the main vibrations of xanthene and
the aromatic ring are not affected. In Figure 4, the intensities of the spectra have been scaled for
comparison. Moreover, it is noticeable that the R6G spectrum (Figure 4B), at the same concentration
that the estimated for nanoparticles (AgNP@R6G and AgNP@R6G@BSA) shows no measurable signals.

A parameter which is widely used for a more accurate measurement of the SERS effect, other
than just the Raman Intensity, is the AEF [59]. The AEF value can be defined by equation 1 in which
the Raman intensity (ISERS) obtained at a particular concentration of analyte (CSERS) for the SERS
experiment is related to the Raman intensity (INR) for a concentration of analyte (CNR) obtained under
normal conditions.

AEF =
ISERS/CSERS

INR/CNR
(3)

All measurements for calculating the AEF were performed with a 633 nm laser since both the R6G
control and AgNPs@R6G@BSA can be measured with the same time and laser power experimental
conditions. Conversely, for the 785 nm laser measurement, the R6G control have to be measured
under different acquisition conditions in comparison to the AgNP@R6G@BSA nanosystem, rendering
non-comparable results and thus making it impossible to calculate a reliable AEF. The control Raman
spectrum was measured on glass without silver nanoparticles, in a drop of R6G solution with a
concentration of 10−3 M (data not shown). All intensities were calculated by using the area under
the signal at 1360 cm−1, for both normal Raman intensity and SERS intensity. The AEF for the
AgNP@R6G@BSA nanosystem was thus calculated as 2.7 × 107. Although this is a remarkably high
AEF, it should be noted that this calculation is done based on a Raman spectrum obtained with a 633 nm
laser. As AgNPs show a higher near field enhancement as well as a much closer absorption maximum
for the 785 nm wavelength than for the 633 nm (as shown in FEM calculations), it is possible that the
AEF value for the 785 nm laser might be even higher. To estimate AEF for the 785 nm wavelength,
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we can first make an approximation to the EM contribution in this system for both lasers using the
values for field enhancement obtained in the FEM simulations. The EM contribution to the SERS effect
can be expressed, in a first approximation, by the fourth power of the ratio between the total electric
field E(rm, ν) at the location of the molecule (rm) and the incident field with Einc(ν) with ν being the
frequency of the laser Equation (4) [60].

EMSERS(rm, ν) =

∣∣∣∣E(rm, ν)

Einc(ν)

∣∣∣∣
4

(4)

Using the ratios between the total and incident electric field that was determined in the FEM
calculations, we can estimate the magnitude of the EM component in our system. For the 633 nm
laser and assuming the R6G to be near the spot with the highest near field enhancement, the EM
contribution would be of the order of 8 × 105. However, using equation 2 and the field enhancements
obtained from the FEM calculations for the 785 nm laser under the same conditions, we can estimate
that the EM contribution in this case could be as high as 2 × 108. Therefore, the EM component for
the 785 nm laser could be almost 3 orders of magnitude higher than at 633 nm, leading us to expect a
much higher AEF at 785 nm. Regarding the EM component calculated for the 633 nm laser, this is a
value consistent to the experimentally determined AEF of 2.7 × 107 since the AEF depends on both the
EM component and the CM contribution.

Finally, intracellular SERS measurements were performed on cells (A431 human carcinoma cell
line), taking advantage of the very large SERS effect shown by the nanosystem even for extremely
low levels of adsorbed R6G. For this purpose, we used a laser at 785 nm which takes advantage of
the so-called biological window. Also, these AgNPs are particularly suited for use with this laser
wavelength since the SPR maximum is in this region and the FEM calculations yielded a much
higher near field enhancement for the 785 nm laser over the 633 nm laser. After the exposure of
AgNP@R6G@BSA with A431 cells, the R6G spectrum could be clearly identified (Figure 5A).

Figure 5. SERS spectra of AgNP@R6G@BSA (A. Inset A) and AgNP@R6G@BSA-treated human
carcinoma cell line (A431) (B. Inset B). Overlay images of blue fluorescence channel (Hoechst dye
labelling cell nuclei) and dark field microscopy (DFM) reveal nanoparticle internalization.
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This proof-of-concept experiment demonstrates the possibility of using this AgNP@R6G@BSA
nanosystem as a highly sensitive intracellular SERS label. Furthermore, the biocompatible BSA-covered
surface in these AgNPs opens the possibility for further conjugation with recognition biomolecules
(e.g., antibodies or DNA-BSA adducts) leading to different targeted delivery strategies.

In addition, to demonstrate an efficient internalization of the AgNP@R6G@BSA, A431 cells were
labelled in order to identify the nuclei (Hoechst). Cells were then observed at the same time with a
microscope both under fluorescence and dark field experimental settings. A perinuclear accumulation
of AgNPs was clearly observed in merge images (Figure 5B).

Key factors that influence further development of engineered nanoparticles for biological
applications are firstly related to cellular biocompatibility. To this aim, we used three different
experimental settings to assess cell metabolic activity, cell membrane integrity and cell cycle as
readouts of cell viability after exposure of AgNP@R6G@BSA (Figure 6).

Figure 6. Effect of AgNP@R6G@BSA on A431 human epidermoid carcinoma cell line biocompatibility.
Mitochondrial function (MTT reduction) after 24 h of treatment with increasing concentrations of
AgNPs (A). Lactate dehydrogenase release assay (LDH) after 24 h of treatment with increasing
concentrations of AgNP@R6G@BSA (B). Flow cytometry analysis of cell cycle after 24 h of
treatment with increasing concentrations of AgNP@R6G@BSA (C). Data represented the mean ± SD.
Measurements were made in three replicas for each experimental condition.
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A431 human carcinoma cells exposure to increasing concentrations of AgNP@R6G@BSA from
0.3 μg/mL up to 140 μg/mL (referred also as ‘nanoparticle concentration’ farther ahead in the text)
for 24 h was shown not to be detrimental to mitochondrial activity up to 70 μg/mL, (p < 0.05 U
Mann-Whitney Test), as the MTT activity was maintained around or above 80% at all concentrations
tested within this range. However, in the case of 140 μg/mL, cell viability decreased to 50%, implying
an interference with the normal function of the mitochondria (Figure 6A). When we determined the
extracellular LDH activity in A431 treated cells as a surrogate marker of cell death, mainly due to
necrosis processes, we did not observe a substantial effect at any concentration tested (Figure 6B). The
latter MTT reduction is inconsistent with the modest LDH values obtained in A431 cells treated at the
highest concentration of AgNP@R6G@BSA, suggesting that AgNPs might drive apoptotic processes,
characterized by a high degree of cell membrane integrity during the first 24 h.

The LDH results are in close agreement with the flow cytometry analysis obtained at the highest
dose of nanoparticles. As shown in the scatter plot, A431 treated cells were not necrotic and the
analysis of the subG1 cell cycle revealed no features of apoptosis, without differences respect to the
untreated A431 cells (Figure 6C). Thus, AgNP@R6G@BSA seems to be compatible with key parameters
related to cell viability at concentrations below 70 μg/mL.

4. Conclusions

Novel silver nanoparticles with elongated-shaped (AgNPs) and a size of about 13 ± 5 nm have
been synthesized and characterized. With an SPR band in the near-IR zone (~800 nm) and BSA capping
for biocompatibility, the newly synthesized AgNPs have potential uses as bioprobes, since living
tissues do not absorb light energy in near-IR-zone.

The AgNP@R6G@BSA bioprobe has shown an extraordinary capacity to amplify the Raman
signal of the R6G dye, reaching an AEF of 2.7 × 107 at 633 nm and possibly even higher at 785 nm.
This high AEF might be attributed to the joint contributions of the EM and CM components for the
Raman signal enhancement as demonstrated in both the DFT calculations for the CM component and
FEM calculations for the EM component.

The AgNP@R6G@BSA bioprobes have been exposed to cells in culture, and demonstrated a very
low toxicity, despite their high degree of internalization. A proof-of-concept experiment is also shown,
in which an intracellular SERS spectrum is obtained. For future directions, we will use different NIR
Raman dyes with this nanosystem platform and a wider variety of Raman-active dyes suitable for
multiplex analysis. Additionally, detailed single-cell analysis of microRaman reconstructed imaging of
our NPs might help to better understand the cell fate and internalization processes. Further antibody
conjugation of the nanosystem will allow a more detailed molecular imaging of cancer cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/256/s1,
Figure S1: Stability determinations by DLS in PBS (pH = 7.4) up to one month after synthesis procedure, Figure S2:
Experimental and computational SERS spectra and main assignments for R6G, Table S1: Correspondence between
the main peaks in the experimental and the calculated (DFT) spectra
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Abstract: Gold nanoparticles (GNPs) have been shown to be effective contrast agents for imaging
and emerge as powerful radiosensitizers, constituting a promising theranostic agent for cancer.
Although the radiosensitization effect was initially attributed to a physical mechanism, an increasing
number of studies challenge this mechanistic hypothesis and evidence the importance of oxidative
stress in this process. This work evidences the central role played by thioredoxin reductase (TrxR)
in the GNP-induced radiosensitization. A cell type-dependent reduction in TrxR activity was
measured in five different cell lines incubated with GNPs leading to differences in cell response
to X-ray irradiation. Correlation analyses demonstrated that GNP uptake and TrxR activity
inhibition are associated to a GNP radiosensitization effect. Finally, Kaplan-Meier analyses suggested
that high TrxR expression is correlated to low patient survival in four different types of cancer.
Altogether, these results enable a better understanding of the GNP radiosensitization mechanism,
which remains a mandatory step towards further use in clinic. Moreover, they highlight the potential
application of this new treatment in a personalized medicine context.

Keywords: gold nanoparticles; radiosensitization; thioredoxin reductase; radiation; prognosis;
biochemical mechanism

1. Introduction

Over the past century, radiotherapy has emerged as the main treatment modality for cancer [1].
This powerful technique is based on the induction of lethal cellular damages caused by ionizing
radiation delivered to tumors. Even if successful, this approach is still limited by dose distribution
heterogeneity causing side effects to healthy tissues surrounding the tumor. In this way, the research
on new strategies to achieve a better tumor targeting and enhance the biological effectiveness of
radiation is growing [2,3]. Pushed by the development of nanotechnology, the scientific community
takes advantage of nanoscale materials as sensitizers for therapeutic applications. It was suggested
that the strong difference in energy absorption between high Z nanoparticles and water could be
used to increase the local dose deposition in cells [4–6]. The proof-of-concept was demonstrated
by Hainfeld et al. [7] who evidence that injections of 1.9 nm gold nanoparticles (GNPs) increased
the survival of tumor-bearing mice in combination with 250 kVp X-rays compared to X-rays alone.
Since this pioneering work, the development of new high-Z radiosensitizers (including silver [8,9],
gadolinium [10–12], hafnium [13,14], platinum [15,16], gold [6,17,18] or bismuth [19,20] nanoparticles)
has accelerated and many studies have shown their ability, when injected into the tumor, to amplify
the X-ray radiation treatment efficacy. While evidencing this potential use as a radiosensitizer, the large
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variations in all these experimental settings revealed the high variability of GNP effects according to
different physico-chemical parameters including GNP size, shape and coating agent. Zhang et al. [21]
performed radiosensitization experiments using four distinct polyethylene glycol (PEG)-coated GNP
(5 nm, 12 nm, 27 nm, 46 nm). Although they showed that all GNP sizes caused a decrease in cancer
cell survival after irradiation, they reported a stronger effect using the 12 nm and 27 nm GNPs due to
a more important tumor accumulation. Moreover, other groups demonstrated the influence of coating
agent and GNP shape in the cell uptake process and so, in their involvement in the radiosensitization
effect [22,23].

Despite the increasing amount of data regarding GNP-induced radiosensitization, it is still
difficult to draw conclusions regarding this radiosensitization effect due to the diversity of parameters
and conditions (nanoparticle size, cell lines, radiation source, administration route, . . . ) used in
literature [2]. This leads to important open questions regarding the mechanism(s) responsible for this
effect, which remains a mandatory step towards the clinical use of metallic radiosensitizers. In this
context, the present work aims at shedding light on non-physical mechanisms responsible for the
GNP-induced radiosensitization based on preliminary results described in our previous study [24].
In the present work, we focused on the effect of homemade 10 nm amino-PEG functionalized GNPs
in five different cell lines (A431 epidermoid carcinoma, A549 lung adenocarcinoma, MDA-MB-231
breast adenocarcinoma, PANC-1 pancreatic epithelioid carcinoma and T98G glioblastoma cell lines).
We evidenced correlations between GNP uptake, residual thioredoxin reductase (TrxR) activity and
radiosensitization effect.

2. Material and Methods

2.1. GNP Synthesis

10 nm amino-PEG functionalized GNPs were synthesized according to reference [24].
Briefly, HAuCl4 (Sigma Aldrich, Overijse, Belgium) and TA-PEG550-OCH3 (Biochempeg Scientific Inc.,
Watertown, MA, USA) were mixed at a 2000:1 Au: PEG molar ratio in deionized water and stirred at room
temperature for 1 h. NaBH4 (Sigma Aldrich) was then added to the mixture under vigorous stirring and the
solution was left stirring for 3 h. Then, TA-PEG400-NH2 (Biochempeg Scientific Inc., Watertown, MA, USA)
was added to the solution for extra passivation. After 3 h of stirring, the colloidal suspension was purified
using a membrane filtration device (Vivaspin, Millipore, Darmstadt, Germany).

GNPs were lyophilized with a freeze-drying system (Alpha 2-4 LD Plus; Analis, Rhisnes, Belgium)
and stored at 4 ◦C for further use. In all experiments, cells were incubated with 50 μg of gold per mL
of medium, which corresponds to 8.22 nM of GNPs.

2.2. Cell Culture

Human lung carcinoma A549 cells were grown in Eagle’s Minimum Essential Medium (MEM
Glutamax; Gibco® by Life Technologies, Merelbeke, Belgium) supplemented with 10% (v/v) fetal
bovine serum (FBS; Gibco® by Life Technologies). Epidermoid carcinoma A431 cells, mammary gland
adenocarcinoma MDA-MB-231 cells, glioblastoma T98G cells and pancreas epithelioid carcinoma
PANC-1 cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM 4.5 g/L glucose; Gibco®

by Life Technologies) supplemented with 10% (v/v) FBS. All cell lines were incubated at 37 ◦C in
a humidified atmosphere incubator containing 5% CO2.

2.3. GNP Uptake

Gold content quantification was performed by atomic absorption spectroscopy (AAS, AA-7000F
from Shimadzu, Kyoto, Japan). After a 24 h incubation with GNPs, the cells were washed twice with
PBS at 37 ◦C and then harvested using trypsin. Detached cells were then washed twice with culture
medium by successive centrifugation. The actual number of cells in each sample was determined using
a cell counter (Countess Automated Cell Counter, Invitrogen, Merelbeke, Belgium). After the third
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centrifugation, the medium was discarded, and the pellets were digested using 2 mL of aqua regia
(37% HCl, 65% HNO3 Sigma-Aldrich) overnight. The gold content was quantified using an atomic
absorption spectrophotometer (AA-7000F from Shimadzu, Kyoto, Japan) by plotting the calibration
curve with known concentrations of a gold standard solution (Merck Chemicals, Overijse, Belgium)
in aqua regia-solubilized cells used for external calibration. Triplicate readings were analyzed for
each sample. The amount of gold detected in the cells was expressed as an gold quantity (pg) per cell.
Using the theoretical mass of a 10 nm GNP (=1.01 × 10−17 g), results were expressed as a number of
GNPs per cell.

2.4. X-ray Irradiation

48 h before irradiation, 5 × 104 cells were seeded as 50 μL drops in 24-well plates and placed in an
incubator at 37 ◦C with 5% CO2. 2 h after seeding, the wells were filled with corresponding medium
and placed in the incubator overnight. The medium was then removed and the wells were filled with
medium + 10% FBS without (control cells) or with 50 μg Au·mL−1 of GNPs and incubated at 37 ◦C
until irradiation (24 h of incubation). Prior to irradiation, the medium was discarded from the wells,
the plate was rinsed with PBS and filled with CO2-independent medium (Gibco® by Life Technologies)
without FBS. The cell monolayer was irradiated with a homogenous X-ray beam produced by an
X-Rad 225 XL (PXi Precision X-ray, North Branford, CT, USA) at 225 kV. The dose rate was fixed to
3 Gy·min−1 and the dose to 2 Gy.

2.5. Clonogenic Assay

Immediately after irradiation, the cells were detached using 0.25% trypsin and counted. In order
to obtain countable colony numbers, the cells were seeded in 6-well plates containing medium
supplemented with 10% FBS, penicillin/streptomycin and incubated at 37 ◦C. In parallel, cells were
also seeded in separate dishes. 2 h after seeding, they were fixed with 4% paraformaldehyde
(Merck Chemicals) for 10 min and washed with PBS 3 times. The cells attached to the dish were counted
manually under an optical microscope to obtain the precise number of cells seeded. Eleven days
post-irradiation, the colonies were stained with violet crystal in 2% ethanol. The number of visible
colonies (containing 50 or more cells) was considered to represent the surviving cells, which were
counted manually. The plating efficiency (PE) was calculated by dividing the number of colonies by the
initial numbers of seeded cells. The survival fraction was obtained as the PE ratio for irradiated cells to
the PE for control cells. The control cells underwent the same procedure except the irradiation step.
At least three independent experiments were performed and the errors were evaluated as standard
error of mean (SEM). In order to quantify the GNP ability to enhance cell death, the amplification
factor (AF) was calculated as previously described [6].

2.6. TrxR Activity Assay

The TrxR activity was measured with a commercially available kit (Sigma Aldrich). The assay
is based on the catalytic reduction of 5,5′-dithiobis(2-nitrobenzoic) acid to 5-thio-2-nitrobenzoic acid
by TrxR. This reduction generates a yellow colored product. Its absorbance is measurable at 412 nm
by spectrophotometry. The cells were incubated 24h with or without 50 μg Au.mL−1 of GNPs before
to being detached with 0.25% trypsin. The cells were pelleted by centrifugation (1000 rpm, 5 min,
4 ◦C) and the medium was discarded. The pellet was resuspended in a homemade lysis buffer
(9% w/w sucrose; 5% v/v aprotinin (Sigma-Aldrich), in deionized water) and disrupted by a dounce
homogenizer. Then, the TrxR activity was measured according to the manufacturer’s instructions.
The linear increase in absorbance at 412 nm was measured during 10 min using a spectrophotometer
(Ultrospec 8000; GE Healthcare, Chicago, IL, USA). The TrxR activity rate was calculated from the
slope of absorbance at 412 nm versus time. Data are plotted as mean absorbance values normalized by
the total protein in the sample.
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2.7. Patient Survival Analysis

The online SurvExpress gene expression database (http://bioinformatica.mty.itesm.mx:8080/
Biomatec/SurvivaX.jsp) [25] was used for the analysis of overall survival in different cancer types
(1296 samples in total). Patients were classified into two risk groups according to their TXNRD1 gene
expression. The median in gene expression was used as the cutoff. The association between TXNRD1
expression and overall patient survival was assessed by using the Kaplan-Meier method and the
significance was analyzed using the log-rank test. p < 0.05 was considered to indicate a statistically
significant difference.

2.8. Statistical Analysis

All experiments were repeated at least three times on separate days. A one-way analysis of
variance (ANOVA) was performed using Origin 8 (OriginLab, Northampton, MA, USA) in order to
compare the differences between groups. The number of asterisks in the figures indicates the level of
statistical significance as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. GNP Uptake

To assess the GNP uptake in each cell type after a 24 h incubation, AAS measurements were
performed. As illustrated in Figure 1, a gold content of 0.51 ± 0.07, 0.71 ± 0.18, 0.84 ± 0.17, 0.97 ± 0.08
and 2.0 ± 0.4 pg Au/cell was measured for PANC-1, A431, MDA-MB-231, T98G and A549 cells
respectively, revealing a cell type-dependent uptake. Moreover, no significant toxicity was observed in
any studied cell lines (Figure S1).

Figure 1. Cellular uptake of 10 nm GNPs in different cancer cell lines. Cells were incubated during
24 h with 50 μg·mL−1 of GNPs and the gold content was assessed by atomic absorption spectroscopy.
Results are expressed as means ± SD for three independent experiments.

3.2. GNPs Decrease the TrxR Activity in Different Cell Lines

The enzymatic activity of TrxR was evaluated in the different cell lines incubated with or without
50 μg·mL−1 of GNPs during 24 h. As shown in Figure 2, a decrease in TrxR activity was observed
in all the cell lines when incubated with GNPs. Moreover, results demonstrated that the level of
this enzymatic inhibition is cell type-dependent with a 49 ± 7%, 64 ± 5%, 75 ± 4% and 88 ± 7% of
residual TrxR activity for A431, T98G, MDA-MB-231 and PANC-1 cells respectively. However, one-way
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ANOVA (Tukey test) evidenced that this inhibition was not significant for PANC-1 and MDA-MB-231
cells. It must be noted that a 28 ± 3% residual activity was previously measured in A549 cells incubated
with the same GNPs [24].

Figure 2. TrxR activity in cells incubated with or without 50 μg Au·mL−1 GNPs during 24 h.
The activity was measured by the absorption at 412 nm over time in cell lysate of (A) A431, (B) PANC-1,
(C) MDA-MB-231 and (D) T98G. Data are plotted as mean values of absorbance normalized by the total
protein content ± S.D. of 3 independent experiments. Slopes of these TrxR activity curves were used
to calculate the TrxR activity rate in (E) A431, (F) PANC-1, (G) MDA-MB-231 and (H) T98G cell lines.
Data are plotted as mean values ± S.D. of 3 independent experiments. All results were statistically
analyzed using a one-way ANOVA (Tukey test, * p < 0.05, *** p < 0.001, N.S. = not significant).

3.3. GNPs Enhance the Cell Death upon Irradiation

The five cancer cell lines were pre-incubated during 24 h with or without 50 μg·mL−1 of GNPs
prior to be irradiated using 225 kVp X-rays. Cell survival fractions were assessed by standard
clonogenic assays. As shown in Figure 3, survival fraction decreased in all cell lines when they were
pre-incubated with GNPs. To quantify this decrease in survival fraction, we calculated the amplification
factor (AF) which indicates the enhanced proportion of dead cells in the presence of GNPs compared
with irradiation alone for a given dose. At 2 Gy, a clinically relevant dose per fraction, a 13 ± 4%,
23 ± 1%, 7 ± 4%, 14 ± 3% and 2 ± 1% AF was calculated for, respectively, A431, A549, MDA-MB-231,
T98G and PANC-1 cells.
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Figure 3. GNPs enhance cell death upon irradiation. Survival fractions were determined by colony
forming assay for cells pre-incubated with 50 μg·mL−1 GNPs. After a 24 h incubation with GNPs,
cells were irradiated with 225 kVp X-rays. Results are expressed as mean values of at least three
independent experiments ± SEM. Data were statistically analyzed using a one-way ANOVA (Tukey test,
* p < 0.05, ** p < 0.01; ** p < 0.001).

3.4. Correlation between Cell Response to Radiation, TrxR Activity and GNP Uptake

To better understand the relationship between survival fractions, gold content in cells and the
GNP-induced TrxR inhibition, correlation studies were performed. Results highlighted a strong
correlation between GNP uptake and the amount of inhibited TrxR (Figure 4A, Pearson’s r = 0.991),
between the AF at 2 Gy and the residual level of TrxR activity (Figure 4B, Pearson’s r = −0.978) and
between the AF at 2 Gy and the GNP uptake (Figure 4C, Pearson’s r = 0.872).

Figure 4. Correlation analysis showing the relation between (A) the amount of inhibited TrxR in
cells and gold content; (B) the AF at 2 Gy and the residual TrxR activity level at irradiation time;
(C) the AF at 2 Gy and the GNPs uptake. Data are presented as means of at least three independent
experiments ± SEM (for AF) or ± SD (for TrxR activity and GNP uptake). 1 = A431 cells; 2 = A549 cells;
3 = MDA-MB-231 cells; 4 = PANC-1 cells; 5 = T98G cells; 6 = A549 cells invalidated for TrxR [24].

3.5. TXNRD1 Is an Unfavorable Prognostic Factor

To investigate the possible involvement of TXNRD1 (gene coding for TrxR) expression in patient
survival, we retrospectively analyzed microarray datasets of different types of cancer. A total
of 1,296 samples with TXNRD1 status from five datasets were taken into account in this study.
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Five independent clinical cohort datasets were used: GSE-42669 [26] and GSE-30219 [27] cohorts
for glioblastoma and lung adenocarcinoma respectively, TCGA-BRCA and TCGA-HNSC cohorts
for invasive breast and squamous cell carcinomas respectively as well as PACA-AU for pancreatic
ductal adenocarcinoma. The characteristics of these different cohorts are described in Table 1.
Using SurvExpress tools, overall patient survival was analyzed according to TXNRD1 mRNA
expression. Figure 5 shows the Kaplan-Meier curves for different cancer types while a box plot
across the groups is shown in Figure S2. The results showed that high expression of TXNRD1 gene
was significantly associated with poor overall patient survival in brain, breast, lung and head & neck.
The effect was the most pronounced for lung adenocarcinoma, for which the median survival time
decreased from 102 months (low TXNRD1 expression) to 44 months (high TXNRD1 expression).

Figure 5. Kaplan-Meier analysis for overall patient survival according to TXRND1 mRNA expression in
(A) brain (GSE42669), (B) breast (TCGA-BRCA), (C) head & neck (TCGA-HNSC), (D) lung (GSE 30219)
and (E) pancreas (PACA-AU) cancer datasets. Green and red curves mean low and high TXNRD1
expression groups respectively. Log-rank equal curves p-values were calculated using the SurvExpress
tools and were considered to be significant when p < 0.05.

Table 1. Overall characteristics of the five datasets used in this study.

Organ Cancer Type Number of Patients
Median Survival Time (Months)

Database
Low TXNRD1 Expression High TXNRD1 Expression

Brain Glioblastoma 58 27 16 GSE 42669 [26]
Breast Invasive carcinoma 502 142 92 TCGA-BRCA

Head & Neck Squamous cell carcinoma 283 66 27 TCGA-HNSC
Lung Adenocarcinoma 264 102 44 GSE 30219 [27]

Pancreas Ductal adenocarcinoma 189 26 19 PACA-AU
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4. Discussion

For the past several decades, oncology has been shifting towards a personalized medicine
approach where the treatment selection for each cancer patient is becoming individualized [28].
This medical field is rapidly evolving driven by networks such as “The Cancer Genome Atlas” (TCGA)
or “Gene Expression Omnibus” (GEO) that enable to catalogue genetic changes in key genes associated
to cancer. These datasets permit the scientific community to identify new potential biomarkers and
therapeutic targets [28,29]. In this study, Kaplan-Meier survival plots generated from cohort data
demonstrated that higher expression of TXNRD1 gene is significantly correlated with poor survival
outcome, identifying this gene as an unfavorable prognostic factor for cancer patients. The protein
encoded by TXNRD1 belongs to the pyridine nucleotide-disulfide oxidoreductase family and is
a member of the thioredoxin (Trx) system. This system is a major redox regulator and comprises
an oxido-reductase enzyme (TrxR) which catalyzes the reduction of oxidized Trx by coupling with
the oxidation of NADPH to NADP+ [30]. Since TrxR is also involved in tumor growth and DNA
replication [31,32], it is not surprising that TXNRD1 overexpression has been evidenced in many
aggressive tumors [30,33]. Moreover, breast cancer resistance to docetaxel has been demonstrated in
tumor expressing high mRNA TrxR level [34,35].

In the context of personalized medicine, a therapeutic strategy to treat overexpressing TXNRD1
tumors could involve the use of Trx system inhibitors such as auranofin. Several studies have shown
the ability of auranofin to trigger ROS overproduction and apoptosis in different cell lines [36–38] and
to exert an antitumor activity in mice bearing breast or lung xenografts [38,39]. These works paved the
way to ongoing lung cancer [40], leukemia [41] or ovarian cancer [42] clinical trials. Although auranofin
was already FDA approved for the treatment of rheumatoid arthritis, its use is associated to cytotoxicity
in vitro as demonstrated by Wang et al. (IC50 values of 19 and 11 μM for 4T1 and EMT6 cells
respectively) [38]. One less toxic alternative could be GNPs. This study reported a cell type-dependent
TrxR inhibition that may be explained by differences in cell capacity to internalize GNPs as well as in
basal TrxR expression in each cell line. Indeed, we showed that even if we measured a similar gold
content in A431 and MDA-MB-231 cells, we observed differences in TrxR inhibition (49% of residual
TrxR activity level in A431 cells versus 75% in MDA-MB-231 cells). These differences may be due
to a lower TrxR expression in A431 cells compared to MDA-MB-231 cells as suggested by activity
measurement in Figure 2 (0.026 versus 0.066 A.U./min. μg of protein for A431 and MDA-MB-231 cells
respectively).

Our work highlighted a cell-dependent radiosensitization effect with 225 kVp X-ray photons
enabling to eradicate up to 23% more cells (in case of A549 cells) at 2 Gy compared to irradiation
without GNPs. Although various works evidenced the GNP ability to enhance the biological
effectiveness of radiation [6,24,43,44], the mechanism responsible for this effect remains poorly
understood. Currently, two theories have been suggested. On one hand, a physico-chemical
mechanism coming from the difference in energy absorption between gold and the surrounding
soft tissues enables a dose enhancement in cells containing GNPs [5]. The interaction between
the ionizing particles and high Z atoms can lead to the emission of low-energy electrons (LEE)
from the nanoparticle [11,45] and the production of ROS [46,47]. This “ballistic” approach which
predicts that the cell response would be directly correlated to the gold content, requires a direct
interaction between the incident beam and the GNPs. However, a growing amount of simulation
works evidenced that the number of hits in a cell containing GNPs is very low, especially in case of
charged particles [48,49]. Consequently, the calculated physical enhancement effects of GNPs are very
low compared to the radiosensitization effect observed in in vitro studies. Moreover, various studies
have reported significant radiosensitization effect with megavoltage X-rays where little or no increase
in overall dose deposition would be expected according to the theory [50–52]. This suggests that
other mechanisms have greater contribution than physical interaction to the radiosensitization
effect [48,49,53,54]. On the other hand, we previously demonstrated the involvement of the Trx
system in GNP-induced radiosensitzation, suggesting a biological mechanism [24]. We performed an
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invalidation of the TrxR expression in A549 cells using siRNA technology leading to a residual 15%
TrxR protein level. These invalidated A549 cells were irradiated without GNPs, evidencing a significant
radiosensitization effect (AF of 30% at 2 Gy) [24]. Therefore, we suggested a new mechanism: following
cell uptake through a receptor-mediated endocytosis, endosomes containing GNPs fuse with lysosomes.
By decreasing pH inside the vesicle, lysosomes trigger a GNP degradation leading to the release of
gold ions, well-known TrxR inhibitors. This inhibition induces various dysfunctions of pathways
leading to a cytoplasmic ROS accumulation, a decrease in ATP production and DNA damage repair
alterations. Irradiation of these weakened cells will cause DNA damage and an extra oxidative stress
in cells with limited ATP stocks and detoxification systems [24]. Although this link between TrxR
and GNP-induced radiosensitization was previously hypothesized to explain lung carcinoma cells
radiosensitization, the present study validated it in four other cell lines. Indeed, correlation analyses
(Figure 4) demonstrated that the radiosensitization effect is strongly correlated to the residual TrxR
level. The aforementioned suggested mechanism is in agreement with an increasing number of works
that have started to take nanoparticle impacts on cellular processes into account. By comparing a large
amount of studies describing GNP-induced radiosensitization, Butterworth et al. [54] concluded that
oxidative stress plays a central role in the radiosensitization effect. This hypothesis was confirmed by
various groups which evidenced a reduction in radiosensitization effect when DMSO, a ROS scavenger
was present upon irradiation [6,15,55,56]. Recently, protein disulphide isomerase, an enzyme catalyzing
the formation and breakage of disulfide bonds in cysteine residues, was suspected to be a key mediator
of the cellular response to GNPs [57]. Interestingly, some studies have showed that oxide nanoparticles
have the ability to decrease DNA repair efficiency without any ROS production enhancement, on the
opposite effect to metallic NPs [58,59]. This highlights the need to consider biological impacts of
nanoparticles in further studies in order to rationalize reported differences in literature and to progress
in our global understanding of the phenomenon.

It must be noted that all the results in this work are based on in vitro cell culture studies.
Hence, this experimental set up displays some limitations. We evidenced that the TrxR inhibition
increases with the gold uptake in the cells. However, the GNP delivery to tumors in vivo at similar
concentrations is much more challenging. This will require tumor cell targeting strategies such as GNP
surface modifications with antibodies [60]. Moreover, in vivo studies are required to investigate if
similar metabolic changes occur in tumor than the ones described in cells, when GNPs are injected
into mice. Lastly, irradiations of cell monolayers performed in this study may not accurately represent
the 3-dimensional in vivo setting.

5. Conclusions

This work highlights the importance of nanoparticle - cell interactions to fully understand the
radiosensitization mechanism. It evidences that the implication of TrxR, previously reported in
GNP-induced lung cancer cell radiosensitization, seemingly confirmed in other cancer types since
a good correlation between cell response to radiation and residual TrxR activity level is highlighted.
Overall, this would suggest that GNPs play a radiosensitizer role by weakening detoxification
system in addition to the radioenhancer role widely described in literature. To progress in the
development of nanotechnology for oncology applications, the capacity of nanomaterials to inhibit
the thiol-reductases protein family (such as TrxR) and their impact on antioxidants need to be
assessed. A deep understanding of the mechanism responsible for this enhancement effect still
remains a mandatory step towards the optimized clinical use of nanomaterials as radiosensitizers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/295/s1,
Figure S1: Toxicity of GNPs across the cell lines. All cells were incubated 24 h with 50 μg/mL GNPs prior the
clonogenic assay. Results were reported as mean plating efficiency ± SEM, Figure S2: Box plot of TXNRD1
expression levels in (A) brain (GSE42669), (B) breast (TCGA-BRCA), (C) head & neck (TCGA-HNSC), (D) lung
(GSE 30219) and (E) pancreas (PACA-AU) tumors.
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Abstract: The synthesis of ultrasmall UiO-66 nanoparticles (NPs) with an average size of 25 nm,
determined by X-ray powder diffraction and electron microscopies analysis, is reported. The NPs
were stabilized in water by dialyzing the NP from the DMF used for the synthesis. DLS measurements
confirmed the presence of particles of 100 nm, which are spherical aggregates of smaller particles
of 20–30 nm size. The NP have a BET surface area of 700 m2/g with an external surface area of
300 m2/g. UiO-66_N (UiO-66 nanoparticles) were loaded with acridine orange as fluorescent probe.
UV-vis spectroscopy analysis revealed no acridine loss after 48 h of agitation in simulated body
fluid. The biocompatibility of UiO-66_N was evaluated in human glioblastoma (GBM) cell line U251,
the most malignant (IV grade of WHO classification) among brain tumors. In U251 cells, UiO-66_N
are inert since they do not alter the cell cycle, the viability, migration properties, and the expression
of kinases involved in cancer cell growth. The internalization process was evident after a few hours
of incubation. After 24 h, UiO-66_N@Acr (UiO-66_N loaded with acridine orange) were detectable
around the nuclei of the cells. These data suggest that small UiO-66 are biocompatible NP and could
represent a potential carrier for drug delivery in glioblastoma therapies.

Keywords: UiO-66; nanoparticles; glioblastoma; biocompatibility; drug delivery

1. Introduction

In the recent past, nanomedicine has become an attractive approach for targeted drug delivery
and for new therapeutic strategies able to overcome the traditional limitations due to toxicity, healthy
tissue damage, or other undesired side effects of direct drug administration [1–3]. The synthesis and
application of nano-objects to be employed for therapeutic, pharmacological and diagnostic purposes
has been rapidly growing [4,5]. Metallic nanoparticles (NPs), (i.e., plasmonic gold nanoclusters, silver
NP, ferrite or magnetite superparamagnetic NP) of very small size are currently used as theranostic
agents in living cells for a large number of diseases [6–8]. Nanomaterials are able to offer an efficient
drug delivery by means of cellular internalization after encapsulation or surface attachment of the
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drugs. The use of nanocarriers such as lyposomes and dendrimers to be used in physiological
conditions for drug delivery is also of great interest [9]. Among the mentioned compounds commonly
used for these purposes, there is a class of materials called metal-organic frameworks (MOF) which
has already been used for several application as drug delivery carriers and for imaging in living
cells [10–13]. MOF are inorganic–organic hybrid compounds with porous crystalline structure and they
are constituted of polynuclear metal clusters (also called nodes) linked each other by organic ligands
such as carboxylate, phosphonates, heterocycles, and so on. The regular arrangement of nodes and
ligands designs porous cages, normally filled by solvent molecules that make these materials suitable
for transportation of bioactive molecules to be released in living cells [14–16]. Therapeutic agents and
drugs—such as antibacterial and antiviral [17], as well as anticancer drugs like cisplatin [18]—have
been successfully included in MOF NP and tested in living cells. In light of their low cytotoxicity,
Zn and Fe based MOF are still the most employed. However, Zr based MOF are today considered
the benchmark MOF materials in many fields [19]. UiO-66, which structure was first published
by Lillerud et al. in 2008, has formula ((Zr6O4(OH)4(O2C−C6H4−CO2)6) and it is composed of
hexa-zirconium(IV) oxo hydroxyl clusters, which are 12-connected by means of linear terephthalate
linkers to form a cubic network with small tetrahedral and large octahedral cavities connected through
narrow triangular pore windows about 1 nm wide [20]. It is well known that this structure is highly
defective and the internal terephtalate linker can be replaced by monocarboxylic groups like acetate,
benzoate, and formiate, thus increasing the internal pore volume [21]. Depending on the crystallinity
degree the internal surface area can vary from 900 to 1300 m2/g and the pore volume from 0.35
to 0.5 cm3/g. Generally, UiO-66 crystals with 200 to 500 nm size can be obtained by conventional
hydrothermal synthesis. However, crystals of ultrasmall size of 20–30 nm can be fabricated by properly
changing synthetic conditions (amount of water, crystallinity modulator, and aging of the Zr(IV)
solutions) [22,23]. Despite the ultrasmall size, the structure of UiO-66 is preserved at the expenses
of a reduction of the internal surface area (400 m2/g, pore volume 0.16 cm3/g). On the other hand,
the small size of the NP strongly increases the external surface area of about 5 to 10 times with
respect to large crystals (up to 400 m2/g for 15 nm average size crystals) [23]. The use of such a
small particles could be of potential interest for their potential capacity to easily pass the blood-brain
barrier. Recently, surface modified UiO-66 nanocrystals have been used as luminescent sensors for
cysteine and GHS detection [24] to unveil the endocytosis mechanism in He-La cells [25], for pH
responsive drug delivery after surface PEGylation [26], as anticancer drug carriers after modification
with ε-polycaprolactone [17], folic acid, and fluorescent markers (BODYPI) for enhanced cellular
uptake [27]. UiO-66 NP have been recently employed after mechanical amorphization for studying
the release of fluorescent dye calcein and α-cyano-4-hydroxycinnamic acid (α-CHC) [28,29] and also
for miRNA detection [30]. Herein, we report the synthesis of ultrasmall UiO-66_N, their stabilization
in water dispersion through dialysis, the loading with fluorescent acridine orange and the study
of internalization and biocompatibility on U251 Glioblastoma cells line. Glioblastoma multiforme
(GBM) is the most malignant (IV grade of WHO classification) and the most frequent among brain
tumors of neuroepithelial origin [31]. The incidence in the United States is 2.96 cases/1,000,000
population/year with a higher peak in males older than 40 years of age [32]. The therapeutic approach
to this tumor is complicated primarily by the proximity to the brain parenchyma, but also by the high
infiltration capacity and low radio-sensitivity. Standard treatments include surgery, whenever possible,
chemotherapy and radiotherapy, according to the Stupp’s protocol [33]. Nonetheless, the median
survival remains 6 months after surgery alone, while surgery plus radiotherapy extends median
survival to 12 months [34]. Moreover, recent experimental evidences have shown that, like other
tumors, also GBM harbor a subpopulation of cancer stem cells, namely glioblastoma stem cells (GSCs)
that are quiescent and thus evade radio and chemotherapy, causing tumor relapse [35]. To date,
numerous genetic alterations of oncogene or tumor suppressor genes have been identified in GBM,
including EGFR, PDGFRA, PIK3C2B, p16INK4a/p14ARF, PTEN, and RB1 [36], considering that many
of these mutations result in an uncontrolled activation of tyrosine kinase receptors (TKR) and their
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downstream pathways, many efforts have been made to inhibit these deregulated pathways without
significant result. The MOF incorporation in U251 cells was evaluated by flow cytometry after loading
of the NP with acridine orange (UiO-66_N@Acr). Cytotoxicity studies, cell cycle evaluation, migration
tests were also performed. Moreover, two major signaling pathways were also considered: ERK1/2
and PTEN/PI3K/Akt. The results obtained show that U251 cells internalize UiO-66_N without altering
their physiology. These observations suggest that UiO-66_N may represent suitable nanocarriers to
target drugs and/or active molecules to glioblastoma cells.

2. Materials and Methods

2.1. Chemicals

ZrCl4, acetic acid (99.5%), terephtalic acid, N,N-dimethylformamide were purchased
from Sigma-Aldrich® (St. Louis, MO, USA). The biological reagents are described along the
experimental section.

2.2. Synthesis of Nanometric UiO-66_N (Average Crystal Size 25 nm)

UiO-66_N was prepared by dissolving 0.35 g of ZrCl4 (1.5 mmol) in 15 mL of DMF in a 50 mL
Teflon vial. Then 0.635 mL of water (0.035 mmol) were added to the mixture. 1.4 mL (0.024 mmol)
of acetic acid was added. The mixture was aged for 2 days at room temperature (RT). After that,
5 mL of 0.3 M 1,4 benzenedicarboxylic acid (BDC) solution in DMF was then added to the mixture.
The Teflon vial was put in an oven at 120 ◦C for 24 h. After this time, a gel was recovered, washed
twice with acetone and once with water. Then the solid was dried at 60 ◦C for two days and then
soaked in chloroform.

2.3. Dialysis of UiO-66_N from DMF to Water.

In order to avoid the formation of big aggregates during the separation of the solid from DMF,
UiO-66_N were purified by dialysis. Specifically, the reaction solution of UiO-66_N in DMF was
withdrawn from the reaction vial and put in a dialysis tubing. The tubing was then closed at both
sides and put into a beaker with deionized water, stirring for one week. The water in the beaker was
changed every day. UiO-66_N dispersion appeared as a milky and homogeneous suspension that
remains stable for week at RT. SEM analysis revealed that most of the UiO-66_N were aggregated in
spherical clusters of 100–200 nm average diameter, as confirmed by DLS analysis.

2.4. Synthesis of Acridine Orange Loaded UiO-66_N (UiO-66_N@Acr)

50 mg of UiO-66_N (0.06 mmol) were first degassed overnight under vacuum and then dispersed
in 5 mL of water. Then 5 mg of acridine orange (0.02 mmol) were added. The suspension was stirred
at RT for three days. Then the solid was separated for centrifugation and washed three times with
methanol. The amount of acridine orange absorbed by the MOF was evaluated from TGA analysis
resulting in about 10 wt % of acridine orange absorbed from the MOF.

2.5. Gas Sorption Measurements

A Micromeritics 2010 apparatus (Micromeritics, Norcross, GA, USA) was used to obtain the
adsorption and desorption isotherms with nitrogen at 77 K. Before the adsorption analysis the
samples were first soaked in chloroform for two days. Then they were outgassed at 100 ◦C under
vacuum overnight.

2.6. TGA Analysis

Thermogravimetric (TG) measurements were performed using a Netzsch STA490C
thermoanalyser (NETZSCH Group, Selb, Germany) under a 20 mL min−1 air flux with a heating
rate of 10 ◦C min−1.
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2.7. Powder X-ray Diffraction

The PXRD patterns were collected in the 3◦–60◦ 2θ range and with a 40 s/ step counting time with
the CuKα radiation on a PANalytical X’PERT PRO diffractometer (Malvern Panalytical Ltd., Malvern,
UK), PW3050 goniometer (Malvern Panalytical Ltd., Malvern, UK), equipped with an X’Celerator
detector (Malvern Panalytical Ltd., Malvern, UK). The long fine focus (LFF) ceramic tube operated at
40 kV and 40 mA.

2.8. DLS and Zeta Potential

Size of UiO-66_N was investigated by dynamic light scattering (DLS) measurements in pure
water at 20 ◦C. Briefly, dialyzed suspensions of UiO-66_N with or without acridine orange, prepared
as reported above, were analyzed in ultrapure water at 20 ◦C. Analyses were performed using a
Nicomp 380 ZLS photocorrelator (PSS, Santa Barbara, CA, USA) equipped with a 35 mWHe/Ne laser
(λ = 658 nm) and an Avalanche photodiode detector. In the same conditions, zeta potential (ζ) was
determined by measuring the electrophoretic mobility of particles at 20 ◦C. The scattering intensity
was measured at 14◦ scattering angle over a time course of 180 s. The applied potential was 0.5 V
cm−1.

2.9. Cell Culture Conditions

The U251 cell line was grown in DMEM with high glucose (EuroClone S.p.A., Milano, Italy)
supplemented with 10% FBS (EuroClone S.p.A., Milano, Italy), 100 IU/mL penicillin G, 100 μg/mL
streptomycin (EuroClone S.p.A., Milano, Italy) in an H2O-saturated 5% CO2 atmosphere at 37 ◦C.

2.10. Western Blotting

Cells were cultivated as detailed in the legends of the pertinent figure, washed twice with
phosphate-buffered saline (PBS) and solubilized with 20% SDS, 1M Tris-HCl pH 7,4, 1M dithiothreitol,
200 mM PMSF, 10 mg/mL aprotinin (Gold Biotecnology, St. Louis, MO, USA), 1 mg/mL pepstatin
(EuroClone S.p.A., Milano, Italy) and 5 mg/mL leupeptin (SERVA Electrophoresis GmbH, Heidelberg,
Germany). Equal amounts of cell lysates were separated through 10% SDS page. The following
antibodies were used: polyclonal anti phosphorylated (serine 473) Akt (1:1000), polyclonal anti Akt
(1:1000), polyclonal anti phosphorylated (Thr202/Tyr204) Erk1/2 (1:1000), polyclonal anti total Erk1/2
(1:1000) (all from Cell Signaling Technology, Leiden, The Netherlands). The immune reaction was
developed by SuperSignal West Pico Luminol/Enhancer Solution (Thermo Fisher Scientific, Waltham,
MD, USA). Filters were subjected to densitometric analysis of the pertinent immune bands and their
relative standard references using the software Image Studio Digit (LI-COR, Lincoln, NE, USA).

2.11. Measurement of Cell Cycle and Apoptosis

Cells were treated with Ethanol and UiO-66_N at 1 μg for 24 h and 48 h respectively; then the
culture medium was collected and centrifuged (400× g, 7 min) in order to recover cells in suspension
and cells were washed two times with PBS and processed for cell cycle analysis by propidium iodide
staining and flow cytometry. Briefly, the cells were resuspended in 0.4 mL of hypotonic fluorochrome
solution (50 μg/mL propidium iodide in 0.1% sodium citrate plus 0.1% Triton X-100) in 12 × 75-mm
polypropylene tubes (BD Biosciences Italy, Milano, Italy). The tubes were kept at 4 ◦C for at least 30 min
before flow cytometric analysis. The propidium iodide fluorescence of individual nuclei was measured
using a FACScan flow cytometer (BD Biosciences Italy, Milano, Italy) at 488 nm. The percentages
of cells in G0/G1, S, and G2/M phases and apoptotic cells were calculated using Cell FIT cell cycle
analysis version 2.0.2 software.
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2.12. Scratch/Wound Healing Assay

Cells were grown to confluent monolayer and, when the confluence reached the 100%, the surface
was scratched as uniformly as possible with a pipette tip forming a wound. This initial scratch and the
movement of the cells into the wound area were photographed using the Olympus IX51 microscope
(Olympus, Tokyo, Japan) with a 4× magnification until the wound area of the control sample was
definitively closed. The size of the wound’s area of all samples was calculated at each time point using
the open source software ImageJ (National Institutes of Health, Bethesda, MD, USA). Two independent
series of experiments were performed for each cell line.

2.13. Internalization of UiO-66_N by U251 Glioblastoma Cell Line

One hundred thousand cells were seeded into 35 mm Petri dish plates (Thermo Fisher Scientific,
Waltham, MD, USA) in complete medium. After 24 h the medium was renewed and ethanol and
UiO-66_N@Acr at the final concentration of 30 μg/mL were added. After 24 h and 48 h, the culture
medium was discharged, cells washed five times with PBS, detached with trypsin/EDTA (0.1%),
collected and centrifuged (400× g, 7 min). The cells were resuspended in 0.4 mL of PBS and tubes
were kept at 4 ◦C for at least 30 min before flow cytometric analysis. The UiO-66_N@Acr fluorescence
of individual cells was detected with Coulter Epics XL-MCL flow cytometer (Beckman Coulter, Brea,
CA, USA) and data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).

2.14. MTT Viability Assay

Cells were seeded in 96 well plates with a cell density of 4 × 103 and after 24 h in culture were
treated with UiO-66_N in pure water at the final concentrations of 0.1, 0.5, 1, 5 and 10 μg/mL. 24
and 48 h later, cells were incubated with the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) solution (Sigma Aldrich®, St. Louis, MO, USA) for four hours and after this incubation
period, a water-insoluble formazan dye was formed. After solubilisation, the formazan dye was
quantified using a LabSystems Multiskan MS spectrophotometer at 550 nm (Artisan Technology Group
®, Champaign, IL, USA). Each experiment was performed in triplicate.

2.15. FURA-2 Calcium Imaging Assay

U251 cells were plated at the concentration of 1.5 × 103 cells/mL and used on the third day of
culture. Before experiments, cells were incubated with FURA-2 AM (3 μM; Sigma-Aldrich, Sigma
Aldrich®, St. Louis, MO, USA) for 45 min and extensively washed with a Ringer solution of the
following composition (in mM): NaCl 106.5, KCl 5, CaCl2 2, MgCl2 2, MOPS 5, glucose 20, Na gluconate
30, at pH 7.25 (all from Sigma Aldrich®, St. Louis, MO, USA). Cells were continuously perfused using a
gravity-drive perfusion system, with tubing connected to a final tip of 100 to 200-μm diameter focally
oriented onto the field of interest. UiO-66_N were added at the concentration of 1 μg/mL after 9 min
of perfusion for 8 min. A standard control pressure perfused the cells for about 20 min with only
the Ringer solution. A positive control pressure perfused a solution of ionomycin calcium salt (Tocris
Bioscience, Bristol, UK) for about 7 min. The estimation of intracellular free Ca2+ concentration was
reported as change of the ratio between fluorescence emission at 510 nm, obtained with 340 and 380-nm
excitation wavelengths (optical filters and dichroic beam splitter were from Lambda DG4, Shutter
Instruments, Novato, CA, USA). Ratiometric data was randomly acquired from 30 cells every 3 s.

2.16. Microscopic Fluorescence Observation and Analysis

All the imaging analyses have been conducted with an upright fluorescence microscope
(Axiozoom V16, Zeiss, Oberkochen, Germania); all the images are snapped with a digital camera
(Axiocam 502 mono, Zeiss, Oberkochen, Germania) and elaborated with ZEN 2 software (Zeiss,
Oberkochen, Germania).
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2.17. Statistical Analysis

Each experiment was performed at least three times and data are expressed as mean values± SEM.
Data were subjected variance (ANOVA) analysis using a statistical GraphPad Prism, version 7.00
software package (GraphPad Software, La Jolla, CA, USA).

3. Results

UiO-66_N was synthesized in a nanometric form according to a modified synthetic procedure [22].
This synthesis produced UiO-66_N nanocrystals in the low nanometric range with an average size
around 25 nm. To the best of our knowledge, this is the first report on ultrasmall MOFs being
investigated for their cell internalization capacity.

Figure 1A displays the XRPD patterns of UiO-66_N with 100 nm average particle size (1);
showed for comparison, of UiO-66_N (25 nm average particle size) (2); UiO-66_N soaked overnight in
chloroform (3); and UiO-66_N loaded with acridine-orange (4). The average crystal size was estimated
by applying the Scherrer formula on the 111, 200 and 220 peaks after analytical deconvolution and by
correcting the instrumental broadening with a line profile standard (LaB6), according to a procedure
already applied for similar materials [36]. For the nanometric samples the average crystalline domain
size obtained, after the application of the Scherrer formula, was 15 nm. A drastic broadening of the
peaks, in agreement with very small crystalline domains, was indeed observed. From the comparison
of patterns (1) and (2), it can be seen that the structure of UiO-66-N is fully retained although an
important peak broadening is observed. The soaking in chloroform was used in order to remove the
residual DMF solvent molecules, the successive acridine inclusion did not change the X-ray pattern.
The amount of acridine loaded is about 10 wt % as calculated from the TGA analysis (Figure S1).
The nitrogen adsorption isotherm of UiO-66_N is shown in Figure 1B and the BET surface area is
736 m2/g. The hysteresis of the desorption curve is indicative of the presence of mesopores probably
due to interparticle contacts. The micropore surface area is 411 m2/g (pore volume of 0.17 cm3/g),
whereas the external surface area is about 325 m2/g. These results are in good agreement with those
recently reported on UiO-66 nanocrystals with size around 20 nm [22,23]. The value of the external
surface area is about 5 to 10 times higher than that normally measured for UiO-66_N samples with
average crystalline size > 100 nm. However, an important reduction of the internal surface area
(more than a half) compared to that normally measured for crystalline UiO-66_N (around 1000 m2/g)
was observed.

Figure 2a,b show the TEM and FE-SEM images of UiO-66_N obtained by direct synthesis.
They appear to be strongly aggregated but their size has a homogeneous distribution centered
around 30 nm, which is a value slightly higher than that found by XRPD data (see Figure S2).
However, the broadening of the X-ray peaks also takes into account the presence of defects resulting in
a larger broadening than that only related to the crystal size. Another SEM image of UiO-66N
is placed in Supporting Information (Figure S7) Figure 2c shows the UiO-66_N separated from
DMF by dialysis and loaded with acridine. The picture was taken from the sample dried from
the water dispersion after dialysis. The small particles are aggregated into spherical structures of
100 to 200 nm size. These spherical structures are also aggregated in larger clusters being attached
each other. Photo correlation spectroscopy (Figure 2d) confirmed the observed formation of large
aggregates especially for UiO-66_N@Acr. The dialyzed suspensions showed populations with mean
hydrodynamic diameters of 65 nm and 345 nm with large aggregates at size > 5000 nm and 1000 nm for
UiO-66_N@Acr and UiO-66_N, respectively. Such findings clearly highlight once more the tendency
of UiO-66_N to aggregate in water, matching the TEM observations on the non-dialyzed sample.
Even though more dispersed than UiO-66_N, the presence of a smaller particle population for
UiO-66_N@Acr particles may suggest that a change in surface properties due to acridine orange
adsorption could prevent to some extent aggregation. Such a modification is proved by the change
measured in the ξ value that changed from negative (−14.8 mV) for UiO-66_N to slightly positive
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(+4.1 mV) for UiO-66_N@acr as a result of the presence of acridine on the surface of the particles.
Therefore, acridine may produce some small repulsion able to partially reduce particle agglomeration.

Figure 1. (A) XRPD patterns for UiO-66_N 100 (1), UiO-66_N (2), UiO-66_N soaked overnight in
chloroform (3), and UiO-66_N@Acr (4); (B) N2 adsorption-desorption isotherms for sample UiO-66_N
measured at 100 K.

Figure 2. (a) TEM and (b) FE-SEM images of UiO-66_N obtained by hydrothermal synthesis;
(c) spherical particles aggregates of smaller UiO-66_N@Acr obtained by dialysis; and (d) photo
correlation spectroscopy measurements depicting hydrodynamic populations for UiO-66_N (grey) and
UiO-66_N@Acr (black) in pure water at 20 ◦C.

In order to check the acridine adsorption/inclusion degree inside the MOF structure, the effective
release of such a dye in PBS (which simulate the cell culture conditions) was studied by UV-vis
spectroscopy. UV-vis spectra of UiO-66_N@Acr dispersed in PBS (about 2 mg/mL) are shown in
Figure S3. After 24 h and 48 h, no acridine absorption signal could be detected suggesting that
no molecules were released from the MOFs. This experimental evidence excludes the presence of
free acridine molecules into the cells over the entire incubation timeframe. As our main interest is
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directed toward pharmaceutical applications, the biological inertness of our MOFs must be a pivotal
feature. Since no acridine molecules are released from the MOF, we have evaluated the UiO-66_N@Acr
incorporation in U251 cells. After 48 h of 30 μg/mL UiO-66_N@Acr treatment, the 97.9% of the cells
showed fluorescence assessed by cytofluorimetry (Figure 3B) compared to untreated cells (Figure 3A)
that did not show fluorescence. The same percentage of U251 fluorescent cells was shown after 24 and
72 h of treatment (data not shown). These results demonstrate that UiO-66_N are quickly incorporated
by U251 cells and held permanently inside them for at least 72 h.

Figure 3. UiO-66_N internalization by U251 cells. (A) Not treated cells showed no fluorescence.
(B) UiO-66_N@Acr treated cells showed fluorescence after 48 h of treatment. Fluorescent cells accounts
for 97.9% of total cells.

In order to confirm UiO-66_N internalization, U251 cells were treated with UiO-66_N@Acr at the
final concentration of 1 μg/mL for 48 h and observed by immunofluorescence. Before observation,
excess of MOFs in the cell medium was removed by extensive washes in PBS; nuclei of cells have been
marked with DAPI. Cells were observed alive in PBS. Results of fluorescence imaging are shown in
Figure 4: UiO-66_N@Acr are detectable inside U251 glioblastoma cells after 2 h from the incubation
and they are still detectable after 48 h. The accumulation of MOFs seems to concentrate around the
nuclei of the cells (Figure 4).
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Figure 4. Fluorescence imaging of cells treated with UiO-66_N@Acr at the final concentration of
1 μg/mL at different times (0, 1, 2, 3, 24, and 48 h) of treatment. Bar 50 μm

Cells have been washed with PBS and incubated with DAPI for three minutes, in order
to stain cellular nuclei. Cells have been washed again before observation. Figure 5 displays the
biocompatibility of UiO-66_N in terms of viability: MTT assay shows no significant changes in U251
cells viability compared to control after 24 and 48 h of exposition at different concentrations (Figure 5).
MTT assay uses tetrazolium salt 3-(4,5-dimethyl-2-thia-zolyl)-2,5-diphenyl-2H-tetrazolium bromide)
as a biological tool to measure cell viability. Reduction of MTT is associated with flavin-containing
enzymes, which are well-known mitochondrial enzymes, and this demonstrates that mitochondria are
the main site of MTT reduction. Thus, UiO-66_N do not alter cell viability and do not interfere with
the mitochondrial activity of the cells.

Figure 5. U251 cells viability by MTT assay, after 24 (A) and 48 (B) hours of incubation with UiO-66_N
at various concentrations.
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As calcium plays an important role in cell physiology, a ratiometric intracellular calcium
concentration measurement with the FURA-2 assay following acute treatment with UiO-66_N was
performed. Data shown in Figure S4, displays no significant changes in the intracellular calcium
concentration following the application of 1 μg/mL on UiO-66_N; Similar results were obtained with
the higher concentration of 10 μg/mL UiO-66_N (Figure S5). The FURA2 assay was conducted even
without MOF perfusing, as an assay control showing no differences with the previously described
experiment. Such data support further MOF biocompatibility.

Having demonstrated that UiO-66_N are quickly incorporated, the cell cycle of U251 cells to
exclude UiO-66_N effects on cell cycle machinery was evaluated. Propidium iodide staining shows no
significant differences between not treated and MOF-treated cells (Figure 6), further confirming that
they are a biocompatible and an inert nanomaterial. In accordance with these findings, the percentage of
cell distribution in G0/G1, S, and G2/M phases was not modified between not treated and MOF-treated
cells (data not shown).

Figure 6. Flow cytometry analysis of not treated (A,B) or treated (C,D) U251 cells with UiO-66_N (30
μg/mL) for 48 h. Left panels represent dot plot of not treated (A) and UiO-66_N treated (C) live U251
cells (gated inside the dot plot). Events outside the gate of U251 cells in UiO-66_N-treated group are
mostly MOF aggregates. Right panels represent propidium iodide staining showing cell cycle profiles.
No significant differences between not treated (B) and UiO-66_N treated (D) cells were detected.

Moreover, by FACS analysis, we measured the percentage of apoptotic cells in UiO-66_N (20
or 50 μg/mL) treated U251 cells compared to not treated cells (Figure 7). After 48 h of treatment,
the percentage of apoptotic U251 cells in treated and not treated cells was similar, with slight not
statistically significant differences. These results demonstrate that in U251 cells UiO-66_N does not
affect apoptosis.
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Figure 7. UiO-66_N administration does not induce apoptosis in U251 cells. Flow cytometry analysis
of not treated (A) or treated U251 cells with 20 (B) or 50 (C) μg/mL UiO-66_N for 48 h. Numbers inside
the gates represent percentage of apoptotic U251 cells assessed by propidium iodide staining.

In GBM, high level of phosphorylated AKT has been reported to correlate with a poor
prognosis [36]. Epidermal growth factor receptor (EGFR) amplification and/or overexpression occurs in
40–50 % of GBM [30] and leads to the activation of PI3K/AKT signaling pathway. [36]. Thus, inhibition
of this pathway seems to be a promising target for developing more effective GBM therapies. However,
the modest efficacy of these approaches observed in the clinical trials conducted so far, suggests that
they might be more effective in combination with other agents. [37] In GBM, EGFR overexpression also
activates the extracellular signal-regulated kinases 1 and 2 (ERK1/2), [32] proteins belonging to the
mitogen-activated protein kinase (MAPK) family contributing to the highly altered phenotype of this
tumor cells. UiO-66_N did not affect Akt and ERK1/2 phosphorylation level in U251 glioblastoma cells.
From a metabolic point of view UiO-66_N showed a completely inert behavior (Figure 8).

Figure 8. UiO-66_N do not affect Akt and ERK1/2 phosphorylation in U251 glioblastoma cells. Western
blots (A) and densitometric quantification of Akt and ERK1/2 phosphorylation levels (B). The cells
were treated with 30 μg/mL UiO-66_N for 48 h. Blots are representative of at least three experiments.
The difference in phoAkt level is not statistically significant.

Invasiveness is considered as a major determinant for malignant behavior in human gliomas
and U251 cells represent a highly invasive tumor [38]. For this reason, the involvement of UiO-66_N
in influencing migration properties was investigated. In order to avoid filling up of the wound by
proliferating rather than migrating cells, these tests were conducted under non-proliferative conditions.
As expected, UiO-66_N did not affect U251 cell migration evaluated by wound healing assay, compared
to not treated cells (Figure S6). It is noteworthy that glioblastoma infiltration is an extremely complex
phenomenon that also requires the steady support of extracellular cues [39]. Our preliminary data
demonstrate that UiO-66_N do not affect this phenomenon.

4. Conclusions

UiO-66 nanocrystals of ultrasmall size were synthesized and tested for the first time on
glioblastoma U251 cells in order to evaluate their biocompatibility and internalization mechanism.
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The UiO-66 N were used without any surface modification. The particles separated from the
mother liquors tend to strongly aggregate and they cannot be easily stabilized in water dispersion.
However, dialysis of the NPs from the DMF solution to water allows to obtain stable dispersion of
100 nm spherical aggregates. Despite the absence of surface modification, nude UiO-66_N are avidly
internalized by GBM cells and retained within them. No morphological changes or decrease in cell
viability were highlighted. Similarly, the cell cycle, the apoptosis as well as the migration capacity were
not altered. From a metabolic point of view, neither changes in mitochondrial activity nor alterations
of fundamental transduction pathways were evidenced. Ultimately UiO-66_N are ideal for drug
and active molecule delivery towards GBM cells. The treatment of GBM represents a very complex
challenge and new strategies must be put into place. Nanomedicine can provide new opportunity for
this disease. To date, different NPs have been utilized for drug delivery in GBM, through different
administration routes [40]. Various criticisms, such as restricted passage across the blood–brain barrier,
have been highlighted. Moreover, GBM are characterized by high infiltrative ability and the potential
therapeutics should not only be able to pass through the blood–brain barrier but also should be able
to diffuse within the brain. In this context, future studies will have to address not only the brain
accumulation and infiltration capacity of these NP but also strategies to grant selectivity with respect
to GBM. If successful, ultrasmall UiO-66_N may lead to new treatment approaches for GBM treatment.
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Figure S1: TGA curves of UiO-66_N (blue line) and UiO-66_N@Acr (orange line); Figure S2: Size distribution
of UiO-66_N obtained by direct synthesis; Figure S3: UV-vis spectra in simulated body fluids (SBF) of acridine
orange (orange line), UiO-66_N@Acr (red line) and SBF surnatant after 24 h and 48 h; Figure S4: Calcium channels
activation in untreated cells; Figure S5: Calcium channels activation during treatment with UiO-66_N; Figure S6:
Wound healing assay of U251 cells; Figure S7: High magnification FE-SEM image of UiO-66_N.
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Abstract: The heterogeneity of breast cancer and the development of drug resistance are the relapse
reasons of disease after chemotherapy. To address this issue, a combined therapeutic strategy was
developed by building the nanostructured dihydroartemisinin plus epirubicin liposomes. Investigations
were performed on human breast cancer cells in vitro and xenografts in nude mice. The results indicated
that dihydroartemisinin could significantly enhance the efficacy of epirubicin in killing different breast
cancer cells in vitro and in vivo. We found that the combined use of dihydroartemisinin with epirubicin
could efficiently inhibit the activity of Bcl-2, facilitate release of Beclin 1, and further activate Bax. Besides,
Bax activated apoptosis which led to the type I programmed death of breast cancer cells while Beclin 1
initiated the excessive autophagy that resulted in the type II programmed death of breast cancer cells.
In addition, the nanostructured dihydroartemisinin plus epirubicin liposomes prolonged circulation
of drugs, and were beneficial for simultaneously delivering drugs into breast cancer tissues. Hence,
the nanostructured dihydroartemisinin plus epirubicin liposomes could provide a new therapeutic
strategy for treatment of breast cancer.

Keywords: dihydroartemisinin; liposomes; autophagy; apoptosis; breast cancer

1. Introduction

Breast cancer is the most common malignancy and the leading cause of cancer-related mortality
among women worldwide. In 2012 alone, there were an estimated 1.7 million cases diagnosed, and 521,900
breast cancer-related deaths [1]. The high morbidity of breast cancer is associated with the genetic
heterogeneity of tumors [2]. In the last few decades, five different molecular subtypes of breast cancer
have been identified, termed luminal A, luminal B, HER2-enriched, basal-like, and claudin-low [3].
Each subtype displays varying sensitivity to different cancer drugs [4]. If a universal drug formulation
could treat varying subtypes of breast cancer cells, it would be useful for improving clinical treatment.

One emerging therapeutic strategy to overcome this obstacle has focused on drugs that preferentially
induce autophagy and apoptosis in otherwise resistant cancer cells [5]. Induction of apoptosis is used
as a cancer treatment strategy by triggering type I programmed death of refractory cancer cells. This is
typically achieved through a combinational chemotherapy treatment. However, this approach tends to be
ineffective in the case of heterogeneous breast cancers. In contrast, accumulating evidence suggests that
autophagy, which triggers type II programmed cell death, could significantly enhance the efficacy of cancer
treatments [6]. Autophagy (or “self-eating”) is a stress-induced process involving lysosomal degradation,
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which conserves cellular energy and maintains cytoplasmic homeostasis by eliminating protein aggregates
and damaged organelles [7]. Autophagy is initiated by double-membraned autophagosomes that engulf
portions of the cytoplasm. These autophagosomes ultimately fuse with lysosomes where the cytoplasmic
contents are degraded [8,9].

Interestingly, autophagy plays a paradoxical role in cancer cells, and it can either promote
or inhibit tumor formation depending upon the circumstances [10–13]. For example, defects in
autophagy can lead to chronic tissue damage and inflammation, which may create an environment
that promotes tumorigenesis. Moderate induction of autophagy also promotes the growth of cancer
cells by limiting the stress response and supporting the metabolism and survival of cancer cells [14].
In contrast, excessive autophagy can also trigger type II programmed death in cancer cells due to the
overconsumption of cytoplasmic proteins and organelles.

The relationship between these two types of programmed cell death is complicated. On one
hand, apoptosis can lead to the activation or suppression of autophagy [15,16]. On the other hand,
inhibition of apoptosis can result in either suppression or activation of autophagy [15,17]. The exact
mechanisms underpinning these contradictory interactions remain unclear. Therefore, exploring the
interaction between autophagy and apoptosis is an important avenue of research for developing
treatments for heterogeneous breast cancers.

Dihydroartemisinin is a derivative of artemisinin, which is a naturally occurring sesquiterpene
extracted from the traditional Chinese medicinal herb Qing Hao (Artemesia annua) [18]. Because the
chemical structure has been optimized by modifying carbonyl groups into hydroxyl groups,
dihydroartemisinin exhibits stronger antimalarial effect. Hence, it has become one of the first alternative
antimalarial drugs recommended by the World Health Organization in the case where Plasmodium
falciparum is resistant to traditional therapy. Further studies showed that dihydroartemisinin also
exhibits strong antibacterial, antiviral, and anticancer activities [19–22]. In particular, dihydroartemisinin
enables the induction of apoptosis in cancer cells through different mechanisms, such as by targeting
JAK2/STAT3, NF-kB, JNK1/2, and p38 MAPK signaling pathways [23–25]. Besides, dihydroartemisinin
also induces autophagy in ovarian cancer cells, pancreatic cancer cells, gliomas, and breast cancer
cells [26–29]. Therefore, dihydroartemisinin was included in this study as a potential anticancer
enhancer and epirubicin was used as an anticancer agent. Because drugs can distribute differentially in
tissues, the two agents were incorporated into liposome vesicles to simultaneously deliver both drugs
to cancer cells. The efficacy of this treatment approach was examined both in vitro (in human breast
cancer cell lines) and in vivo (using mouse xenografts).

2. Materials and Methods

2.1. Preparation of Liposomes

Three types of liposomes were fabricated, including dihydroartemisinin plus epirubicin liposomes,
dihydroartemisinin only liposomes, and epirubicin only liposomes.

To construct dihydroartemisinin liposomes, egg phosphatidylcholine (EPC), cholesterol, polyethylene
glycol-distearoylphosphosphatidylethanolamine (PEG2000-DSPE, NOF Corporation, Tokyo, Japan)
(EPC:CHOL:PEG2000-DSPE = 65:30:5, μmol/μmol), and dihydroartemisinin (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) were dissolved in chloroform in a pear-shaped flask. Chloroform was evaporated
under a vacuum with a rotary evaporator. The remaining lipid film was hydrated with 250 mM
ammonium sulfate in a water bath sonicator for 3 min followed by probe-type sonication for 10 min.
The suspensions were then serially filtered through polycarbonate membranes (pore sizes 400 and 200 nm)
3 times each to yield dihydroartemisinin liposomes.

To construct dihydroartemisinin plus epirubicin liposomes, above dihydroartemisinin liposomes
were dialyzed (12,000–14,000 molecular mass cutoff) against HEPES-buffered saline (25 mM HEPES,
150 mM NaCl) twice for 12 h each. Dihydroartemisinin liposomes were then added to epirubicin
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hydrochloride (R&D systems, Minneapolis, MN, USA). After mixing, the suspensions were incubated at
40 ◦C in a water bath and intermittently shaken for 30 min to produce liposomes containing both drugs.

To construct epirubicin liposomes, the same method for synthesizing the dihydroartemisinin and
epirubicin liposomes was used, except that there was no addition of dihydroartemisinin.

The mean particle sizes, polydispersity indexes (PDI), and zeta potential values of all liposomes
were measured using the Nano Series Zenith 4003 Zetasizer (Malvern Instruments Ltd., Malvern, UK).

2.2. Cell Culture

Human breast cancer cell lines (MDA-MB-435S, MDA-MB-231, and MCF-7) were purchased
from the Institute of Basic Medical Science, Chinese Academy of Medical Science (Beijing, China)
and used below passage 10. MDA-MB-435S and MDA-MB-231 cells were grown in Leibovitz’s L15
medium (Macgene Biotech Co., Ltd., Beijing, China) supplemented with 10% fetal bovine serum (FBS,
PAN, Adenbach, Germany) in a 37 ◦C humidified incubator. MCF-7 cells were cultured in RPMI 1640
(Macgene Biotech Co., Ltd., Beijing, China) supplemented with 10% FBS in a humidified incubator at
37 ◦C under 5% CO2.

2.3. Cellular Uptake and Mitochondrial Co-Localization

To measure cellular uptake of liposomes, cancer cells were seeded at a density of 2 × 105 cells/well
in 6-well culture plates for 24 h. The cells were treated with free epirubicin (10 μM), epirubicin
liposomes (10 μM), or dihydroartemisinin plus epirubicin liposomes (20 μM dihydroartemisinin,
10 μM epirubicin) for 8, 12, or 16 h. Culture medium was used as a blank control. After incubation,
cells were harvested and washed twice with cold phosphate-buffered saline (PBS, pH 7.4, 137 mM NaCl,
2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4). Cells (1 × 104) were collected and fluorescence
intensity was measured using a flow cytometer (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ,
USA) according to the manufacturer’s instructions. Each assay was repeated in triplicate.

Coumarin was used as a fluorescent probe to assess mitochondrial co-localization. Briefly, cancer
cells were seeded into chambered cover slides at a density of 2 × 105 cells/dish. After 24 h of
incubation, cells were treated with free coumarin (1 μM), coumarin liposomes (1 μM), or coumarin plus
dihydroartemisinin liposomes (1 μM coumarin, 10 μM dihydroartemisinin) for 16 h. Culture medium
was used as a blank control. The cells were then washed with PBS, and mitochondria were stained with
Mitotracker Deep Red (20 nM, Life Technologies Corporation, Carlsbad, NM, USA) at 37 ◦C for 30 min.
Nuclei were stained with Hoechst 33342 (5 μg/mL) for 10 min. Finally, the cells were imaged using
confocal microscopy (Leica, Oskar-Barnack, Germany). Each assay was repeated in triplicate.

2.4. Induction of Autophagy

Autophagy was quantified using a monodansylcadaverine (MDC) staining kit (Leagene, China).
Cancer cells were seeded into 6-well culture plates at a density of 2 × 105 cells/well for 24 h at 37 ◦C.
Cells were treated with free dihydroartemisinin (10 μM), free epirubicin (5 μM), free dihydroartemisinin
plus free epirubicin (10 μM dihydroartemisinin, 5 μM epirubicin), dihydroartemisinin liposomes
(10 μM), epirubicin liposomes (5 μM), or dihydroartemisinin plus epirubicin liposomes (10 μM
dihydroartemisinin, 5 μM epirubicin). The molar ratio of dihydroartemisinin to epirubicin was
2:1 in the liposomal formulation when they were simultaneously incorporated into one liposomal
vesicle. Culture medium was used as a blank control. After incubation for 10 h, the cells were washed
with a buffer provided in the kit, and incubated with the MDC stain at room temperature for 15 min
in the dark. Subsequently, the cells were washed and suspended in a collection buffer provided in
the kit. Both buffers were properly diluted according to the manufacturer’s instructions. Extent of
autophagy in the cancer cells was determined by the fluorescence intensity measured on a flow
cytometer (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, USA).

Direct observation of autophagy was performed on cancer cells seeded into 6-well culture plates
for 24 h, followed by treatment with the same drug formulations as above. After MDC staining as
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described previously, cell suspensions were dripped onto a glass slide and imaged using confocal
microscopy (Nikon, Tokyo, Japan).

2.5. Induction of Apoptosis

Apoptosis was assayed using an Annexin V-kFluor647 staining kit (Nanjing Keygen Biotech.
Co., Ltd., Nanjing, China) and the nuclear dye SYTOX Green (Nanjing Keygen Biotech. Co., Ltd.,
Nanjing, China). Cancer cells were seeded at a density of 2 × 105 cells/well in 6-well culture
plates for 24 h at 37 ◦C. Cells were treated with free dihydroartemisinin (10 μM), free epirubicin
(5 μM), free dihydroartemisinin plus free epirubicin (10 μM dihydroartemisinin, 5 μM epirubicin),
dihydroartemisinin liposomes (10 μM), epirubicin liposomes (5 μM), or dihydroartemisinin plus
epirubicin liposomes (10 μM dihydroartemisinin, 5 μM epirubicin). Culture medium was used as
a blank control. After incubation for 12 h, the cells were collected, resuspended in the binding buffer
provided in the kit, and 10 μL Annexin V-kFluor647 was added. The suspensions were incubated at
room temperature for 15 min in the dark. Finally, 5 μL of SYTOX Green was added to each sample for
5 min before analysis on a flow cytometer (Gallios, Beckman Coulter, Brea, CA, USA). Each assay was
repeated in triplicate.

2.6. Mechanisms of Autophagy and Apoptosis

To evaluate mechanisms of autophagy and apoptosis, cells were seeded into 96-well plates and
incubated for 24 h. Cells were then treated with free dihydroartemisinin (10 μM), free epirubicin
(5 μM), free dihydroartemisinin plus free epirubicin (10 μM dihydroartemisinin, 5 μM epirubicin),
dihydroartemisinin liposomes (10 μM), epirubicin liposomes (5 μM), or dihydroartemisinin plus
epirubicin liposomes (10 μM dihydroartemisinin, 5 μM epirubicin). Culture medium was used
as a blank control. After incubation for 12 h, cells were fixed with 4% formaldehyde for 15 min,
permeabilized with 0.5% Triton X-100 for 15 min, and blocked with 10% goat serum supplemented
with 0.3 M glycine for 2 h at room temperature. Cells were then incubated at 4 ◦C overnight with the
following primary antibodies: anti-Beclin 1 (Bioss, Beijing, China), anti-LC3B (Beyotime, Shanghai,
China), anti-Bcl-2, anti-Bax, anti-Caspase 3, or anti-Caspase 9 (Sangon, Shanghai, China). Cells were
then incubated with the appropriate secondary antibody conjugated to Alexa Fluor-488 (OriGene
Local Agent, Beijing, China) at room temperature for 2 h. Both primary and secondary antibodies
were diluted according to the manufacturer’s instructions. Nuclei were stained with Hoechst 33342
(5 μg/mL) for 10 min at room temperature. The fluorescence intensity of each well was measured
using the Operetta High-Content Screening System (Perkin Elmer, Waltham, MA, USA) and calculated
with the Columbus system (Waltham, MA, USA).

2.7. Morphological Changes

Changes in cell morphology following drug treatments were assessed by seeding cancer cells into
a 96-well plate at a density of 6 × 103 cells/well and culturing for 24 h. The cells were treated
for 12 h with free dihydroartemisinin (10 μM), free epirubicin (5 μM), free dihydroartemisinin
plus free epirubicin (10 μM dihydroartemisinin, 5 μM epirubicin), dihydroartemisinin liposomes
(10 μM), epirubicin liposomes (5 μM), or dihydroartemisinin plus epirubicin liposomes (10 μM
dihydroartemisinin, 5 μM epirubicin). Culture medium was used as a blank control. After incubation,
cells were harvested and washed twice with cold PBS (pH 7.4), and mitochondria were stained with
Mitotracker Deep Red (20 nM, Life Technologies Corporation, Carlsbad, NM, USA) at 37 ◦C for
30 min. Afterwards, nuclei were stained with Hoechst 33342 (5 μg/mL) for 10 min. Finally, cells were
imaged using the Operetta High-Content Screening System (Perkin Elmer, Waltham, MA, USA),
and calculations were performed using the Columbus system (Waltham, MA, USA).
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2.8. Inhibitory Effects In Vitro

Cancer cells were seeded into a 96-well plate at a density of 6 × 103 cells/well and cultured for
24 h. Fresh medium containing the free drug or drug formulation was added to each well, including
free epirubicin (0–2.5 μM), a fixed concentration of free dihydroartemisinin (1, 2.5, or 5 μM) plus
free epirubicin (0–2.5 μM), dihydroartemisinin liposomes (0–5 μM), epirubicin liposomes (0–5 μM),
or dihydroartemisinin plus epirubicin liposomes (0–10 μM for dihydroartemisinin, 0–5 μM for
epirubicin). Culture medium was used as a blank control. After incubation for 48 h, cytotoxicity was
determined by sulforhodamine B staining assay based on absorbance measurements at a wavelength
of 540 nm using a microplate reader (Infinite F50, Tecan Group Ltd., Shanghai, China). The survival
rate was calculated using the following formula: Cell survival % = (A540nm for the treated cells/A540nm

for the control cells) × 100%, where A540nm is the absorbance value.

2.9. Anticancer Efficacy in Cancer-Bearing Mice

Female BALB/c nude mice (weighing 15–17 g) were obtained from Peking University Health
Science Center. All animal experiments were performed in accordance with the principles of care and
use of laboratory animals, and were approved by the Institutional Animal Care and Use Committee
of Peking University. Briefly, approximately 1 × 107 MDA-MB-435S cells were resuspended in
200 μL of serum-free medium and injected subcutaneously into the right flanks of nude mice.
When tumors reached 100–150 mm3 in volume, mice were randomly divided into five treatment
groups (N = 5 per group). At the 10th, 12th, 14th, and 16th day after inoculation, physiological saline,
free epirubicin (4 mg/kg), dihydroartemisinin liposomes (4 mg/kg), epirubicin liposomes (4 mg/kg),
or dihydroartemisinin plus epirubicin liposomes (4 mg/kg for both drugs) were administered to
mice via tail vein injection. The mice were then monitored and the tumor volume was calculated
according to the following formula: the tumor volume (mm3) on the nth day = length × width2/2.
A routine blood analysis of the mice was also conducted using a MEK-6318K Hematology Analyzer
(Nihon Kohden, Tokyo, Japan).

2.10. In Vivo Imaging

Noninvasive optical imaging systems were used to observe the real-time distribution and
tumor accumulation of DiR (1,10-dioctadecyl-3,3,30,30 tetramethyl indotricarbocyanine iodide) plus
dihydroartemisinin liposomes in breast cancer-bearing xenografts in BALB/c nude mice. DiR was used
as fluorescence probe to replace epirubicin for indicating the distribution of nanostructured epirubicin
plus dihydroartemisinin liposomes. Female mice were divided into four groups (N = 3 per group).
After inoculation with MDA-MB-435S cells at day 19, the tumor volumes reached approximately
300 mm3. These mice were then injected with physiological saline, free DiR, DiR liposomes, or DiR plus
dihydroartemisinin liposomes via the tail vein. Mice were scanned at 0.5, 1, 3, 6, 9, 12, and 24 h using
an IVIS Spectrum system (Xenogen Corporation, Alameda, CA, USA) under anesthesia with isoflurane.

To visualize the distribution status in tumors and in major organs, the tumor-bearing mice
were sacrificed at 36 h after drug administration, and the tumor masses, heart, liver, spleen, lungs,
and kidneys were immediately removed. The fluorescent signal intensities in different tissues were
imaged and analyzed.

2.11. Statistical Analysis

Data are presented as the means ± standard deviation. One-way analysis of variance was used to
determine significance among the groups. Post hoc tests with a Bonferroni correction were used to
make comparisons between individual groups. p < 0.05 was considered statistically significant.
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3. Results

3.1. Characterization of Liposome Formulations

The various liposome formulations were characterized before performing experiments on the cells
and mice (Table S1). To summarize, the average particle sizes of the liposomes ranged from 90 to 100 nm
with a narrow PDI (approximately 0.2). Zeta potential values were approximately electrically neutral.
The encapsulation efficiencies of both dihydroartemisinin and epirubicin were about 90% for all liposomes.

3.2. Cellular Uptake and Co-Localization Effect

Cellular uptake was indicated by the fluorescence intensity in MDA-MB-435S cells after treatment
with varying drug formulations (Figure 1A). Results showed that the rank of cellular uptake was free
epirubicin > dihydroartemisinin plus epirubicin liposomes > epirubicin liposomes > blank control
after treatment at 16 h. Among treatment groups, the cellular uptakes between liposomes exhibited
less distinction patterns at 8 h or 12h.

Figure 1. Cellular uptake and co-localization effects in breast cancer cells. (A) drug uptake measured by
flow cytometry in breast cancer MDA-MB-435S and MCF-7 cells; (B) co-localization effect of fluorescent
indicator coumarin with mitochondria observed by confocal microscope in breast cancer MCF-7 cells
(scale bar = 25 μm). 1, blank medium; 2, epirubicin liposomes; 3, dihydroartemisinin plus epirubicin
liposomes; 4, free epirubicin.
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The fluorescence probe coumarin was used to label the liposomes for evaluating the co-localization
effect with mitochondria (Figure 1B). In the confocal images, coumarin exhibited green fluorescence,
mitochondria exhibited red fluorescence, whereas the nuclei were stained in blue. Bright yellow
fluorescence was a composite image of green and red fluorescence, and used to indicate the
co-localization effect of drug formulations with mitochondria in MCF-7 cells. Results demonstrated that
the coumarin plus dihydroartemisinin liposomes were co-localized with mitochondria, and exhibited
the highest green fluorescence intensity in the cells as compared to other drug formulations.

3.3. Induction of Autophagy

Induction of autophagy in MDA-MB-435S cells was evaluated by the MDC staining assay
(Figure 2A). Using confocal microscopy, the MDC dye (green) was observed to enter autophagosomes.
Cells treated with dihydroartemisinin plus epirubicin liposomes or with free dihydroartemisinin plus
free epirubicin had stronger fluorescence intensity compared to other drug groups. The autophagy
ratios for cancer cells were also measured by flow cytometry (Figure 2B). The results showed that
the rank of autophagy ratios was free dihydroartemisinin plus free epirubicin (6.50 ± 0.72) ≈
dihydroartemisinin plus epirubicin liposomes (6.28 ± 0.33) > epirubicin liposomes (4.96 ± 0.12)
> free epirubicin (4.35 ± 0.26) > free dihydroartemisinin (1.73 ± 0.27) > dihydroartemisinin liposomes
(1.41 ± 0.07) > blank medium (1.00 ± 0.06).

Figure 2. Autophagy induced in breast cancer breast cancer MDA-MB-435S cells. (A) qualitative confocal
observation on the induced autophagy of breast cancer after processing with monodansylcadaverine
kit; (B) quantitative flow cytometric estimation on the induced autophagy of breast cancer cells after
processing with monodansylcadaverine. 1, blank control; 2, free dihydroartemisinin; 3, free epirubicin;
4, free dihydroartemisinin plus epirubicin (mole ratio = 2:1); 5, dihydroartemisinin liposomes;
6, epirubicin liposomes; 7, dihydroartemisinin plus epirubicin liposomes. Data are presented as the
mean ± standard deviation (n = 3). p < 0.05; a, vs. 1; b, vs. 2; c, vs. 3; d, vs. 4; e, vs. 5; f, vs. 6.
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3.4. Induction of Apoptosis

Induction of apoptosis in MDA-MB-435S cells was evaluated by flow cytometry (Figure 3).
The results showed that the rank of apoptotic percentage in breast cancer cells was dihydroartemisinin
plus epirubicin liposomes (45.9 ± 3.8) ≥ free dihydroartemisinin plus free epirubicin (43.1 ± 2.5)
> dihydroartemisinin liposomes (35.9 ± 8.8) > free epirubicin (35.3 ± 0.3) > epirubicin liposomes
(22.4 ± 5.1) > free dihydroartemisinin (7.7 ± 1.0) > blank medium (1.5 ± 0.4) (Figure 3B). No significant
difference was observed between free drug and the corresponding liposomes (e.g., “free epirubicin”
vs. “epirubicin liposomes”; “free dihydroartemisinin plus free epirubicin” vs. dihydroartemisinin
plus epirubicin liposomes), demonstrating that the nanostructured dihydroartemisinin plus epirubicin
liposomes significantly enhancing the apoptotic effects although the liposome vesicle itself did not
alter the apoptosis-inducing capability of free drugs.

Figure 3. Apoptosis induced in breast cancer MDA-MB-435S cells. (A) Flow cytometry plot of
breast cancer cells after treatment with varying formulations; (B) apoptotic percentage in breast
cancer cells after the treatment. 1, blank control; 2, free dihydroartemisinin; 3, free epirubicin;
4, free dihydroartemisinin plus epirubicin (mole ratio = 2:1); 5, dihydroartemisinin liposomes;
6, epirubicin liposomes; 7, dihydroartemisinin plus epirubicin liposomes. Data are presented as
the mean ± standard deviation (n = 3). p < 0.05; a, vs. 1; b, vs. 2; c, vs. 3; d, vs. 4; e, vs. 5; f, vs. 6.

3.5. Mechanism of Autophagy and Apoptosis

The mechanisms of autophagy and apoptosis were evaluated by measuring autophagy- and
apoptosis-related proteins in MDA-MB-436S cells (Figure 4). After incubation with the blank medium,
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free dihydroartemisinin, free epirubicin, or free dihydroartemisinin plus free epirubicin, the expression
levels of the anti-apoptotic protein Bcl-2, the pro-apoptotic protein Bax, the apoptotic enzymes
Caspase-9 and -3, and autophagy-related proteins Beclin 1 and LC3B were assessed. The activity ratios
of Bcl-2 were 1.00 ± 0.01, 0.89 ± 0.01, 0.93 ± 0.01, 0.88 ± 0.02, 0.91 ± 0.00, 0.93 ± 0.01, and 0.87 ± 0.01;
the activity ratios of Bax were 1.00 ± 0.02, 1.05 ± 0.01, 1.07 ± 0.01, 1.11 ± 0.01, 1.11 ± 0.01, 1.13 ± 0.01,
and 1.21 ± 0.01; the activity ratios of Caspase-9 were 1.00 ± 0.01, 1.17 ± 0.03, 1.15 ± 0.02, 1.33 ± 0.04,
1.25 ± 0.02, 1.21 ± 0.01, and 1.40 ± 0.03; the activity ratios of Caspase-3 were 1.00 ± 0.01, 1.13 ± 0.02,
1.23 ± 0.01, 1.28 ± 0.01, 1.12 ± 0.01, 1.21 ± 0.01, and 1.46 ± 0.01; the activity ratios of Beclin 1 were
1.00 ± 0.04, 1.07 ± 0.03, 1.68 ± 0.04, 2.10 ± 0.06, 1.26 ± 0.01, 1.67 ± 0.04, and 2.37 ± 0.06; the activity
ratios of LC3B were 1.00 ± 0.02, 1.17 ± 0.01, 1.20 ± 0.00, 1.36 ± 0.03, 1.12 ± 0.01, 1.19 ± 0.02,
and 1.33 ± 0.03, respectively. Compared to control groups, dihydroartemisinin plus epirubicin
liposomes significantly increased the expressions of Caspase-9, Caspase-3, Bax, Beclin 1, and LC3B,
while evidently suppressing the expression of Bcl-2. In addition, the levels of reactive oxygen species
(ROS) in the cells treated with dihydroartemisinin plus epirubicin liposomes were significantly higher
compared to the controls (Figure S1).

Figure 4. Mechanisms of autophagy and apoptosis in breast cancer MDA-MB-435S cells. 1, blank control;
2, free dihydroartemisinin; 3, free epirubicin; 4, free dihydroartemisinin plus epirubicin (mole ratio = 2:1);
5, dihydroartemisinin liposomes; 6, epirubicin liposomes; 7, dihydroartemisinin plus epirubicin
liposomes. Data are presented as the mean ± standard deviation (n = 3). p < 0.05; a, vs. 1; b, vs.
2; c, vs. 3; d, vs. 4; e, vs. 5; f, vs. 6.

3.6. Morphological Changes

Morphological changes in the cells treated with the various formulations were evaluated with
a high-content screening system to visualize the mitochondria (red) and nuclei (blue) (Figure S2).
Both qualitative (Figure S2A) and quantitative (Figure S2B) measurements showed that mitochondria
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were disrupted, and they displayed an obvious decrease in fluorescence after drug treatments.
Changes in the spherical morphology of the nuclei were also observed (Figure S2C). Specifically,
after treatment with the blank medium, free dihydroartemisinin, free epirubicin, free dihydroartemisinin
plus free epirubicin, dihydroartemisinin liposomes, epirubicin liposomes, or dihydroartemisinin plus
epirubicin liposomes, the fluorescence intensities of the mitochondria were 384.13 ± 7.54, 312.51 ± 8.11,
285.90 ± 11.15, 228.08 ± 8.50, 315.40 ± 6.70, 289.96 ± 14.12, and 219.21 ± 12.86; the nuclear roundness
was 0.96 ± 0.00, 0.92 ± 0.01, 0.86 ± 0.01, 0.81 ± 0.01, 0.93 ± 0.01, 0.84 ± 0.01, and 0.80 ± 0.01,
respectively. These results indicated that the integrity of the mitochondria and nuclei of the cancer cells
were disrupted by treatment with dihydroartemisinin plus epirubicin liposomes, respectively.

3.7. Cytotoxic Effects In Vitro

In vitro cytotoxicity was evaluated in the MDA-MB-435S, MDA-MB-231, and MCF-7 cells
(Figure S3). Results indicated that a single free epirubicin treatment caused limited cytotoxicity in
cancer cells, while co-treatment of free dihydroartemisinin with free epirubicin significantly enhanced
this effect in a concentration-dependent manner for dihydroartemisinin (Figure S3A–C). Furthermore,
dihydroartemisinin plus epirubicin liposomes exhibited the strongest cytotoxicity at various dosages.
In addition, dihydroartemisinin liposomes displayed a moderately cytotoxic effect (Figure S3D–F).

3.8. Anticancer Efficacy and In Vivo Imaging

Anticancer efficacy was evaluated with respect to tumor volume in xenografts of MDA-MB-435S
cells in mice (Figure 5). After treatment with the various formulations, the ranking for tumor volumes was
as follows: physiological saline > dihydroartemisinin liposomes > free epirubicin > epirubicin liposomes
> dihydroartemisinin plus epirubicin liposomes. These results indicated that the dihydroartemisinin
plus epirubicin liposomes had the strongest overall anticancer efficacy. In addition, the body weights of
tumor-bearing mice did not differ among the experimental groups (Figure S4). After treatment with free
epirubicin, white blood cells of the mice significantly decreased. In contrast, liposomal drug formulations
did not cause obvious changes in blood indices (Figure S5, Table S2).

Figure 5. Antitumor efficacy in breast cancer MDA-MB-435S xenografts in nude mice. The arrows indicate
the day of drug administration. Data are presented as the mean ± standard deviation (n = 5). p < 0.05;
1, vs. blank control; 2, vs. free epirubicin; 3, vs. dihydroartemisinin liposomes; 4, vs. epirubicin liposomes.

Real-time imaging of fluorescently labeled liposomes was also performed on the xenografts
of MDA-MB-435S cells in these mice (Figure S6A). After treatment with free DiR, the fluorescent
signal rapidly accumulated in the liver. In contrast, after treatment with DiR plus dihydroartemisinin
liposomes or DiR liposomes, the fluorescent signal remained predominantly in the blood system
and tumor tissues. Ex vivo imaging similarly showed that the fluorescent signal for DiR plus
dihydroartemisinin liposomes remained in the tumor tissues, while those of control formulations were
only weakly visible or invisible (Figure S6B). In addition, the fluorescent signal was detected in the
livers and spleens of these mice after treatment with all DiR formulations.
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4. Discussion

In a comprehensive treatment strategy for breast cancer, chemotherapy is an important tool used
to eliminate cancer cells. However, breast cancer is a typically heterogeneous malignancy, which leads
to poor clinical outcomes. Most current treatment strategies rely on inducing necrosis and type I
programmed cell death (apoptosis). Nevertheless, this approach is often inefficient at eradicating
heterogeneous cancer cells. In this study, we propose a new strategy for overcoming this clinical
problem by initiating cross-talk between autophagy and apoptosis in cancer cells, which may help
increase the efficacy of heterogeneous breast cancer therapies.

In the dihydroartemisinin plus epirubicin liposomes, dihydroartemisinin incorporated into the
lipid bilayer, while epirubicin was encapsulated in the inner vesicle of the liposome. The liposomes
were coated with DSPE-PEG2000 and exhibited a homogeneously distributed nanoscale particle size
(Table S1). This prolonged the circulation of the drugs in the blood stream by avoiding rapid
clearance by the reticuloendothelial system [30]. Thus, the drugs accumulation in tumor tissues
as a result of enhanced permeability and retention effects [31–33]. Meanwhile, the liposomal drug
formulation also reduced the systemic cytotoxicity of epirubicin by decreasing concentrations in
healthy tissues. This is because anthracyclines have cardiotoxic side effects that can lead to myocardial
damage. As a typical example of anthracyclines, the cardiotoxicity of doxorubicin could be reduced
by liposomal encapsulation [34]. Epirubicin has the same mechanism of myocardial damage as
doxorubicin, therefore, the liposome encapsulation has the potential to reduce the distribution of
epirubicin in heart tissue, thereby reducing cardiotoxicity.

The evaluation of cellular uptake of liposomes revealed that both dihydroartemisinin and
epirubicin were efficiently internalized by cancer cells. Moreover, dihydroartemisinin significantly
enhanced the co-uptake of epirubicin (Figure 1). This effect was time-dependent, and could be due to
the disruption of the cell membrane of the cancer cells exposed to dihydroartemisinin.

Under normal conditions, autophagy allows the orderly degradation and recycling of unnecessary
or dysfunctional cellular components to maintain cytoplasmic homeostasis. In the case of a diseased
cell, moderate autophagy facilitates an adaptive response to stress that promotes cancer cell survival
and metastasis. However, excessive autophagy can ultimately result in type II programmed death
of cancer cells [35]. In this study, we found that dihydroartemisinin induced excessive autophagy in
cancer cells, and the co-treatment of dihydroartemisinin and epirubicin in liposomes caused significant
autophagy that resulted in type II programmed death of breast cancer cells (Figure 2).

In the initiation of autophagy, dihydroartemisinin alone and dihydroartemisinin plus epirubicin
released from liposomes activated Beclin 1, which played an essential role in autophagosome formation
as a core component of the Class III phosphatidylinositol 3-kinase (PI3K) complex. The Class III PI3K
complex utilized PtdIns as a substrate to generate PtdIns3P, which mediated the recruitment of
other autophagy proteins onto the pre-autophagosomal membrane [36]. This resulted in excessive
autophagy. These effects were demonstrated using the enhanced expression of LC3B, which was the
most commonly used autophagy-related marker [37].

Apoptosis is a highly regulated process of cell death and helps maintain survival/death homeostasis
in multicellular organisms [38]. It can be initiated through two signaling pathways: the intrinsic
mitochondrial pathway and the extrinsic death receptor signaling pathway [39]. Because multidrug
resistance exists in heterogeneous cancer cells, the induction of apoptosis is a common approach for
improving the efficacy of chemotherapy treatments. In this study, we found that the dihydroartemisinin
plus epirubicin formulation significantly enhanced apoptosis in breast cancer cells (Figure 3).

In the initiation of apoptosis, the liposomal release of dihydroartemisinin alone and the
combination of dihydroartemisinin plus epirubicin activated the pro-apoptotic protein Bax, which was
attached into mitochondria to permeabilize the mitochondrial outer membrane. This process initiated
a cascade of apoptotic reactions by activating the upstream initiator Caspase-9 and the downstream
effector Caspase-3. This ultimately led to type I programmed death in the cancer cells.
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A study of the literature indicates that ROS mediates the mitochondrial permeability transition
and increases expression of apoptosis-related proteins, such as Bax and Caspase-9. Therefore, in our
study, the generated ROS might be involved in damaging the mitochondrial membrane, upregulating
Bax, and activating Caspase-9, thereby promoting apoptosis via the mitochondrial pathway [40].

The present study also found that dihydroartemisinin induced cross-talk between autophagy
and apoptosis. In this process, Bcl-2 likely interacted with Beclin 1 or Bax, since it was known to be
an anti-apoptotic protein that can bind to Bax to block mitochondrial depolarization [41]. Previous studies
demonstrated that Bcl-2 prevented autophagy by binding Beclin 1 [42]. In this study, the released
dihydroartemisinin or dihydroartemisinin plus epirubicin from liposomes significantly inhibited the
activity of Bcl-2, further destabilizing the binding of Bcl-2 with Beclin 1 and Bax. This disaggregation
likely resulted in the release of Beclin 1 from the Bcl-2/Beclin 1 complex, and activated the Class III PI3K
complex. This would cause excessive autophagy and induce type II programmed death of cancer cells.
Meanwhile, this suppression likely promoted the release of Bax from the Bcl-2/Bax complex, allowing Bax
to participate in apoptosis. In addition, epirubicin intercalated into DNA, which could have caused the
observed necrosis of cancer cells (Figures 4 and 6). Morphological changes in the mitochondria and
nuclei (Figure S2) provided additional evidence that dihydroartemisinin or dihydroartemisinin plus
epirubicin liposomes destroyed mitochondria and disrupted the integrity of DNA, which also could have
contributed to the observed apoptosis and necrosis.

 

Figure 6. Illustration of heterogeneous cancer death induced by dihydroartemisinin plus epirubicin
liposomes through autophagy, apoptosis and necrosis. The nanostructured dihydroartemisinin plus
epirubicin liposomes were internalized by cancer cells, escaped from the lysosomes, and existed in
two states: the raptured and intact liposomes. Drugs, which either are from the raptured liposomes
or are released from the intact liposomes, come into play actions: 1, dihydroartemisinin interacts
with the BH3 domain of Bcl-2, thus suppressing the binding of Bcl-2 with Beclin 1, activating the
class III phosphatidylinositol 3-kinase (PI3K) complex to produce phosphatidylinositol 3-phosphate
(PtdIns3P) in promoting the excessive autophagy. 2, dihydroartemisinin suppresses the binding of
Bcl-2 with Bax, which allows Bax to attach onto mitochondria, to activate upstream caspase 9 and
afterwards downstream caspase 3 in initiating a cascade of apoptosis via the mitochondria pathway.
3, Epirubicin intercalates DNA strands, resulting in necrosis of cancer cells.
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In vitro (Figure S3) and in vivo (Figure 5) experiments showed that dihydroartemisinin alone was
moderately cytotoxic in cancer cells, while dihydroartemisinin plus epirubicin liposomes exhibited
a robust cytotoxic effect. In vivo imaging also demonstrated that the liposomal formulation allowed
the drugs to become significantly enriched in cancer tissues.

5. Conclusions

The present study reveals that dihydroartemisinin potentiates the efficacy of epirubicin-based
treatment of heterogeneous breast cancer through the induction of autophagy and apoptosis.
Dihydroartemisinin inhibits the activity of Bcl-2, which releases active Beclin 1 and Bax from their
respective complexes. This results in a synergy between autophagy and apoptosis. The release of Bax
activates apoptosis, leading to type I programmed death. Meanwhile, the release of Beclin 1 initiates
excessive autophagy, which induces type II programmed death in cancer cells. The combinational
use of dihydroartemisinin with epirubicin potentiates these effects, thereby enhancing overall
cytotoxicity; namely, cancer cells can be killed by necrosis which is primarily caused by DNA damage
with epirubicin, apoptosis and over-autophagy both of which are induced by dihydroartemisinin.
The enhanced anticancer efficacy by liposomal formulation of dihydroartemisinin and epirubicin is
evidenced in breast cancer-bearing mice. Besides, this effect may be due to the prolonged circulation of
drug liposomes in the blood and the concentrated drugs in cancer tissues. Therefore, the nanostructured
combinational formulation of dihydroartemisinin plus epirubicin liposomes provides a promising new
strategy for the treatment of heterogeneity in breast cancer.
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cancer MDA-MB-435S xenografts after treatment with varying formulations, Figure S5: White blood cells in
tumor-bearing nude mice after administration of varying drug formulations, Figure S6: Real-time imaging and
distribution of liposomes in nude mice bearing breast cancer MDA-MB-435S xenografts, Table S1: Characterization
of liposomes, Table S2: Blood examination on tumor-bearing nude mice after administration of drug formulations.
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Abstract: Compared to traditional cancer treatments, drug/gene delivery is an advanced, safe, and
efficient method. Nanoparticles are widely used as nanocarriers in a drug/gene delivery system
due to their long circulation time and low multi-drug resistance. In particular, lanthanide-doped
upconversion nanoparticles (UCNPs) that can emit UV and visible light by near-infrared (NIR)
upconversion demonstrated more efficient and safer drug/gene delivery. Because of the low
penetration depth of UV and visible light, a photoinduced reaction such as photocleavage or
photoisomerization has proven restrictive. However, NIR light has high tissue penetration depth
and stimulates the photoinduced reaction through UV and visible emissions from lanthanide-doped
UCNPs. This review discusses the optical properties of UCNPs that are useful in bioapplications and
drug/gene delivery systems using the UCNPs as a photoreaction inducer.

Keywords: upconversion nanoparticles; nanocarriers; drug delivery; gene delivery; photolysis

1. Introduction

Cancer is one of the major diseases that threatens human health worldwide. Many researchers
have developed various cancer treatments such as surgery, chemotherapy, and radiotherapy. However,
these methods have limitations. Because cancer lesions and normal tissue are not completely
differentiated during surgery, large complex tissues are removed. Chemotherapy works on the whole
body in addition to the cancerous tissues and results in low tumor-specific targeting, severe side effects,
drug dependence, and multi-drug resistance (MDR) [1–4]. Radiotherapy works on a specific region
with normal tissues and results in skin damage, cancer recurrence, cell mutation, dose-dependent
side effects, and cardiovascular problems [5–7]. Therefore, the development of more efficient and
safe methods to remove cancerous tissues is essential for improving cancer treatments. Recently,
drug/gene delivery systems have been suggested as an alternative to conventional cancer treatments.
In particular, nanoparticles used as drug/gene carriers are attracting attention due to advantages
such as their high tumor-specific targeting with low side effects and increased loading capacity.
Nanoparticles tend to accumulate in tumor lesions through the relatively leaky tumor vasculature,
and this accumulation is associated with the enhanced permeability and retention (EPR) effect [8–11].
The large specific surface area of nanoparticles and mesoporous/hollow nanostructures increases
the amount of drug/gene loading. To exploit these advantages, many researchers have designed
nanocarriers such as liposomes [12–15], polymeric micelles [16–18], polymeric nanoparticles [19–21],
carbon nanotubes [22,23], reduced graphene oxides [24–26], gold nanoparticles [27–29], magnetic
nanoparticles [30–32], and lanthanide-doped upconversion nanoparticles (UCNPs) [33–38].

In this review, we discuss drug/gene delivery systems that use lanthanide-doped UCNPs.
The unique and fascinating optical properties that convert near-infrared (NIR) light to visible and
UV light allow UCNPs to be used as more efficient nanocarrier materials in drug/gene delivery
systems. This drug/gene delivery system is based on photoinduced reactions such as photocleavage
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and photoisomerization. Photoinduced delivery systems enhance the efficacy of spatial and temporal
control of drug/gene release and minimize normal cell death, side effects, and the tissue damage.

2. Lanthanide-Doped UCNPs

Photoinduced drug/gene delivery systems use photoreactions to control drug release and gene
expression, mainly through UV light sources. However, the UV region is not only harmful to tissues
and cells, but also has a disadvantage of low tissue penetration depth due to its absorption by
biological substances (e.g., protein, hemoglobin, and melanin) [39,40]. Unlike UV light, NIR light
exhibit the deep penetration depth due to low absorption by biological substances and minimizes
photodamage to tissues and cells [39,41]. In order to use NIR light for photoinduced drug/gene
delivery, an anti-Stokes shifting material that emits UV light by NIR excitation is required. Among the
various materials, UCNPs have been proposed as a strong candidate. Upconversion is the process by
which multiple lower energy photons are converted to higher energy photons and are emitted [42].
Various lanthanide-doped UCNPs have been extensively investigated, and ytterbium (Yb3+), erbium
(Er3+), thulium (Tm3+), and holmium (Ho3+) are well-known lanthanide dopants in UCNPs (see
Figure 1a) [43]. Yb3+ ions are usually used as a sensitizer for absorbing NIR photons, and Er3+, Tm3+,
and Ho3+ ions are used as an activator to emit upconverted luminescence (i.e., visible and UV). In
addition, because lanthanide ions produce long-lived luminescence emission through the forbidden
4f-4f transition between real intermediate energy states, upconversion is much more efficient than
other anti-Stokes shift phenomena (e.g., two-photon absorption and second harmonic generation).
Moreover, compact and inexpensive continuous wave (CW) lasers can be used as an excitation source
for upconversion, while other anti-Stokes shifting materials require high power pulsed lasers [44,45].
Since energy transfer between the energy levels of lanthanide ions is possible, the choice of UCNP host
material doped with lanthanide elements has a significant effect on the upconversion mechanism and
its efficiency. The most widely used host material for lanthanide-mediated upconversion is sodium
yttrium fluoride (NaYF4) because of its relatively low phonon energy (400 cm−1), which minimizes
non-radiative relaxation decay [46,47]. Yb3+ and Er3+ co-doped UCNPs are primarily used as probes
for in vitro and in vivo bioimaging [48–50]. The 2H11/2, 4S3/2 → 4I15/2, and 4F9/2 → 4I15/2 transitions
in trivalent Er3+ emit the green and red upconverted luminescence (see Figure 1b) [51]. Green emission
from Yb3+ and Er3+ co-doped UCNPs shows relatively high quantum yield compared to UCNPs
with other lanthanide elements [52–54]. Yb3+ and Tm3+ co-doped UCNPs are primarily used as UV
sources for photoinduced reactions. The 1I6 → 3H6, 1D2 → 3H6, 1D2 → 3F4, and 1G4 → 3H6 transition
in trivalent Tm3+ emit the UV and blue upconverted luminescence (see Figure 1b) [51]. Thus, Yb3+

and Tm3+ co-doped UCNPs can induce photocleavage and photoisomerization of photosensitive
compounds for drug/gene delivery systems.
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Figure 1. (a) Energy level diagrams of Tm3+, Yb3+, Er3+, and Ho3+ ions, illustrating the upconversion
mechanism in lanthanide-doped upconversion nanoparticles (UCNPs) [43]. (b) Photographs of
upconversion emission excited by a 980 nm laser [51]. Reproduced with permission from [43].
Copyright MDPI, 2017. Reproduced with permission from [51]. Copyright IVYSPRING, 2013.

Figure 2a shows the difference in the penetration depths of UV and NIR light through pork
skin placed on top of a solution containing UCNPs [55]. Figure 2b shows the penetration difference
between UV and NIR lasers used to excite the fluorescein (FITC) and UCNPs, respectively. Under UV
irradiation, the emission intensity from FITC decreased when the thickness of chicken breast increased,
but the fluorescence signal from FITC was not observed when the thickness of chicken breast reached
6 mm. Under NIR irradiation, however, enough photons are transmitted to the UCNPs to emit green
luminescence even though the thickness of the chicken is 10 mm [56]. Also, the penetration depth of
NIR light for upconversion imaging was demonstrated to be 1.25 inches (3.2 cm) at the pork tissue [57].
Therefore, UCNPs can be used as effective UV sources that can cause photoinduced reactions under
NIR irradiation with high penetration depth and can be used as nanocarriers for drug/gene delivery.
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Figure 2. (a) Illustration of the penetration depths for UV and NIR light [55]. (b) Photographs of tissue
penetration for NIR and UV light. Slices of chicken breast with various thicknesses (2 mm–10 mm)
were placed between the laser source and the glass cuvette containing the UCNP-labeled hydrogel
and fluorescein (FITC)-labeled hydrogel, respectively [56]. Reproduced with permission from [55].
Copyright The Royal Society of Chemistry, 2015. Reproduced with permission from [56]. Copyright
Elsevier, 2017.

3. Drug/Gene Delivery Using Photocleavage

In drug/gene delivery, the photocleavage reaction of small molecules or polymer backbones is an
attractive method to trigger drug release and gene expression. The photocleavage reaction has three
methods, namely (1) the direct cleavage of the bond between the molecule and the carrier [37,58–60];
(2) a change in the charge on the carrier surface used to induce electrostatic repulsion between the
molecules and the carrier [61,62]; and (3) the destruction of the carrier itself [63].

3.1. Direct Cleavage of the Bond between the Molecule and the Carrier

The photosensitive compounds are modified to bind the drug/gene to the carrier through a
variety of molecular interactions, thus undergoing irreversible deformation [37,58,60,64,65]. The
most commonly used photosensitive molecules are coumarinyl and o-nitrobenzyl esters. They serve
as linkers that bind the drug/gene to the carriers and are broken when exposed to UV or visible
light. These photoreactive molecules can also be directly destroyed by two-photon absorption of NIR
light [66,67]. However, the molecules have a small two-photon absorption cross-section and slow
reaction rate [68]. Thus, this photoreaction involving two-photon absorption requires a higher NIR
laser power and longer reaction time than a UV (or visible) source. Due to the NIR excitation and
efficient upconverted UV and visible light emission, the UCNPs can be used to induce photocleavable
reactions using NIR light. When combined with the high penetration depth of NIR light, the low
energy requirement of the UCNPs, which can be used with inexpensive CW lasers instead of high
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energy pulsed lasers, also has the advantage of increasing the delivery efficiency [69]. In 2015, He
et al. reported that the UCNPs could induce photoreactive drug delivery under ultralow-intensity
NIR irradiation [70]. The authors used the photocleavable reaction of the Ru complex to release the
drug from the carrier (see Figure 3a). Since the absorption (~453 nm) of the Ru complex overlaps with
the blue emission from the UCNPs, the upconverted light by NIR excitation induces photocleavage
of the Ru complex [71]. The mesoporous silica shell of the UCNPs (UCNP@mSiO2) was used as the
drug carrier, and the Ru complex was attached to the pores to serve as a molecular valve. Without
NIR irradiation, the release of doxorubicin from UCNP@mSiO2 was not detected. When irradiated
with NIR light, doxorubicin clogged with the Ru complex in the UCNP@mSiO2 was released due to
photocleavage of the Ru complex (see Figure 3b). Irradiation with 0.35 W cm−2 laser intensity was
sufficient to trigger the UCNPs-assisted photoreaction and release doxorubicin. Figure 3c also shows
how the drug release efficiency depends on the NIR laser output intensity. Approximately 78% of the
doxorubicin was released under irradiation with 0.64 W cm−2 for 5 h, while ~42% of the doxorubicin
was released under irradiation with 0.35 W cm−2 for 5 h. Direct cleavage of the photosensitive
compound for the drug release is dependent on the irradiated laser power and irradiation time.

 

Figure 3. (a) Schematic illustration of photoreactions involving photosensitive compounds induced by
UV and visible light produced by upconverted NIR radiation. (b) Under NIR irradiation, upconverted
blue light triggers cleavage of the Ru complexes and drug release. (c) Doxorubicin release profiles with
laser power and irradiation time. Reproduced with permission from [70]. Copyright The Royal Society
of Chemistry, 2015.
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3.2. Change in the Charge on the Carrier Surface To Induce Electrostatic Repulsion

The delivery of chemical drugs enables effective therapy whether the carriers internalize into a
cell or not. Contrary to chemical drug delivery, the carriers containing gene expression molecules must
be internalized into a cell for gene therapy [72,73]. In addition, if the payload leakage is severe, the
efficacy of gene therapy is greatly reduced. Therefore, the size and surface charge of the nanocarriers
are important for cellular uptake. In particular, the positively charged surface of the nanocarriers
demonstrates the increased efficiency of gene loading as well as an increased binding capacity to the
anionic plasma membranes. The Fan group reported NIR-induced charge-variable cationic conjugated
polyelectrolyte brushes (CCPEB) that encapsulate UCNPs for promoted siRNA release and cooperative
photodynamic therapy (PDT) [61]. The charge-variable cationic conjugated polyelectrolyte (CCPE)
was synthesized based on the o-nitrobenzyl ester and changed the surface charge on the carrier via
the photocleavage reaction (see Figure 4a). CCPE has many positively charged quaternary amine
groups that act as negatively charged nucleic acid carriers. The release of o-nitrobenzyl aldehyde by
NIR irradiation converts the CCPEB on the UCNPs to zwitterionic conjugated polyelectrolyte brushes
(ZCPEB) and initiates siRNA release by charge repulsion (see Figure 4b). As a result, UCNP@CCPEB
as an siRNA carrier promoted siRNA release (80% efficiency) at pH 5.0 under 980 nm irradiation.

 

Figure 4. (a) Photoinduced charge-variable cationic conjugated polyelectrolyte brush (CCPEB).
(b) Schematic representation of the NIR-induced charge-variable nanotherapeutic system
(UCNP@CCPEB) for siRNA delivery and PDT. Reproduced with permission from [61]. Copyright John
Wiley and Sons, 2017.

100



Nanomaterials 2018, 8, 511

3.3. Destruction of the Carrier

The nanocomposites encapsulating the drug molecules and functionalized nanomaterials increase
the payload for effective chemotherapy. This strategy has the advantage of creating multifunctional
materials by adding nanomaterials with various properties to the inside of the carrier. For example,
UV emission from the UCNPs can destroy the drug carrier itself. In 2011, Yan et al. reported NIR
light-triggered dissociation of block copolymer (BCP) micelles containing hydrophobic drugs and
UCNPs (see Figure 5a) [63]. When the UCNPs in the BCP micelle were irradiated with NIR light,
the polymethacrylate block in the BCP micelle was converted to hydrophilic poly-(methacrylic acid)
by photocleavage of the hydrophobic o-nitrobenzyl groups (see Figure 5b). This collapse of the
hydrophilic-hydrophobic balance destabilizes the BCP micelles [67]. Dissociation of the BCP micelles
was also confirmed using TEM analysis. Before NIR irradiation, the BCP micelles contained 4-5 UCNPs
per micelle (see Figure 5c). After excitation at 980 nm, the BCP micelles completely collapsed, and the
UCNPs and drugs were released from the micelles (see Figure 5d).

Figure 5. (a) Schematic of drug release resulting from NIR light-triggered dissociation of UCNP-loaded
block copolymer (BCP) micelles. (b) Photoreaction scheme showing cleavage of the BCP backbone by
NIR irradiation. (c,d) TEM images of the UCNP-loaded BCP micelles (c) before and (d) after NIR light
irradiation. Reproduced with permission from [63]. Copyright American Chemical Society, 2011.
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4. Drug/Gene Delivery Using Photoisomerization

Photoisomerization is a reaction in which isomers change their spatial conformation under
optical irradiation [74–77]. Molecules such as azobenzene, spiropyran, and dithienylethene
are mainly used, and their spatial conformation changes reversibly under UV and visible
illumination [67,78]. This reaction can be used as a switch to control the drug/gene release by
opening the pathway through which the drug/gene passes. In particular, azobenzene with a trans-cis
transformation is mainly used for lanthanide-doped UCNPs [79–83]. In 2016, Yao et al. developed
azobenzene-liposome/UCNPs hybrid vesicles for controlled drug delivery to overcome cancer
MDR [79]. Azobenzene liposomes (Azo-Lipo) consists of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) phospholipids and azobenzene amphiphilic derivatives. The as-synthesized hydrophobic
UCNPs (NaGdF4:Yb,Tm@NaGdF4) were encapsulated by DSPC phospholipids via van der Waals
interaction to induce a hydrophilic surface [84]. The hydrophilic UCNPs and doxorubicin are
located in the hydrophilic cavity of the vesicles along with formation of the doxorubicin-loaded
Azo-Lipo/UCNPs hybrid vesicles. UV and visible light from the UCNPs enable reversible
photoisomerization of the azobenzene derivatives. Continuous rotation-inversion motion by
reversible trans-cis conversion destabilizes the lipid bilayer and releases the drug (see Figure 6a).
This nanocomposite showed increased drug release efficiency with higher laser power and increased
concentration of azobenzene derivatives. The release of doxorubicin reached 57 wt % in 6 h under
intermittent 2.2 W cm−2 NIR laser irradiation, while over 90 wt % release can be reached in 6 h under
intermittent 7.8 W cm−2 irradiation. The trans-cis transformation of azobenzene for drug release was
also adapted to the mesopore structure on the UCNPs. In 2013, Liu et al. reported NIR-triggered
anticancer drug delivery by UCNPs with an integrated azobenzene-modified mesoporous silica shell
(Dox-UCNP@mSiO2-azo) [80]. The back and forth wagging motion of the azobenzene groups through
trans-cis isomerization under UV and visible illumination acts as a molecular impeller to propel the
release of doxorubicin from silica mesopores (see Figure 6b). Because the azobenzene molecular
impeller is activated by light emitted from the UCNPs, drug release also depends on the laser power
and duration. More doxorubicin was released with higher NIR illumination intensity. Conventional
mesoporous silica releases the loaded drug by diffusion, the azobenzene impeller, regulated by
the NIR light, controls the drug release more precisely. The azobenzene trans-cis transformation
property has also been studied for use in gene delivery [85–88]. In 2017, Chen et al. reported
an NIR-induced UCNP-based siRNA nanocarrier that exhibited spatiotemporally controlled gene
silencing [81]. The UCNPs functionalized with β-cyclodextrin (CD) form the (UCNP-(CD/Azo)-siRNA)
complex with siRNA-azobenzene through a host–guest interaction. Trans-azobenzene derivatives have
a strong host-guest interaction with CD [77,89]. Under NIR irradiation, UV emission from the UCNPs
induces photoisomerization of Azo-siRNAs into the cis configuration. The isomerized cis-azobenzene
derivatives exhibit polarity change and steric hindrance, which destabilizes the host–guest interaction
and releases siRNA (see Figure 6c). The amount of released siRNA can be easily controlled by selecting
an appropriate NIR irradiation time. About 41% and 85% of siRNA was released within 10 and 20 min
under 0.75 W cm−2 NIR irradiation, respectively. In addition, spatial gene silencing was controlled by
spatial irradiation in the cell culture dish. Cells which are half-covered by aluminum foil and irradiated
with the NIR laser (0.75 W cm−2, 10 min) show region-specific down-regulation of green fluorescent
proteins. This controlled drug/gene delivery shows that the NIR-activated UCNPs are safer and more
efficient carriers.
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Figure 6. (a) Schematic illustration showing NIR light-triggered drug release of azobenzene-liposome/
UCNPs hybrid vesicles by trans-cis photoisomerization [79]. (b) NIR-activated drug release from azo
molecules grafted on mesopores by trans-cis photoisomerization [80]. (c) Illustration of NIR-triggered
trans-to-cis photoisomerization of azobenzene, which subsequently leads to siRNA release from the
UCNP-(CD/Azo)-siRNA [81]. Reproduced with permission from [79]. Copyright John Wiley and Sons,
2016. Reproduced with permission from [80]. Copyright John Wiley and Sons, 2013. Reproduced with
permission from [81]. Copyright Elsevier, 2018.

5. Conclusions and Future Prospects

The optical properties of lanthanide-doped UCNPs, which emit UV and visible light under
NIR excitation, are useful for biomedical applications such as bioimaging and drug/gene delivery.
In drug/gene delivery systems, UCNPs act as a source of UV light that cleaves the chemical link
between the drug/gene and the nanocarrier and induces the photoisomerization of photosensitive
compounds. The photocleavage of the photosensitive compound occurs by the direct cleavage of
conjugation, a change in the charge on the surface of the carrier, and the destruction of the carrier
itself. The photoreaction also depends on the NIR laser output power and irradiation time, resulting
in better control over drug/gene release. Photoisomerization induces conformational change of the
isomer. Azobenzene derivatives have been widely used as a photoisomer. These UCNPs generate a
rapid release of the drug/gene for cancer treatment. In addition, the UCNPs function as a UV source
and allow spatial control of gene expression by blocking the irradiating area. Despite the development
of drug/gene delivery systems using lanthanide-doped UCNPs, several problems remain. Drug/gene
payload is important for effective therapy and successful gene expression. However, a constraint of the
payload in nanocarriers limits the therapeutic efficacy of the drug/gene delivery system. Increasing
the concentration of nanocarriers induces high toxicity in normal tissues. Thus, to overcome these
limitations, further studies on drug/gene delivery systems that combine immunotherapy [90] or other
therapies, such as photodynamic therapy (PDT) [91,92] or photothermal therapy (PTT) [93], have been
reported. Researchers should also investigate and understand the leakage of drugs/genes from the
cargo to prevent side effects. For example, Bazylińska et al. reported that the leakage of delivery cargo
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was prevented by encapsulating the drug and UCNPs using the double emulsion method, which forms
hybrid nanocomposites [94,95]. Future research should be carried out to reduce the loss of therapeutic
agents as well as the leakage of inorganic species by utilizing lanthanide-doped UCNPs as nanocarriers.
In particular, dissociation of the carrier itself releases all components such as drug/gene molecules,
lanthanide-doped UCNPs, and enveloping molecules. This release can interrupt metabolism and
excretion behavior. Thus, future research should investigate the toxicity of the residue by long-term
tracking for the biosafety of nanocomposites.
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Abstract: Nanodiamonds (ND) serve as RNA carriers with potential for in vivo application.
ND coatings and their administration strategy significantly change their fate, toxicity, and effectivity
within a multicellular system. Our goal was to develop multiple ND coating for effective RNA delivery
in vivo. Our final complex (NDA135b) consisted of ND, polymer, antisense RNA, and transferrin.
We aimed (i) to assess if a tumor-specific coating promotes NDA135b tumor accumulation and
effective inhibition of oncogenic microRNA-135b and (ii) to outline off-targets and immune cell
interactions. First, we tested NDA135b toxicity and effectivity in tumorospheres co-cultured with
immune cells ex vivo. We found NDA135b to target tumor cells, but it binds also to granulocytes.
Then, we followed with NDA135b intravenous and intratumoral applications in tumor-bearing
animals in vivo. Application of NDA135b in vivo led to the effective knockdown of microRNA-135b
in tumor tissue regardless administration. Only intravenous application resulted in NDA135b
circulation in peripheral blood and urine and the decreased granularity of splenocytes. Our data
show that localized intratumoral application of NDA135b represents a suitable and safe approach for
in vivo application of nanodiamond-based constructs. Systemic intravenous application led to an
interaction of NDA135b with bio-interface, and needs further examination regarding its safety.

Keywords: nanodiamond; targeted nanoparticles; in vivo application; cancer cell targeting; antimiR;
nano-bio interaction

1. Introduction

Breast cancer is one of the most frequent women cancers worldwide and results in 13% of total
cancer deaths [1]. New strategies for treatment or adjuvant therapies are needed in order to decrease
its mortality. In breast cancer as well as other cancers, deregulation of microRNAs enables tumor
development and promotes its progression [2–5]. In order to restore microRNA homeostasis resulting in
impairment of tumor growth and its sensitization to conventional therapy, synthetic RNA is introduced
into cancer cells using suitable carriers [6–9]. Such synthetic RNA can be designed to target microRNA
overexpressed in tumor cells. This so-called antimiR recognizes sequence of specific microRNA and
promotes its degradation.

Nanodiamonds (ND) represent rather promising material for such biomedical application [10–13].
Their capability to serve as an effective RNA carrier strongly depends on size, shape, preparation
method, and on coating of the ND [10,11,13–17]. Especially suitable are the high-pressure and
high-temperature (HPHT) ND possessing great biocompatibility [18]. An important feature of these
ND is the presence of fluorescent centers (nitrogen-vacancy, N-V) giving them the advantage of
traceability [12,14,19].
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Even though the HPHT ND have been successfully used in vitro [11,13], there are only a few
studies regarding their effectivity in vivo. The existing in vivo studies evaluate organ accumulation and
toxicity of naked ND in Caenorhabditis elegans [20,21] and mice [22,23]. There is also one study reporting
on red blood cells toxicity in human and rats [24]. The in vivo studies agreed the HPHT nanodiamonds
were non-toxic and non-harmful even though the nanodiamonds accumulated in lungs, liver, or spleen.
The potential accumulation site depends on ND size, coat, and way of administration. While targeting
specific tissue such as tumor, we require negligible off-target accumulation. Here, multiple coatings
preserving biocompatibility of the ND carrier but driving its cell-specific internalization is needed.
Finally, yet importantly, to evaluate the suitability of the ND carriers for topical or even systemic
applications, we need more specific applications in vivo showing the different effects of the particular
ND-based carrier.

In this work, we focus on HPHT ND with multiple coatings consisting of tumor antigen (transferrin),
polymer link (polyethylenimine 800, PEI), and sequence-specific antimiR. All of the four components
possess specific function and contribute to the nanocarrier’s (NDA135b) final behavior and effectivity.
Our goal was to evaluate if surface coating with tumor specific antigen enables the nanodiamond-based
carrier to reach the tumor in a sufficient amount to knockdown particular microRNA and to draft our
first idea regarding off-targets and immune cell interactions.

We chose the model of murine breast cancer and we aimed to target oncogenic microRNA-135b
that is overexpressed in the cancer cells contributing to the tumor progression and metastasis [25].
First, we successfully applied the NDA135b on cancer cells monocultures in vitro. We assumed then
that in vivo, the NDA135b would encounter not only cancer cells, but also immune and endothelial
cells. Therefore, we have tested and proved the effectivity of the NDA135b in a mixed co-culture
of 3D mammospheres with peritoneal cavity cells, an intermediate model between in vitro and
in vivo systems. Importantly, here we found, for the first time, the targeted NDA135b interact with
primary granulocytes. We followed with in vivo applications of the NDA135b in a xenograft model of
murine cancer and we tested the systemic effects of different ND administrations. The application
directly into tumor site as well as systemic intravenous application both led to efficient knockdown
of microRNA-135b in tumor tissue. Although, only the intratumoral application resulted in high
accumulation of NDA135b in tumors and the NDA135b did not escape into blood. On the other hand,
NDA135b applied intravenously were detectable in peripheral circulation and urine. It eventually
entered the tumor in a sufficient amount to eliminate microRNA-135b but it also affected the granularity
of splenocytes. We believe the intratumoral application of NDA135b represented a more suitable and
safer approach for in vivo application of nanodiamond-based constructs.

2. Materials and Methods

2.1. Materials

2.1.1. Nanodiamond Complex (NDA135b) Preparation

Oxidized fluorescent nanodiamond particles (ND) were obtained from Dr. Petrakova (Faculty of
Biomedical Engineering, Czech Technical University, Kladno, Czech Republic) and their preparation
has been described in detail by Petrakova et al. [26]. Briefly, the nanodiamond powder (Microdiamant,
Lengwil, Switzerland) was purified in a mixture of HNO3 and H2SO4, washed with NaOH, HCl,
and water, and freeze-dried. Purified nanodiamonds were irradiated using a 15.5 MeV proton beam,
annealed at 900 ◦C, and air oxidized at 510 ◦C. Subsequently, the ND were re-purified with HNO3 and
H2SO4, dissolved in water (2 mg/mL), and sonicated with a probe (750 W, 30 min). Obtained suspension
was filtered via polyvinylidene difluoride (PVDF) membrane with 0.2 μm pores [12]. The obtained ND
possessed negative zeta-potential [13]. Before any functionalization, the nanodiamonds were sonicated
in the ultrasonic bath for 30 min. Subsequently, the ND solution (1 mg/mL in deionized water) was
mixed with equal amounts of PEI 800 (Sigma-Aldrich, Prague, Czech Republic; 0.9 mg/mL) and stirred
overnight at room temperature. To prepare a ND complex with targeting structure-transferrin (Tf),
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we mixed 1 mg of ND (1 mL of water solution) with 200 μg of transferrin conjugate (Alexa Fluor 488 or
Texas Red; Life Technologies, Prague, Czech Republic), incubated the mixture in room temperature for
1 h, and subsequently mixed with PEI 800 as described above. Unbound PEI and Tf were removed
by centrifugation (9000× g, 60 min) and repeated dispersion of the NDs fraction in sterile deionized
water in ND concentration 1 mg/mL. (Tf)-PEI-coated ND (1 mg/mL) were kept in a sonication bath,
and immediately incubated for 1 h at room temperature with 270 μg of RNA.

A135b, a single-stranded short RNA (antimiR), was designed using the miRBase database
(www.mirbase.org) to specifically target and inhibit microRNA-135b. The antimiR sequence was
synthesized and modified by IDT (5′ UptCptAptCAUAGGAAUGAAAAGCCptAptUptA 3′, Integrated
DNA Technologies; Prague, Czech republic). All the ribonucleotides were modified with 2′ O-methyl,
and there were six phosphorothioate bonds (pt). Scrambled control RNA (Sc) was used in non-functional
complexes (NDSc) instead of A135b. The RNA probes were purified by high-performance liquid
chromatography (HPLC). The complexes of ND and RNA were freshly prepared before each experiment
and sonicated in a cooled water bath before their use.

2.1.2. NDA135b Complex Characterization

Nanodiamond carriers were characterized by size, surface charge, and load of individual
components. We employed dynamic light scattering (DLS) to evaluate size of the complexes. Here,
we measured z-average hydrodynamic diameter at a scattering angle of 173◦ in 25 ◦C and the overall
polydispersity index PdI. Surface charge of the complex estimated as a zeta potential was measured in
a clear disposable zeta cells at room temperature. For the measurements and data analyses of zeta
potential and DLS, we used Zetasizer Nano ZS (Malvern Instruments, Milcom, Prague, Czech Republic)
and Zetasizer Software 7.11 (Malvern Instruments, Milcom, Prague, Czech Republic).

The load of transferrin (Tf) linked to nanodiamond has been determined after the subtraction
of unbound Tf from the initial concentration. We used Tf conjugated with Texas Red, and the
unbound Tf-Texas Red fluorescence was detected in supernatant using excitation at 595 nm and
emission at 615 nm. The concentration of Tf load has been determined from a standard curve of
Tf conjugate. The load of PEI was determined by subtraction of unbound PEI from the initial PEI
concentration. To detect unbound PEI, we incubated 200 μL of supernatant with 500 μL of 0.150 mg/mL
CuSO4·5H2O (Sigma Aldrich, Prague, Czech Republic) and measured the absorbance at 285 nm.
The PEI concentration was calculated from a standard curve of PEI. The load of nucleic acid (NA)
was established by subtraction of unbound NA from its initial concentration in reaction. To obtain
the unbound NA in supernatant, we pelleted the final complexes 9000× g 30 min. NA concentration
was measured with a Qubit microRNA assay according to manufacturer protocol (Life Technologies,
Prague, Czech Republic). Samples and standards were diluted 1:20 with reaction buffer containing
dye (dye dilution 1:1000) and fluorescence was measured using excitation 488 nm and emission 540
nm. Absorbance (PEI quantitation) and fluorescence (Tf and NA quantitation) were detected with an
Infinite M200 Pro plate reader (Tecan, Schoeller Instruments, Prague, Czech Republic).

2.1.3. Cell Cultures and Transfection

The 4T1 mammary carcinoma cell line were kindly provided by Dr. Jaroslav Truksa, Institute
of Biotechnology, Academy of Sciences, Czech Republic. The 4T1 cells were cultured in RPMI
(Sigma Aldrich, Prague, Czech republic) containing 10% (v/v) fetal bovine serum (FBS, Gibco, Thermo
Fisher Scientific, Prague, Czech Republic), 44 mg/L gentamicin (Sandoz, Novartis Company, Prague,
Czech Republic), 4.5 g/L glucose, and 1.1% pyruvate (both from Sigma Aldrich) in 37 ◦C and a humid
atmosphere consisting of 5% CO2. Cells were passaged three times a week to maintain an exponential
growth phase. To obtain 2D cultures, the cells were grown on plastic Petri dishes (TPP, BioTech, Prague,
Czech Republic).

Unless stated otherwise, before experimentation, cells were cultured at density 0.5 × 105 cells per
well with 1 mL of media (in a 6-well plate, total volume 2 mL) overnight and then stimulated with
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NDs for 48 h. The final concentration of NDs was always 25 μg/mL corresponding to 6.8 μg/mL of
A135b where applicable. The control group (NC) was treated only with PBS.

In the case of 3D spheroid, we cultured 103 4T1 cells in a 40 μL hanging drop [27] for 10 days and
then matured mammospheres were carefully transported into 6-well plate with 2% agarose covered
bottoms to underwent stimulations with ND.

Control transfections of A135b without NDs were carried out using X-tremeGENE HP DNA
Transfection Reagent (A135bCR, commercial reagent) according to the manufacturer protocol (Roche,
Prague, Czech Republic). The ratio of X-tremeGENE HP DNA and A135b was 3:1.

2.1.4. Ex-Vivo Primary Cells Culture and Their Tracking

Cells from peritoneal cavity were obtained by lavage of peritoneal cavity with saline from 12-weeks
old Balb/c female mice. The cells were collected by centrifugation and resuspended in RPMI media
supplemented with 5% of sera. For cell tracking, total 5 × 106 of peritoneal cells in 3 mL of media were
incubated overnight with a 6 μL of CellTracker Violet (Life Technologies, Prague, Czech Republic) in
37 ◦C and humid atmosphere. In the end of incubation period, the cells were washed with PBS and
further used in a co-culture with 4T1 spheroids. When we used a co-culture of peritoneal cells with
4T1 cells, we combined 5 × 106 of peritoneal cells and 2.5 × 106 of 4T1 cells. The co-culture was further
maintained (or stimulated) like the 2D cell culture described above.

2.1.5. Quantitative Real-Time-PCR Analysis

The miRNA was purified according to manufacturer instructions using a high pure miRNA
isolation kit (Roche, Prague, Czech Republic). After elution, 4 μL of miRNA fraction (total eluted
volume 100 μL) were reverse transcribed using specific primers for miR-135b (assay MI0000810) or
miR-16 (assay MI0000070) and a high-capacity cDNA Archive Kit (all from Thermo Fisher Scientific,
Prague, Czech Republic). PCR quantification was carried out with a TaqMan Universal PCR Master Mix
and miR-specific PCR primers (Thermo Fisher Scientific, Prague, Czech Republic). MiR-16 was used as
an internal control for miR quantitation. During qPCR, all samples were analyzed in triplicate using
an iQ5 Real Time PCR Detection System (BioRad, Prague, Czech Republic). The obtained data were
analyzed using iQ5 Optical System Software 2.1 (BioRad, Prague, Czech Republic). The expression
of the miR-135b was normalized to the expression of miR-16 and fold change was calculated by the
software (based on 2−ddct method).

2.1.6. Lactate dehydrogenase (LDH) Assay

Lactate dehydrogenase released from damaged cells was used to evaluate direct cytotoxicity.
The cells were seeded in 96-well plates (5 × 103 cells per well) in triplicates and stimulated the next
day with ND complexes for 48 h. Culture media was supplemented with 1% FBS as suggested by
manufacturer. A commercial lysis buffer was added to one triplicate of the control cells for the last 3 h
of the experimental period (serving as an LDH assay positive control, PC). Negative control comprised
from non-stimulated cells (NC).

The LDH assay was performed according to manufacturer instructions (LDH assay, Roche, Prague,
Czech Republic). Briefly, when the experiment completed, a cell supernatant was collected and
incubated with LDH dye for 10 min. Then, the absorbance was measured with an Infinite M200 Pro
plate reader (Tecan, Schoeller Instruments, Prague, Czech Republic) using specific excitation at 490 nm
and a reference excitation at 630 nm.

2.1.7. Flow Cytometry

The apoptosis of 4T1 cells was assessed using an Annexin V Dyomics/Hoechst33258 staining
(Exbio Antibodies, Vestec, Czech Republic) and the assay was performed according to manufacturer’s
protocol. Cells positive for Annexin V and Hoechst33258 were detected by a BD LSR II flow cytometer
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(BD Bioscience, Prague, Czech Republic). The settings were following: Annexin V 473/520 nm and
Hoechst 405/461 nm.

The surface expression of transferrin receptor has been assessed with a transferrin (Tf) conjugated
with Texas Red. One million cultured cells were incubated with 1 μL of transferrin-conjugate (1 μg/mL)
for 30 min and co-stained with Hoechst 33258 for 15 min. Settings for Tf detection: Ex/Em 559/615 nm.
The same settings were used to detect Texas Red in cells obtained from homogenized tissues in the end
of in vivo experiments.

The percentage of positive cells for each fluorophore was analyzed by a FlowJo v9.9.4 software
(BD Bioscience, Prague, Czech Republic).

2.1.8. Confocal Imaging

For confocal analysis, the 4T1 cells were plated onto 6-well glass bottom plates (105 cells/well)
and incubated with functionalized ND for the assay-specific time points. At the end of the incubation
period, cell nuclei were stained with Hoechst33342 (1 μg/mL; Invitrogen, Life Technologies, Prague,
Czech Republic). In the case of spheroids, the mammospheres were transferred to a glass-bottom dish.
The images were acquired with an Olympus FluoView FV1000 confocal microscope (Olympus, Prague,
Czech Republic; objective 20×/NA 0.75; 40×/NA 0.95; and 60×/NA 1.35). The data were analyzed with
Olympus FluoView 2.0 software (Olympus, Prague, Czech Republic). Excitation/emission parameters
were as follows: Hoechst 405/461 nm; NDs 559/655–755 nm; Alexa Fluor 488 473/520 nm; Cell Tracker
Violet 415/516 nm. Photo-bleaching (with a 405 nm laser) was used to distinguish a non-specific and
the ND-specific signal. In order to imagine the sample depths (particularly spheroids) we performed
z-stack imaging with steps of 5 μm.

2.1.9. Animal Model and In Vivo NDA135b Application

Animals’ procedures followed the Czech law regarding animal protection and the Czech
Academy of Sciences with number 82/2015 approved the experimental plan. To develop breast
tumor, we inoculated 106 4T1 cells (in saline) into fads pads of six-week-old female Balb/c mice (day 1).
Mice were kept under standardized conditions and the tumor development was observed carefully.
We started treatment with NDA135b on day 14 when a palpable tumor with a diameter of about 0.5 cm
developed. The animals were divided into several groups (3 animals per group): One control group,
two groups with NDA135b administered via tail vein, and two groups with NDA135b administered
directly into tumor tissue. The control group received saline intravenously. Animals administered
with NDA135b received NDA135b with transferrin conjugated (i) with Alexa Fluor 488 or ii) Texas
Red. The animals obtained 20 μg of ND carrying 5.4 μg of A135b per mouse for three consecutive
days. One hour after the third dose, we took peripheral blood and urine from anesthetized animals,
the animals were sacrificed, and different tissues were collected (liver, spleen, kidney, and tumor)
for subsequent analyses of NDA135b presence (enabled by transferrin-fluorophore conjugates) and
antimiR-135b effect. The in vivo experiments were repeated twice.

2.1.10. Spectrometer Measurements of NDA135b in Fluids

Blood or urine from experimental animals were diluted five times with saline and 100 μL of fluid
was placed in the 96-Well optical-bottom plates (Nunc, Thermo Fisher Scientific, Brno, Czech Republic).
Fluorescence of Texas Red was measured using 595/615 nm filters and Infinite M200 Pro plate reader.
The amount of complexes in the experimental sample was calculated from standard curve of NDA135b
samples with known concentration.

2.1.11. Whole Tissue Imaging

At the end of experimental period, the excised liver, spleen, lung, and tumor tissues were imaged
with a fluorescent microscopy OV-100. The microscope setup enables to read transferrin-Alexa Fluor
488 (Tf-A; settings 473/520 nm). After visualization, the organs were homogenized, cells were separated
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via 70 μm filters, and used to detect transferrin–Texas Red by flow cytometry (settings described
earlier).

2.1.12. Statistical Analysis

If not stated otherwise, the results are presented as means ± SD of three independent experiments.
Statistically significant differences in the tested parameters were assessed using a two-tailed t-test with
a confidence interval of 95% for paired comparison or ANOVA/post-hoc Tukey for group comparison
(online tool available at http://astatsa.com/OneWay_Anova_with_TukeyHSD/). Values of p ≤ 0.05 (*)
and p ≤ 0.01 (**) were considered to be statistically significant between the compared groups.

3. Results

In order to properly evaluate the application possibilities of NDA135b complex, we have employed
different experimental systems starting with the simplest monoculture of adherent cells derived from
mouse mammary tumor. Subsequently, we performed tests in advanced model such as mixed 3D
co-culture imitating tumor microenvironment. Finally, we tested NDA135b in vivo, employing local as
well systemic administration. Schematic composition of NDA135b and models used in this study are
depicted in Figure 1.

Figure 1. Composition of nanodiamond-based complex with multiple functionalization and its
application onto a sequence of biological models from the easiest 2D cell culture via 3D differentiated
mammospheres towards local and systemic in vivo administrations.

3.1. Characterization of the NDA135b Complex

In neutral pH, the complete NDA135b construct possessed zeta potential of −20 ± −3.42 mV,
size of 353 ± 140 nm, and polydispersity index of PdI = 0.4. The PdI measured by DLS for a uniform
sample equals zero and the value 0.4 represents moderate polydispersity due to transferrin–fluorophore
conjugate. In comparison to the complex NDA135b, we tested plain ND and ND coated with NA but
lacking Tf. The comparison is shown in Table 1.

116



Nanomaterials 2019, 9, 866

Table 1. Basic characterization of NDA135b complex and its comparison to original nanodiamonds
(ND) and similar complex ND-polyethylenimine (PEI)-RNA lacking targeting Tf-conjugate.

Sample Zeta Potential (mV) Average Size (nm) PdI

NDA135b −20 ± −3 353 ± 140 0.4
ND −35 ± −7 73 ± 28 0.2

ND-PEI-RNA −28 ± −4 120 ± 15 0.24

During the NDA135b preparation, we measured the amount of Transferrin, PEI, and A135b load.
One milliliter of the NDA135b complex consisted of 1 mg of ND, 191 μg of transferrin conjugate, 740 μg
of PEI800, and 270 μg of antimiR-135b RNA.

3.2. Effective Delivery of NDA135b into Adherent Breast Cancer Cells

Using conventional 2D culture of 4T1 mammary tumor cells enabled us to characterize the effect of
antisense RNA (A135b) coated onto ND via PEI 800 without background of other cellular populations.
This antisense RNA specifically targets oncogenic miR-135b overexpressed in many tumors including
mammary tumor cells such as 4T1. Once A135b reaches target miR-135b in cytoplasm, it drives its
degradation. Hypothetically, decreasing the level of miR-135b impairs the growth of cancer cells and
eventually leads to cell death. We have used cells treated with saline and cells treated with complex
NDA135b (consisting of ND, transferrin conjugated with Alexa488, PEI800, and A135b). Using confocal
microscopy, we monitored internalization of the NDA135b into the vast majority of adherent 4T1 cells
(Figure 2a). The complexes that were just internalized or are about to be internalized are shown in
yellow (merging color from red stained ND and green stained Alexa Fluor 488) and the image has been
focused on the level of cellular nuclei (in blue) to distinguish internalized complexes.

After stimulation with NDA135b, the 4T1 cells were cultured for additional two days and at the
end of the incubation period, we measured amount of lactate dehydrogenase, an enzyme release from
damaged cells due to increased plasma membrane permeability. Performing this assay, we added
several controls such as positive control (PC) representing cells with damaged plasma membrane;
cells incubated with uncoated nanodiamonds (ND), cells incubated with ND coated with scrambled
control RNA instead of specific A135b (NDSc), and cells incubated with a commercial transfection
reagent loaded with A135b (A135CR). We found significantly increased (p-value < 0.01) amount of
lactate dehydrogenase only in cells stimulated with A135b without difference in carrier (Figure 2b).

Increased permeability of plasma membrane points towards direct toxicity but it can also occur in
the very late phase of programmed cell death such as apoptosis, especially in cancer cells monoculture
lacking cells phagocyting apoptotic bodies. We have further tested percentage of cells undergoing
early phases of apoptosis and we found that A135b, independently on carrier, significantly increased
(p-value < 0.01) the percentage of apoptotic cells (Figure 2c). However, we have also found a slightly
increased rate of apoptosis in cells incubated with ND and NDSc (p-value < 0.05), suggesting that
exposure of these cells to ND affects their viability up to some extent.

We observed internalization of NDA135b into cells with confocal microscopy. To prove not only
delivery of A135b but also its release into cytoplasm, we performed detection of target miR-135b
localized in cancer cell cytoplasm by qPCR. We observed a significant decrease (p value < 0.01) in cells
incubated with A135b delivered within NDA135b or with a commercial reagent (Figure 2d). There was
no decrease in miR-135b level in cells incubated with ND or NDSc, proving the specific targeting of
miR-135b with antisense A135b.

Data are presented as the mean ± standard deviation; * p-value < 0.05 and ** p-value < 0.01 versus
saline-treated group (NC) were calculated by ANOVA.
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Figure 2. Internalization of functionalized nanodiamond carrier into 4T1 cells grown in 2D culture and
the biological effect of antimiR-135b cargo: (a) Visualization of NDA135b, here decorated with transferrin
conjugated to Alexa Fluor 488. Nuclei counterstained with Hoechst 33342 (blue). Fluorescence and
transmission (TDI) visualized with a confocal microscopy Olympus FV1000, 40x. Scale bar is 20 μm;
(b) release of lactate dehydrogenase indicating cell damage; (c) induction of apoptosis (early phase)
measured with an AnnexinV assay; (d) detection of remaining miR-135b level in 4T1 cells after particular
stimulation. Values of p ≤ 0.05 (*) and p ≤ 0.01 (**) were statistically significant.

3.3. Specific Internalization of NDA135b into Breast Cancer Cells Spheroids Co-Cultured with Peritoneal
Lavage Cells

Adherent monocultures are great for obtaining basic characteristics of the material tested, however
this setup lacks important features such as cell–cell communication and interaction and different
special awareness found in in vivo conditions. To imitate the basic tumor microenvironment in vitro,
we employed 3D mammospheres derived from 4T1 cells grown in conditions protecting them from the
attachment to surface. The mammospheres were further co-cultured with cells obtained from peritoneal
lavage of C57BL/6 mouse. The peritoneal lavage is rich in macrophages (in our samples, 45%–50% of
leukocytes) that easily engulf nanoparticles and, thus, they are an important cell population to evaluate
the cancer cell-targeting effectivity of transferrin adsorbed to NDA135b surface. In order to distinguish
4T1 cancer cells from peritoneal lavage cells (MF) when co-cultured, we loaded MF with cell tracking
dye and it enabled us to visualize MF actively incorporating into 4T1 spheroids (Figure 3a).

To evaluate the effectivity of A135b delivered into our 3D tumor, we performed qPCR. We found
that only samples incubated with A135b significantly decreased (p-value < 0.01) the level of cytoplasmic
miR-135b (Figure 3b). In contrast to 4T1 cancer cells, the peritoneal lavage cells do not express miR-135b
as shown in Figure A1.

4T1 cells or MF loaded with NDA135b can be also detected by flow cytometry due to transferrin
conjugated with Texas Red. We used flow cytometry to quantify how many cancer cells and MF
carried the NDA135b. The NDA135b was designed to carry transferrin as a targeting structure to
facilitate the uptake of the particle by cancer cells expressing transferrin receptor and decrease the
uptake by normal cells including phagocytes. We confirmed that in our system, most (98% ± 1.2) 4T1
cancer cells express transferrin receptor in contrast to 7% (6.6% ± 1.5) of cells present in peritoneal
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lavage (Figure 3c). When we checked the cells present in peritoneal lavage thoroughly, we found that
61% ± 0.5 of transferrin receptor positive cells belong to monocyte/macrophage fraction as shown in
Figure 3d. Remaining populations expressed transferrin receptor from 5% to 12% of cells (8.9% ± 0.6 of
erythrocytes, 12.1% ± 1.5 of lymphocytes, and 5.8% ± 0.5 of granulocytes).

Figure 3. Targeting of 4T1 spheroids by functionalized nanodiamonds within a mixed 3D co-culture
with peritoneal lavage cells imitating basic tumor microenvironment: (a) Determination of peritoneal
lavage cells (MF, purple) integrating into matured mammosphere. Fluorescence and transmission
(TDI) visualized with a confocal microscopy Olympus FV1000, 20×. Spheroid size is about 200 μm;
(b) detection of remaining miR-135b level in mammospheres after particular stimulation. Data are
presented as the mean ± standard deviation, ** p-value < 0.01 versus saline-treated group was obtained
by ANOVA; (c) surface expression of transferrin receptor in 4T1 spheres (left) and peritoneal cells
(right). CTRL stands for negative control of staining; (d) basic distribution of live cell sub-populations
in peritoneal lavage and transferrin receptor positive cells detected within each sub-population.

In order to evaluate percentage of 4T1 cells and MF interacting with NDA135b within the tumor
microenvironment, we incubated co-cultures with NDA135b and subsequently detected cells positive
for transferrin. In parallel, we have incubated 4T1 spheroids and MF with ND135b separately to
obtain controls of individual cell populations. While incubated alone, about 60% of 4T1 cells and
about 37% of MF were positive for NDA135b (Figure 4a). The percentage of NDA135b-positive cells
was calculated as positivity in both right quadrants. There is a distinct population within the MF
sample (marked in right bottom quadrant) that represents about 6% of MF cells positive for NDA135b
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once the MF cells were incubated alone with NDA135b. This population represents live cells that
carry NDA135b. We expected those cells to be macrophages present in MF population that engulfed
NDA135b. Our presumption was based on the result mentioned in Figure 3d showing that in total, 4%
of macrophages in our MF samples express transferrin receptor (calculated as 0.61*6.6%). To prove
our hypothesis, we have gated the MF samples used for co-cultures for specific cell populations:
Granulocytes, lymphocytes, and macrophages (Figure 4b). Subsequently, we tested each population
for NDA135b positivity. Here, erythrocytes were not acquired due to optimal events distribution
for further analyses of mixed 4T1 and MF cultures. We found that only about 30% (30% ± 1.5) of
macrophages were positive for NDA135b. Surprisingly, we detected 65% of granulocytes (65% ± 3.2)
and 14% (14% ± 1.7) of lymphocytes carrying NDA135b (Figure 4b).

 
Figure 4. Targeting of 4T1 spheroids by functionalized nanodiamonds within a mixed 3D co-culture
with peritoneal lavage cells (MF) imitating basic tumor microenvironment: (a) Uptake of targeted
nanodiamond complex NDA135b by particular cells within a spheroid MF co-culture. The average
percentage of positivity (and standard deviation) are listed on the right; (b) gating of live cells within
the peritoneal lavage sample with or without stimulation by NDA135b (left) and detection of NDA135b
in individual populations (right).

3.4. Local and Systemic In Vivo Application of Targeted NDA135b

Systemic administration of nanoparticles represents major challenge for most researchers.
Even constructs exhibiting great effectivity in vitro might encounter difficulties such as lower stability
in blood environment, decreased circulation time in blood and fast renal clearance, or unspecific
internalization and accumulation in off-target tissue. All of that contributes to low effectivity of
the constructs. Regarding nanodiamond particles with the average core size of 70 nm used in this
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study, we are aware of problematic nanoparticles clearance once administered into the blood system
without good targeting and shielding structures. In this study, we employed two different types of
NDA135b administration-intratumoral (i.t.) application directly into tumor mass and intravenous (i.v.)
application via tail vein. Our first goal was to compare the effectivity of both approaches in order to
reach the tumor cells cytoplasm and eliminate target miR-135b. We found that after three consecutive
doses (1 day apart), we could detect NDA135b in tumors excised from experimental animals (Figure 5a).
Here, detection of NDA135b in tumor samples was enabled by using transferrin–Alexa Fluor 488
conjugate adsorbed on the nanodiamond core. We compared tumors from animals administered with
NDA135b containing Alexa Fluor 488-labeled transferrin with animals that received saline (control
animals) as well as animals that received NDA135b containing transferrin without Alexa Fluor 488 label.

Figure 5. In vivo applications of NDA135b into breast tumor-bearing animals: (a) Detection of
transferrin-Alexa Fluor 488 decorated NDA135b complexes (Tf-A) in tumor samples ex vivo. Tf ctrl
stands for NDA135b decorated with Tf without the Alexa Fluor 488. Control animals received saline
only; (b) detection of remaining miR-135b level in tumor after NDA135b administration. Data are
presented as the mean ± standard deviation, ** p-value < 0.01 versus saline-treated group was obtained
by ANOVA; (c) detection of NDA135b in cells obtained from excised tumors. Red arrow point to
NDA135b-positive cells.
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To test the presence of nanoparticles inside the tumor cells, we performed flow cytometry analysis
and qPCR-based detection of target miR-135b in tumor cells after tumor homogenization. We found
significantly decreased levels of miR-135b in both groups—administered intratumoral or intravenous
(Figure 5b). In parallel, we performed flow cytometry analysis to evaluate the percentage of tumor
cells carrying NDA135b. We found 6.54% ± 0.3 cells positive for NDA135b in samples administered
intratumoral (significant, ** p-value < 0.01) as shown in Figure 5c (bottom). This positivity was rather
weak in animals with intravenous administration of NDA135b (1.43 ± 0.1; ns p-value = 0.34). Here,
we also did not experience a well-defined positive peak, but rather consistent slight changes in dot plot
distributions (Figure 5c; top).

3.5. Accumulation of Non-Internalized NDA135b Complex in Key Tissues after In Vivo Applications

Since we found touches of NDA135b in tumors even after intravenous administration,
we wondered if NDA135b circulating in peripheral blood interacted with blood elements or accumulated
in tissues such as kidney, liver, or spleen. We also wondered if NDA135b administered intratumorally
could escape from the tumor site and accumulate in other tissue due to its size.

In our system, transferrin also represented a targeting molecule with high affinity to 4T1 cells
expressing a high amount of surface transferrin receptor (Figure 3c) and, thus, it shielded the complexes
from extensive non-specific uptake. We have analyzed excised organs from the control group as well as
groups administered with NDA135b by a whole-body imaging system. However, we found no signs
of NDA135b presence in any of the excised tissues (Figure 6a). We also performed flow cytometry
analyses of homogenized tissues and we did not detect any positive signal pointing out the presence of
NDA135b in examined samples (Figure 6b). Distinguishable sub-populations such as leukocytes are
marked in the liver, kidney, and spleen dot plots (yellow). We checked for any positive signal within
these subpopulations and they displayed similar signal intensities like the whole tissues (Figure A2).
Within spleen samples, we also checked the erythrocyte/debris population (black gate) and there was
no positive signal either (Figure A3). Interestingly we found very different splenocytes granularity
using side scatter parameter (Figure 6c). The granularity of splenocytes was apparently lower in
animals after intravenous administration of NDA135b in contrast to control animals and animals
administered with NDA135b intratumorally (Figure 6c).

The intravenous administration of NDA135b exhibited an effect on splenocytes. It would be ideal
if we could prove the final effect of A135b by qPCR. However, the splenocytes, as they are not cancerous
cells, do not express miR-135b (Figure A1) so we cannot use this approach. Assuming an indirect effect
on splenocytes and no accumulation in spleen, liver, or kidney, we examined the presence of NDA135b
in bodily fluids such as blood and urine. We also checked basic parameters of major cell populations
within peripheral blood. We tested the presence of NDA135b using fluorescence spectrometer and flow
cytometry. In both fluids, urine and peripheral blood, we found significantly positive (p-value < 0.01)
signals in samples from animals administered with NDA135b intravenously—compared to control
animals (Figure 7a). We did not detect any positivity in fluids obtained from animals administered
intratumoral. We analyzed basic blood cells populations—erythrocytes, monocytes/granulocytes,
and lymphocytes. Nevertheless, we did not observe any positive signal in any of the mentioned
subpopulations (Figure 7b). That suggests that NDA135b was present in peripheral blood but it was
not internalized by any blood cells.

122



Nanomaterials 2019, 9, 866

Figure 6. (a) Detection of transferrin conjugate in tissues excised from experimental animals
administered with NDA135b intravenously or intratumoral: (a) Detection of NDA135b complexes in
tissues ex vivo by microscopy. Control animals received saline only; (b) detection of NDA135b in excised
tissues by flow cytometry. Representative dot plots and histograms are shown (exemplary gating is on
the right). The histograms of liver and kidney samples consider signal from all cell-like events (orange
gate). In spleen, histograms show signal in leukocytes (yellow gate in dot plots); (c) comparison of
different splenocytes granularity after NDA135b intravenous and intratumoral applications.
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Figure 7. Detection of NDA135b decorated with transferrin-Texas red in bodily fluids obtained from
tumor-bearing animals administered with ND-A135b intravenously or intratumoral: (a) Detection
of transferrin–Texas red in acellular fraction of urine and blood. Data are presented as the mean ±
standard deviation, ** p-value < 0.01 versus NC group was obtained by ANOVA; (b) detection of
transferrin-Texas red in cellular fraction of peripheral blood. Representative dot plots and histograms
are presented. The histograms show signal from different cell populations indicated in dot plot on the
right side of the image (red blood cells, granulocytes/monocytes, and lymphocytes).

4. Discussion

In this report, we discuss, for the first time, the effectivity of HPHT nanodiamonds as carriers for
short antisense RNAs when applied in 3D organoids as well as in vivo. Nanodiamonds prepared under
HPHT possess great benefits like cyto-compatibility, cytoplasmic membrane penetration, easy surface
decoration, or traceability, suggesting them for advanced biomedical use. Due to their size (in this
report, an average of 70 nm), the HPHT nanodiamonds cannot be cleared from the system via renal
filtration [28]. This may be a benefit since, if appropriately shielded, they can circulate in the blood
stream for a longer time but on the other hand, they can accumulate in RES (reticuloendothelial system)
organs. There is an abundance of particles without any specific structure that would facilitate their
passage into target tissue for example tumor. Blood vessels of the majority of tumors exhibit enhanced
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permeability retention (EPR), supporting entrance of nanoparticles larger than 5 nm [29], so even
particles without a targeting structure can reach the tumor tissue, but the efficacy is much lower [30].

Compatibility of nanomaterial with the bio-interface represents a key request every time the
material is intended for any biomedical use. The compatibility evaluation primarily employs tests
in vitro. So far, the only studies describing toxicity of nanodiamond particles employed detonation
nanodiamonds with usual diameter 2–5 nm. Turcheniuk and Mochalin summarized that the possible
cytotoxic effects reported in detonation nanodiamonds probably originated from usage of nanomaterial
with a high degree of impurities [31]. Regarding HPHT nanodiamonds, all studies performed so far
claimed no toxicity in vitro [32–35]. However, the surface modifications such as polyethylenimine (PEI)
coating can affect the cyto-compatibility of the nanoparticle-polymer complex [36]. We support this
finding as we have described it in our preceding study [13] too. The intermediate complexes consisting
only of nanodiamond and PEI are not stable in colloids and tend to aggregate fast if a stabilizing
component such as nucleic acid is not added immediately [13]. We suggested that large aggregates
with positive total charge impair cellular membrane while adsorbing and entering the cells. In the
current study, we have experienced slightly increased rate of early apoptosis (Figure 2c) in samples
incubated with ND and NDSc, complexes without active A135b. The increase is rather negligible,
yet statistically significant. We suspect the uptake of nanoparticles that reside in high concentration in
4T1 cell cytoplasm could interfere with the cell divisions. This hypothesis is supported by the results
of direct toxicity (LDH release) shown in Figure 2b. Neither ND nor NDSc exhibited direct toxicity and
significant release of LDH but the presence of those nanoparticles led, in a small percentage of cells,
to apoptosis. When using NDA135b, the increase in apoptotic or dead cells was much more prominent
(Figure 2b,c) due to A135b function (Figure 2d).

Unlike adherent 2D culture, the 3D tumor grown without surface attachment enables testing
of nanocomplexes in an ambiance much closer to the natural situation in vivo. To imitate the tumor
microenvironment and tests NDA135b specificity, we co-cultured the mammospheres with cells
obtained from peritoneal cavity lavage of experimental animals. Nanodiamonds within NDA135b
were decorated with transferrin in order to facilitate their uptake by tumor cells [37]. We believe
it also promoted stabilization of the complexes and protected them from extensive binding of sera
proteins. This hypothesis is based on recent studies that showed how adsorption of a specific protein
onto ND before the exposure of ND to sera prevented formation of protein corona [38]. Decoration
of ND surface with a protein such as Tf conjugated with a fluorophore increased the size of the final
complex to about 300 nm and significantly increased the polydispersity index. The PdI increase might
be due to uneven amount of conjugates linked to ND particle. This approach with fluorophore-labeled
targeting structure is convenient for proof-of function presented in this study where we needed to
control the complex location. If not necessary, we suggest using unlabeled targeting antibodies to
obtain lower PdI.

The silencing of microRNA-135b in 4T1 cells by NDA135b performed in the 3D model was
very effective (Figure 3b) suggesting good distribution of NDA135b in the media, which enabled its
sufficient internalization into cells that are in a compact sphere not adhering and covering the bottom
of the experimental dish. Flow cytometry analysis of 3D tumor spheres with intercalated cells from
peritoneal lavage revealed very interesting information regarding cells carrying NDA135b. In this
setup, we can benefit from existing communication between tumor and immune cells but the model is
still much simpler than the situation in vivo. We expected the tumor cell will uptake most of NDA135b
due to specific targeting of NDA135b with transferrin and shielding of the complex from macrophages.
We believed macrophages from peritoneal lavage could up to some degree compete with tumor cells for
the NDA135b since they are (in 7%) positive for transferrin receptor too. We found that the granulocytes
are a major population that carries NDA135b (Figure 4). A presence of transferrin-receptor on the
cell surface was ruled out by flow cytometry (Figure 3), thus, the granulocytes did carry NDA135b
regardless the targeting molecule. So far, mostly monocyte/macrophage cells were studied regarding
transportation of internalized nanoparticles within multicellular organism [39]. Now, we found
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granulocytes play an important role too and the future research regarding nanoparticle interaction
should consider deeper study of this cell population. To our knowledge, there is only one report
describing interaction of nanodiamonds with granulocytes specifically with neutrophils in air pouches
of lungs [40].

Detailed reports describing the effect of HPHT nanodiamond particles on the immune system
in vivo or complex organ toxicity are rare. So far, the non-targeted ND particles applied in vivo
exhibited neither direct toxicity nor inflammatory and stress responses [23,24]. If nanodiamonds
accumulated, predominantly in lungs, liver, or spleen, there were no symptoms of abnormalities [20,22].
Also, mice injected with ND did not show any weight-loss or other clinical signs of toxicity even
after exposure for four weeks [22]. On the other hand, ND coated with hemagglutinin significantly
enhanced the immunostimulatory effect of hemagglutinin in mice—however, it was more likely
because of increased stability and concentration of the hemagglutinin than presence of nanodiamond
carrier [41]. Modified ND in hydrosol applied intravenously into rabbits showed a short-term increase
in serum bilirubin (sign of erythrocyte lysis) and other changes associated with the sequestering of the
nanodiamonds in the liver [42].

As mentioned earlier specific coating and targeting of nanoparticles significantly effects their fate
and final accumulation site [30]. Since we applied, in vivo, a newly developed construct (combination
of RNA, protein, and polymer coating), we performed basic compatibility tests to assess particles’
fate and their interactions with biological structures. We wondered if localized application would
trigger any side effects because of possible NDA135b leakage from tumor into peripheral blood system.
Using intratumoral as well as intravenous application of NDA135b targeted with transferrin led to
accumulation of NDA135b in the excised tumor mass (Figure 5a) and significant downregulation of
cytoplasmic microRNA-135b. It shows that even the NDA135b circulating in blood after intravenous
application effectively reached tumor cells. Once we isolated tumor cells in order to perform flow
cytometry and quantitative estimate, we yielded a significantly different amount of NDA135b-positive
cells concerning the type of administration. In samples after intratumoral application, we found a
well-defined peak pointing out cells positive for NDA135b (Figure 5c). In samples after intravenous
application, we did not see any specific peak but we still experienced some shift in cells’ positivity as
shown in histograms (Figure 5c, top). We are aware the lower amount of cells positive for NDA135b
in samples after intravenous application reflected the way of administration. However, the whole
tumor (after intravenous application) exhibited quite strong fluorescence but the isolated tumor cells
were insignificantly positive for NDA135b. We believe that after intratumoral application, NDA135b
resided in the tumor site for a longer time, increasing its chance to be internalized. After intravenous
administration, we assume that some circulating NDA135b reached the tumor and were internalized
by tumor cells, but the amount of internalized complexes was too low to detect it. In addition,
the non-internalized NDA135b within tumor mass were washed away during tumor cells isolation.

The lower amount of positive tumor cells after intravenous application suggested persisting of
NDA135b in blood or its off-target accumulation. Our data show that NDA135b did not significantly
accumulate in liver, kidney, or spleen, suggesting the coating prevented ND accumulation in those
key tissues. In animals, after intravenous application of NDA135b, we found positivity in urine.
Since the core particle is about 70 nm big, it is not possible that the fully coated complex would pass
via renal filtration into urine [28]. There is a small chance that when the NDA135b entered blood cells,
transferrin–fluorophore conjugate separated from the ND core and left the body via renal clearance.
For example, dextrans conjugated with Texas Red are renal clearable [43].

Interestingly, analyzing splenocytes obtained from homogenized spleen samples, we found a
remarkable shift in their granularity after intravenous application of NDA135b (Figure 6c). We suggested
an indirect effect since we did not detect any presence of NDA135b in excised spleen tissues or different
splenocytes populations. Assuming an indirect effect on splenocytes, we examined basic blood
cells populations—erythrocytes, monocytes/granulocytes, and lymphocytes within peripheral blood.
We expected to find positive signal in monocytes/granulocytes that could potentially interact with
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or internalize NDA135b. We found NDA135b-positive blood samples after intravenous application
but we did not observe any positive signal in any of the cellular subpopulations (Figure 7). The data
suggest that NDA135b was present in peripheral blood, it was not carried by any blood cells, but it
interacted with a blood element to affect granularity of spleen tissue.

Within multicellular organism, an inflammatory reaction is a response to infection but also
to non-infectious agents. Recently, Li et al. [44] described non-infectious inflammation after
intraperitoneal application of hydrocarbon oil. This inflammation recruited neutrophils, dendritic cells,
and macrophages into spleen based on elevated levels of interleukin-6 and tumor necrosis factor—alpha
(TNF—α). Intravenous application of NDA135b could induce non-infections inflammation too.
This hypothesis is supported by Munoz et al. [40]. The authors proposed that small (10 nm) naked
or PEG-coated ND damage plasma membrane and trigger instability of lysosomal compartment and
formation of neutrophil extracellular traps. It initialized inflammatory response comprising synthesis
of pro-inflammatory cytokines. Larger particles (100 nm) seemed inert [40]. Our data (Figure A4) and
other authors’ [22–24] reports reinforce the relative inertness regarding cytokine production too.

Comparing the two different in vivo administrations, the localized intratumoral application was
effective in order to knockdown target microRNA-135b and exhibited no leakage of NDA135b into
bodily fluids or other tissues. The intravenous application was effective in order to knockdown
target microRNA-135b. It was accompanied with circulation of NDA135b in blood and it affected
splenocytes parameters. According to our data, the intratumoral application represents a much
safer mean of NDA135b application with much less side effects. We believe that localized and
targeted application is the most effective and the safest approach regarding any biomedical use of
non-degradable inorganic carriers with diameter exceeding limits for renal clearance. Keeping this
approach in mind, we still can benefit from extraordinary characteristics of nanodiamond particles
even though they are non-biodegradable. Thus nanodiamond-based complexes that are stabilized and
decorated with nucleic acids and/or peptides are prospective in topical treatments of skin disorder such
as chronic wound-healing, dermatitis, or skin tumors. Next to the therapeutic function (nucleic acid)
performed only in particular cells (antibody), the nanodiamond core keeps its luminescence and with
a suitable optical system, we could track the process of construct diffusion within the treated tissue.
Using intravenous application of coated ND carriers requires further detailed analysis of cell interaction
triggering changes in organ (spleen) characteristics. Since the immune response is dependent on carrier
size as well as on way of administration [40], each ND carrier has to be evaluated with regard to its
anticipated use. Importantly, our findings contribute to the understanding of ND carriers’ fate and
trafficking in vivo. It has revealed new interesting interactions between ND carrier and biological
interface as well as future challenges regarding signal transport and response mechanisms within
in vivo systems.
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Appendix A

Comparison of miR135b levels in cell fraction of peritoneal lavage (MF), splenocytes (SPL),
and mammary tumor (4T1) obtained from homogenized tissues ex vivo. Samples were obtained from
tumor (derived from 4T1) bearing animals. Peritoneal cells and splenocytes exhibited minimal level of
miR135b in contrast to the tumor tissue.
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Figure A1. Expression of miR135b in different tissues. MF stands for peritoneal cells, SPL stands for
splenocytes, and 4T1 represents tumor cells with high expression of miR-135b. Data are presented as
the mean ± standard deviation, ** p-value < 0.01 versus 4T1 group was obtained by ANOVA.

Appendix B

Flow cytometry analyses of NDA135b signal presence in leukocytes obtained from homogenized
liver and kidney after different administration of NDA135b complex can reveal uptake of NDA135b
from blood and its accumulation in this cell fraction. Measuring the signal intensity within the whole
organ homogenate could cover up the potential positivity in leukocyte population so we took a closer
look by gating out distinguishable populations. Regarding spleen, the NDA135b could accumulate
within the debris fraction so we checked that portion of spleen homogenate too. Detection was enabled
by administration of NDA135b containing transferrin conjugated with Texas Red. Control animals
received saline. The data complement analyses mentioned in Figure 5.

 

Figure A2. Texas Red signal in leukocytes obtained from homogenized liver and kidney after
NDA135b administration.
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Figure A3. Texas Red signal in debris/erythrocytes fraction of unfiltered spleen samples from animals
administered with NDA135b.

Appendix C

Flow cytometry analyses of cytokine secretion in response to NDA135b administrations.
Basic cytokines IFN—γ, TNF—α, and IL—6 were analyzed in blood of experimental animals (1 h after
3rd dose) using Cytometric Bead Array (BD Biosciences). Here we followed manufacturer protocol.
Briefly, whole blood was diluted five times, mixed with specific beads, and incubated for 3 h. After that,
samples were washed with PBS, and beads were analyzed with flow cytometry. APC fluorophore
determines bead/cytokine type and PE fluorophore represents cytokine positivity. The levels of all
three cytokines were equal in all tested samples.

Figure A4. Levels of secreted cytokines (IL—6, IFN—γ, and TNF—α) in peripheral blood of control
animals, animals who received NDA135b intratumorally, and animals who received NDA135b
intravenously. Positive control stands for mixture of 625 pg/mL of each of the three cytokines
(test standards). Representative images are shown.
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Abstract: In this work, new nanohybrids based on superparamagnetic iron oxide nanoparticles
(SPIONs) were elaborated and discussed for the first time as nanovectors of a derivative molecule
of trans-resveratrol (RSV), a natural antioxidant molecule, which can be useful for brain disease
treatment. The derivative molecule was chemically synthesized (4’-hydroxy-4-(3-aminopropoxy)
trans-stilbene: HAPtS) and then grafted onto SPIONs surface using an organosilane coupling
agent, which is 3-chloropropyltriethoxysilane (CPTES) and based on nucleophilic substitution
reactions. The amount of HAPtS loaded onto SPIONs surface was estimated by thermogravimetric
analysis (TGA) and X-ray photoelectron spectroscopy (XPS) analyses at 116 μMol·g−1 SPIONs.
The synthesized HAPtS molecule, as well as the associated nanohybrids, were fully characterized
by transmission electron microscopy (TEM), XPS, TGA, infrared (IR) and UV-visible spectroscopies,
dynamic light scattering (DLS), and zeta potential measurements. The in vitro biological assessment
of the synthesized nanohybrid’s efficiency was carried out on C6 glioma cells and showed that
the nanovector SPIONs-CPTES-HAPtS do not affect the mitochondrial metabolism (MTT test),
but damage the plasma membrane (FDA test), which could contribute to limiting the proliferation
of cancerous cells (clonogenic test) at a HAPtS concentration of 50 μM. These nanoparticles have a
potential cytotoxic effect that could be used to eliminate cancer cells.

Keywords: iron oxide superparamagnetic nanoparticles; trans-resveratrol derivative; drug delivery;
glioma

1. Introduction

Trans-resveratrol, or 3,4’,5-trihydroxy-trans-stilbene (RSV) (Figure 1A), is a polyphenolic
compound that belongs to the stilbene family. It is widespread in the plant kingdom and found
especially in peanuts, grapes, and accordingly, in wine [1,2]. The discovery of RSV in red wine and
interest in its ability to prevent cardiovascular diseases was the starting point of this molecule [3].
Since then, numerous in vitro and in vivo studies in animals have shown various biological properties
of RSV, such as antioxidant [4], anti-microbial [5], anti-inflammatory [6], estrogenomimetic effects,
anti-cancer [7], and chemopreventive activities [8]. Indeed, thanks to its potent antioxidant power,
it has proven its effectiveness against skin, breast, lung, prostate, and pancreas cancers [9].
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As oxidative damage has been considered the main cause of many neurodegenerative diseases,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), and stroke [10,11], RSV has extensively
been studied as a therapeutic molecule for these kinds of diseases based on its antioxidant
properties [12]. In fact, the neuroprotective effects of RSV against oxidative stress was proved by
R. Alyssa et al. [13]. Moreover, a study by Wang et al. showed that RSV can cross the blood brain
barrier (BBB) and protect against cerebral ischemic injury [14]. RSV was also shown to inhibit the
formation of amyloid-beta (Aβ) aggregation characterizing Alzheimer’s disease (AD), and to reduce
its secretion in numerous cell lines [12]. It was also suggested that RSV reduces neurodegeneration in
the hippocampus and prevents learning deficits [15].

Currently, the use of RSV in humans remains limited due to its photosensitivity, easy oxidation [16],
and low biodisponibility [1]. In addition, pharmacokinetic evaluations of free RSV have reported a very
short half-life (30–45 min) and a rapid metabolism in rats [17]. Therefore, large doses of this polyphenol
would be necessary to be effective in humans, which is limited by its low water solubility [18]. In order
to overcome those limits, RSV has been encapsulated in order to favor its biological activity and
increase its half-life [18]. Thus, many encapsulation methods have been used for this purpose, such as
microemulsion [19,20], liposomes [21–24], and biopolymers [25,26]. Recent studies have focused on
the association of RSV to nanoparticles. Indeed, Wang et al. modified liposomes encapsulating RSV
with iron oxide nanoparticles for targeted PD treatment application [27]. RSV was also conjugated to
silver and gold nanoparticles in order to enhance their antibacterial efficacy [28,29], or was used as an
anticancer delivery system [30]. To the best of our knowledge, RSV has never been linked covalently to
iron oxide nanoparticles. Therefore, the latter strategy has been chosen and herein we aim at delivering
a RSV derivative, the molecules of which were grafted to the surface of superparamagnetic iron oxide
nanoparticles (SPIONs), for further studies in neurodegenerative disease or glioma treatment.

SPIONs are considered as one of the most developed nanoparticles for various biomedical
applications thanks to their small size, high magnetic moment, high surface to volume ratio,
and biocompatibility [31]. They have been used for magnetic resonance imaging (MRI) as a
contrast agent [32,33], cell labeling, tissue repair, gene and drug delivery, hyperthermia [34],
and nano-sensors [35]. One of the most promising biomedical applications of SPIONs is drug delivery,
thanks to the magnetic response of the iron oxide allowing magnetic targeting, which makes the
retention of nanoparticles in the target tissue longer [36]. The most challenging targets for SPIONs are
in the brain because of the presence of the BBB, a natural boundary between the neural tissue and the
blood circulation, which limits the entrance of most drugs intended for the central nervous system
(CNS). Many kinds of nanoparticles, polymeric and inorganic, have been studied for drug delivery
across the BBB, however, the advantage of using inorganic nanoparticles (silica, gold, SPIONs, etc.)
is the facility in modulating them in terms of shape, size, and surface modification [37]. The surface
modification of nanoparticles increases their ability to cross this barrier. Indeed, unlike bare SPIONs,
it has been reported that ligand-coated SPIONs or BBB disruption (BBB-targeting peptides, curcumin,
polyethylene glycol (PEG)/chitosan, etc.) make them capable of crossing the BBB because they facilitate
SPIONs uptake by the endothelial cells via specific receptors [38]. Moreover, the magnetic targeting of
SPIONs not only enhances their penetration in brain cells, as has been proved by Chertok et al. on
glioma cells [39,40], but also can transiently increase the BBB permeability following from magnetic
heating (hyperthermia), as was proved by Tabatabaei et al. for rat brains [41]. The percentage of
SPIONs that reach the CNS via the bloodstream has varied from 17 to 30% according to rodent
studies [42].

Herein, we studied the surface modification of SPIONs with a derivative molecule of RSV, used as
a therapeutic molecule, for further application in neurodegenerative diseases. This molecule has
the same stilbene core as RSV—4’-hydroxy-4-(3-aminopropoxy) trans-stilbene, hereafter referred
to as HAPtS (Figure 1)—and it was exclusively synthesized for this purpose. The anti-tumor and
anti-microbial activities of compounds structurally close to HAPtS have been proven in previous
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studies [5,43]. The feature of this phenolic stilbene is an organic alkyl chain with a terminal functional
group (primary amine) capable of linking to SPION’s surface, as shown in Figure 1.

Figure 1. Chemical structure of (A) the natural trans-resveratrol molecule (RSV) and (B) the
trans-resveratrol derivative molecule: 4’-hydroxy-4-(3-aminopropoxy) trans-stilbene (HAPtS).

2. Materials and Methods

2.1. Chemicals and Reagents

Iron (III) chloride hexahydrate (FeCl3.6H2O, 97%), and iron (II) chloride tetrahydrate (FeCl2.4H2O,
98%) were purchased from Alfa Aesar (Haverhill, MA, USA). Sodium hydroxide (NaOH,
≥97%), ammonium hydroxide solution (NH4OH, 28%), hydrochloric acid (HCl, 37%), nitric acid
(HNO3, 69%), 3-chloropropyltriethoxysilane (CPTES, 95%), dimethylsulfoxide (DMSO, ≥99.7%),
crystal violet, 2,2’-azobis (2-amidinopropane) dihydrochloride (AAPH), fluorescein sodium salt,
N,N-diisopropylethylamine, ReagentPlus®(DIEA, ≥99%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, 98%), 7β-hydroxycholesterol (7β-OHC), and Trolox (97%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol (EtOH, ≥99.8%) was purchased
from Fluka (Seelze, Germany). Phosphate buffer saline (PBS) 1× solution was purchased from
Fisher Chemicals (Fair Lown, NJ, USA). Dulbecco’s modified Eagle medium (DMEM), trypan blue,
fetal bovine serum (FBS), and antibiotic (Penicillin, Streptomycin) were purchased from Dominique
Dutscher and Pan Biotech (Brumath, France). Ultrafiltration membranes (regenerated cellulose 100 kDa)
were acquired from Merck Millipore (Darmstadt, Germany).

2.2. Characterization Techniques

An X-Ray diffraction (XRD) pattern of bare SPIONs was obtained using a Bruker D8 Advance
diffractometer (Billerica, MA, USA). Cu Kα1,2 radiations (λα1 = 1.540598 Å and λα2 = 1.544426 Å) were
applied. Scans were measured over a 2θ range of 10–80◦. A step of 0.026◦ and a scan speed of 52 s
per angle unit were set. The data analysis was carried out with Topas®software (Billerica, MA, USA).
The Le Bail method was used to obtain lattice parameters and mean crystallite size.

The morphology of synthesized nanoparticles (NPs) were observed by Transmission electron
microscopy (TEM, Tokyo, Japan) using a JEOL JEM 2100F microscope operating at 200 kV
(point-to-point resolution of 0.19 nm). The samples were prepared by evaporating a diluted suspension
of SPIONs in deionized (DI) water on a carbon-coated copper grid. About 150 nanoparticles were
counted in order to estimate their average size (imageJ software, 1.52a, NIH, MD, USA).

X-ray photoelectron spectroscopy (XPS) measurements were collected with a PHI 5000
Versaprobe instrument (ULVAC-PHI, Osaka, Japan) using an Al Kα monochromatic radiation
(EKα(Al) = 1486.7 eV with a 200 μM diameter spot size)). Powders were pressed on an indium
sheet. Data were analyzed with CasaXPS processing and ULVAC-PHI MultiPak software (ver. 9.0.1,
Osaka, Japan) for quantitative analysis. Neutralization was used to minimize charge effects. C1s peak
at 284.5 eV was used as reference. Shirley background was subtracted, and Gauss (70%)–Lorentz (30%)
profiles were used. Full width at half maximum (FWHM) were fixed between 1.4 and 1.6 eV for O 1s,
1.6–1.7 eV for C 1s, and 1.7−1.8 eV for N 1s.

Specific surface area measurement (SBET) was carried out using a Micromeritics Tristar II apparatus.
Samples were outgassed in situ at 100 ◦C under a pressure of ca.≈30 μbar. The measurements were
performed at liquid N2 temperature using N2 as the adsorbing gas. The BET method was used in the
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calculation of surface area value from the isotherm of nitrogen adsorption. The mean apparent particle
diameter was determined from surface area.

Zeta potentials were measured with a Malvern ZetasizerNano ZSP instrument (Worcestershire,
UK) supplied by a DTS Nano V7.11 software (Worcestershire, UK). The suspensions of SPIONs were
prepared in 10−2 M NaCl aqueous solutions. The pH of the suspension was adjusted from 3 to
11 by addition of HCl (0.1 M) or NaOH (0.1 M and 0.01 M) solutions. Hydrodynamic diameters
were determined by Dynamic Light Scattering (DLS, Malvern, Worcestershire, UK) curves, which are
derived from the number distribution calculation on the same instrument. Measurements were carried
out three times at 25.0 ◦C, immediately after homogenization by ultrasound bath for 5 min, and using
refractive index 2.42 for Fe3O4 and 1.33 for water (viscosity 0.8872 cP).

The weight losses of bare and grafted SPIONs were studied by thermogravimetric analyses
(TGA) with a TA Instruments Discovery TGA (Newcastle, UK) under an air flow rate of 25 mL min−1.
The analyses were done using the following thermal program: ramp 1 of 20 ◦C.min−1 from 25 ◦C to
100 ◦C, isotherm at 100 ◦C for 30 min (to remove the remaining moisture), and ramp 2 of 5 ◦C min−1

from 100 ◦C to 700 ◦C. TGA weight losses were considered only from the second ramps.
Fourier transform infrared (FTIR) measurements were recorded on a Bruker IFS 28 (Billerica, MA,

USA) using OPUS version 3.1 in the wavenumber range of 4000–400 cm−1, with a resolution of 4 cm–1

and a total of 50 scans per measurement. Pellets were made of 0.5 mg sample mixed in 199.5 mg of
dried KBr.

UV-visible spectroscopy (UV-vis) measurements were carried out using a Shimadzu UV-2550
UV-Vis spectrophotometer (Tokyo, Japan). All spectra were measured in the range of 220-800 nm and
recorded at 23 ◦C using UV cuvettes of 1 cm path length.

2.3. Synthesis of 4’-Hydroxy-4-(3-aminopropoxy) Trans-Stilbene (HAPtS) Molecule

The 4’-hydroxy-4-(3-aminopropoxy)trans-stilbene (HAPtS) was synthesized by a Wittig reaction
from 4-acetoxybenzyltriphenylphosphonium and N-3-(4-carbaldehydephenoxy)propylphtalimide.
The Wittig reaction was carried out in phase transfer conditions [44] to give
4-acetoxy-4’-N-(3-O-propylphtalimide) trans-stilbene. The protective groups of latter molecule were
removed to afford HAPtS. A detailed description, scheme, and NMR data of each reaction step of
HAPtS synthesis are given in the Supplementary Materials (SM1).

2.4. Synthesis of Bare and Modified Nanoparticles

2.4.1. Synthesis of Bare SPIONs

Bare superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized following a simple
co-precipitation protocol. Briefly, a stoichiometric mixture of FeCl2·4H2O (12.72 g) solution and
FeCl3·6H2O (34.58 g) solution was prepared in 1.5 L of deionized (DI) water in the molar ratio
Fe2+:Fe3+ = 1:2 at 25 ◦C. After the total dissolution of salts, 120 mL of ammonium hydroxide (28%)
was added quickly to the solution and the SPIONs were precipitated immediately. The solution was
kept under magnetic stirring for 2–3 minutes and then washed thoroughly with deionized (DI) water,
using a magnetic separation, until the solution reached pH 8. The pH of the suspension was adjusted to
pH 3 with HNO3 solution (0.1 M). The obtained suspension was dialyzed for 76 h against pH 3 HNO3

solution. After that, the suspension was centrifuged at 20,000 g for 15 min and only the supernatant
was kept as a homogeneous and stable suspension. The final SPION concentration of 9.2 mg·mL−1 of
nanoparticles was used for further surface modifications. A small amount of the obtained suspension
was freeze-dried for characterization.

2.4.2. Synthesis of 3-Chlorporyltriethoxysilane-Modified SPIONs: SPIONs-CPTES

A total of 50 mg of as prepared SPIONs were dispersed in a mixture of EtOH and DI water, with a
volume ratio 3:1. 600 μL of CPTES, which was added to the suspension and the pH was then adjusted
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to 4 with NaOH solution (0.1 M). The suspension was kept under magnetic stirring at 360 rpm for 24 h
at 25 ◦C.

The purification of the grafted SPIONs from the unreacted CPTES was realized using
an ultrafiltration device through an ultrafiltration membrane (regenerated cellulose, 30 kDa).
The purification was carried on until the conductivity of the filtrate reached that of DI water
(0.5 μS·cm−1).

2.4.3. Synthesis of 4’-hydroxy-4-(3-aminopropoxy)-trans-stilbene-Modified SPIONs:
SPIONs-CPTES-HAPtS

A total of 7.5 mg of CPTES-modified SPIONs (SPIONs-CPTES) were dispersed in anhydrous
DMSO and 80 μL of DIEA (organic base), and 1.9 mg of HAPtS was added in excess to the SPIONs
suspension (molar ratio HAPtS/grafted CPTES is 7:0.4). The suspension was kept under magnetic
stirring (360 rpm) for 24 h at 25 ◦C. The purification was carried out by a magnetic decantation with
DMSO and then DI water. The purification efficiency was controlled by UV-visible spectrometry (of the
washing water).

After each synthesis step, a small amount of the SPIONs in suspension was freeze dried for 48 h
to perform the suitable characterizations, and the rest of the samples were kept in suspension to avoid
nanoparticles agglomeration during the drying step and to keep a good dispersion of SPIONs in water.
Figure 2 summarizes the surface modification steps of bare SPIONs.

 
Figure 2. Schematic representation of the trans-resveratol derivative-modified SPIONs
(SPIONs-CPTES-HAPtS) nanohybrid synthesis.

2.5. Biological Assays

2.5.1. Antioxidant Test: the Oxygen Radical Absorbance Capacity (ORAC) Assay

The antioxidant capacity of HAPtS was evaluated by the ORAC test, which measures the ability
of a molecule to prevent or delay the oxidation of a fluorescent molecule (in this case fluorescein) in
the presence of a free radical-generating (oxidizing) molecule, which is AAPH. The experiment was
carried out according to the literature [6,45]. Briefly, the reaction was carried in a 96-well black plate,
in 75 mM phosphate buffer (pH 7.4), and the final reaction mixture was 200 μL; 20μL of antioxidant
(Trolox for calibration curves, HAPtS or RSV) molecules and 120 μL of fluorescein solution (final
concentration of 50 nM) were added in the 96 wells of the microplate. The mixtures were incubated for
15 min at 37 ◦C, and 20 μL of AAPH solution (40 mM, final concentration) was added rapidly using the
automate (Tecan machine). The fluorescence was recorded every minute for 80 min. The microplate
was automatically shaken prior each reading.

The calibration curve was carried out using five calibration solutions of Trolox (1–50 μM,
final concentration) and a blank of only fluorescein and AAPH was also used. All the reaction
mixtures were prepared in triplicate. The obtained curves (fluorescence versus time) were normalized
and the ORAC values (AUC) were calculated from the area under the fluorescence decay curve
according to the following formula:

AUC = 1 + ∑i=80
i=1 fi/f0
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where f0: fluorescence read at 0 min and fi: fluorescence read at i min.
The relative AUC values (expressed in equivalent Trolox) are determined as following:

AUCrelative =
(AUC)sample

(AUC)Trolox
× [Trolox]

[sample]

2.5.2. Cell Culture

The C6 rat glioma cells were cultured at 25,000 cells.cm−2, in 6-well or 96-well plates, in Dulbecco’s
modified Eagle medium (DMEM) with 10% heat inactivated fetal bovine serum FBS and 1% antibiotic
(Penicillin, Streptomycin), as described by Nury et al. [46]. The cells were incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2 and passaged twice a week. At each passage, cells were
trypsinized with a 0.05% trypsin–0.02% ethylenediaminetetraacetic acid (EDTA) solution (Pan Biotech).

2.5.3. Clonogenic Survival Assay

Cell clonogenic survival assay is an in vitro cell survival assay based on the ability of a single
cell to grow into a colony following insult with physical or chemical agents [47]. After cell incubation
for 24 h with a density of 25,000 cells cm−2, cells were exposed to the following compounds:
RSV (50 μM), HAPtS (50 μM), grafted SPION (SPIONs-CPTES-HAPtS (determined volume of
nanohybrids suspension which corresponds to 50 μM of grafted HAPtS)), SPIONs-CPTES, bare SPIONs,
positive control (cells treated with a toxic molecule, 7β-hydroxycholesterol (7β-OHC), 100 μM).
Data were compared to untreated cells. It is important to note that the masse of SPIONs-CPTES
sample corresponds to that included in the sample SPIONs-CPTES-HAPtS and it is the same for bare
SPIONs. At the end of treatment in 6-well plates, cells were trypsinized, counted on a Malassez
hemocytometer using trypan blue dye (v:v), and 1000 cells were cultured in a 100 mm diameter Petri
dish containing 10 mL of culture medium for 8 days. After 8 days of culture, the cells were stained with
crystal violet solution to visualize the cell colonies (the culture medium was changed twice a week).

2.5.4. Cytotoxicity: MTT Assay

MTT (3-(4-,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to evaluate
the effects of molecules and nanoparticles on cell viability and was carried out as described by
Lizard et al. [48]. Cell viability was assessed as a function of the mitochondrial activity. Cells were
seeded in 96-well plates at an initial seeding density of 25,000 cells·cm−2, and incubated for 24 h at
37 ◦C, 5% CO2. After exposure to RSV (0.5–50 μM), HAPtS (0.5–50 μM), bare SPIONs (50–500 μg·mL−1

of SPIONs), SPIONs-CPTES (50-500 μg·mL−1 of SPIONs), SPIONs-CPTES- HAPtS (50–500 μg·mL−1

of SPIONs), and 7β-OHC (100 μM) for 24 h, cells were incubated with MTT (0.05 mg·mL−1) for 3 h in
the dark. The formazan crystals formed were solubilized using 200 μL DMSO and absorbance was
read at 570 nm with a microplate reader (Tecan, France).

2.5.5. Cytotoxicity: FDA (Fluorescein Diacetate) Assay

The FDA assay stains cells fluorescently green when they have intact cell membrane esterase
activity. All non-FDA-fluorescent cells are considered dead [49]. Cells were seeded in 96-well plates at
an initial seeding density of 25,000 cells/cm−2, and incubated for 24 h at 37 ◦C, 5% CO2. After exposure
to RSV (0.5–50 μM), HAPtS (0.5–50 μM), bare SPIONs (50–500 μg·mL−1 of SPIONs), SPIONs-CPTES
(50–500 μg·mL−1 of SPIONs), SPIONs-CPTES- HAPtS (50–500 μg·mL−1 of SPIONs), and 7β-OHC
(100 μM) for 24 h, cells were washed twice with 200 μL PBS and then treated with 150 μL of FDA
solution (50 μM) for 5 min at 37 ◦C. FDA solution was then removed and 150 μL of lysis buffer
(aqueous solution with 10% (v/v) SDS and 0.079% (m/v) Tris HCl) was added. The 96-well plate was
kept under magnetic stirring for 3 min and the fluorescence was read (λexc = 485 nm, λem = 528 nm)
with a microplate reader (Tecan).
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3. Results and Discussion

3.1. Characterization of the New RSV Derivative Molecule: HAPtS

Figure 3A shows the FTIR spectrum of the as-synthesized RSV derivative molecule. It proves the
presence of most of the characteristic bands of the stilbene derivative—the stretching vibration bands
of NH2 and OH groups are situated at 3400 and 3290 cm−1, respectively, and those of -CH2 (νCH2)
are at 2951 and 2880 cm−1. The stretching vibration band of ν C-O-C, ν C-O-H, and ν C-N bonds
is illustrated by an intense wide band at 1250 cm−1, as well as by two less intense and finer bands
around 1030 and 1070 cm−1. The vibration bands of C=C bonds in the aromatic and inter-aromatic
rings are observed at 1560 cm−1 and 1600 cm−1, respectively. Moreover, the bending vibration band of
C-H in aromatic rings (δ C-H) is observed at 830 cm−1 [50]. All these bands are in common with those
observed in the commercial RSV molecule and are consistent with the data in literature [51].

 
Figure 3. (A) Fourier-transform infrared (FTIR) spectrum, (B) UV-visible spectrum, and (C) fitted X-ray
photoelectron spectroscopy (XPS) spectra of C1s, O1s, and N1s peaks of the synthesized RSV derivative
molecule (HAPtS).

The fitted UV-Visible spectrum (fityk software) of HAPtS in DMSO, shown in Figure 3B, proves the
presence of a broad band with two contributions centered at 300 and 334 nm, which are characteristic
of the trans isomer of resveratrol molecule [52]. The second absorbance peak at 334 nm indicates the
deprotonated form of resveratrol according to the study by Manuel et al. [53]. This form of stilbene
derivative is justified by the use of potassium hydroxide (KOH) during the synthesis and the extraction
process of HAPtS molecules (see Supplementary Materials SM1).

XPS analysis shows the experimental and the calculated elemental analysis of the synthesized
stilbene derivative (Table 1). The presence of a small amount of silicon and calcium in the final product
is due to the purification step, in which a chromatography on silica gel column was used. In order to
better understand the type of chemical bonds in HAPtS molecule, a fitting of C1s, O1s, and N1s XPS
spectra was carried out.

Table 1. Experimental and calculated XPS elemental analysis of HAPtS.

Element (%) C1s O1s N1s Si2p Ca2p C/N

Calculated 85.0 10.0 5.0 - - 17
Experimental 81.1 14.3 3.4 0.4 0.8 23
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Figure 3C shows three components in C1s XPS peak, which can be assigned to three types of
carbons: C=O, C-O/C-N, and C-C/C-H, situated, respectively, at 288.0, 285.6, and 284.4 eV binding
energies. However, according to the chemical structure of HAPtS (Figure 1), only two types of
carbon should exist, which are C-C/C-H and C-O/C-N. This suggests that the presence of carbonyl
groups (-C=O) could be attributed to the presence of calcium carbonate compounds, as the calcium
exists as an impurity in the final product, and since K2CO3 is used along the synthesis (see SM1).
This result explains the difference in the C/N ratio between the calculated and the experimental
structure Table 1. On the other hand, Table 2 shows a similarity between the calculated or theoretical
and the experimental percentages of the carbon, oxygen, and nitrogen chemical bonds, obtained from
the fitting of XPS spectra in Figure 3C. Additionally, NMR data show the presence of the characteristic
peak of HAPtS (SM1).

FTIR, UV-vis XPS, and NMR results suggest that the molecule synthesized is the sought stilbene
derivative molecule—HAPtS.

Table 2. Comparison between the calculated and the experimental proportion of the chemical bonds
obtained from the fitting of C1s, O1s, and N1s XPS peaks.

Element C1s O1s N1s

Chemical bonds C-C/C-H C-O/C-N C=O H-O-C C-O-C -NH2
Calculated (%) 76.5 23.5 - 50.0 50.0 100.0

Experimental (%) 70.0 24.0 6.0 54.0 46.0 100.0

Figure 4 gives the antioxidant capacity of RSV and HAPtS molecules, estimated by ORAC test
and expressed in Trolox equivalent. The result indicates that the HAPtS has almost the same ORAC
value as the RSV molecule, with 1.1 ± 0.1 and 0.9 ± 0.2 Trolox equivalent, respectively. This proves
that the antioxidant capacity of HAPtS remains despite the chemical change and the presence of an
alkyl chain.

Figure 4. Antioxidant capacity measurement of trans-resveratrol (RSV) and chemically synthesized
molecules (HAPtS).

3.2. Elaboration of HAPtS Nanocarrier Based on Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

The crystallinity of the synthesized powder of bare SPIONs was checked by the XRD pattern,
shown in Figure S1 (in Supplementary Materials), which corresponds to the spinel crystallographic
phase of either magnetite (Fe3O4) or maghemite (γ-Fe2O3) with a crystallite size of 10.1 ± 0.1 nm.
The lattice parameter, determined from XRD pattern, is 8.368 ± 0.001 Å and the diffracting planes are
(220), (311), (400), (511), and (440). The interatomic distances observed on the selected area diffraction
pattern of Fe3O4 are in agreement with the spinel structure (ICDD: 19-0629) [54]. The lattice parameter
suggests that the powder is slightly oxidized (Fe3(1−δ)O4 crystallites, with δ the deviation from oxygen
stoichiometry and a small presence of γ-Fe2O3 on the surface) [55,56].

The specific surface area (SBET) of bare SPIONs is 114.0 ± 0.5 m2·g−1. The calculated crystallite
size from SBET value is 10.1 ± 0.2 nm, which is in a good agreement with the XRD result. Moreover,
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the counting of hundreds of SPION nanoparticles from TEM images (Figure 5) gives an average size of
9.0 ± 2.0 nm, illustrating the two previous methods of crystallite size measurement (SBET and XRD).

Figure 5 shows the evolution in the size of bare and functionalized SPIONs, assessed by dynamic
light scattering (DLS) and TEM images. Unlike the latter that do not show a significant increase in the
size of SPIONs after grafting, DLS measurements prove considerable changes in the hydrodynamic
size (dH) of the functionalized SPIONs. Indeed, the statistic measurement of nanoparticle size using
TEM images shows an average size of about 9 nm for bare and grafted SPIONs (Table 3), however,
Figure 5B,C suggests also the presence of an organic shell around the iron oxide inorganic core.
The organic shell is considered for size measurements by DLS, but it cannot be the main reason for
the increase of the dH. Indeed, the particle size as measured by DLS is generally higher than the
size of nanoparticles observed via TEM because it takes into account not only the hydration layer
surrounding the nanoparticles but also the aggregated nanoparticles. This explains the size of bare
SPIONs of 21 ± 8 nm and the increase in the hydrodynamic size after CPTES and HAPtS grafting to
26 ± 7 nm and 92 ± 20 nm, respectively (Figure 5D, Table 3).

Figure 5. Transmission electron microscopy (TEM) images of (A) bare superparamagnetic
iron nanoparticles (SPIONs) (inset: high resolution (HR)-TEM image of one nanoparticle),
(B) SPIONs-CPTES, and (C) SPIONs-CPTES-HAPtS and dynamic light scattering (DLS) curves of
bare and functionalized SPIONs in (D) water (10-2 NaCl) and (E) phosphate buffer solution (PBS)
0.1× (pH 7.4).

On the other side, the hydrodynamic size of bare SPIONs in water (pH 5) is different from that
measured in PBS medium (60 ± 9 nm), since the pH of the latter is close to the isoelectric point (IEP) of
bare SPIONs (Figure 6), which makes nanoparticles aggregate rapidly. The aggregation of bare SPIONs
in PBS medium is also proved by the increase of the polydispersion index (PDI) from 0.157 to 0.489.

Table 3. Physico-chemical characteristics of bare and modified SPIONs.

Parameter Bare SPIONs SPIONs-CPTES SPIONs-CPTES-HAPtS

Isoelectric point 8.3 5.9 8.2

Hydrodynamic size in water
dH (number) (nm) 21 ± 8 26 ± 7 92 ± 20

PDI 0.157 ± 0.004 0.189 ± 0.003 0.329 ± 0.026
Z-average (nm) 67 ± 1 96 ± 5 145 ± 10

Hydrodynamic size in PBS 0.1× dH (number) (nm) 60 ± 9 50 ± 8 118 ± 25
PDI 0.489 ± 0.016 0.230 ± 0.004 0.410 ± 0.012

Z-average (nm) 299 ± 16 135 ± 12 220 ± 8

TEM measured diameter (nm) 9.0 ± 2.0 8.7 ± 1.5 9.6 ± 1.6
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Figure 5E suggests that SPIONs-CPTES is the most stable sample in PBS medium, with the
smallest hydrodynamic size (50 ± 8 nm), compared to SPIONs-CPTES- HAPtS sample (118 ± 25 nm).
Moreover, Figure S2 in the Supplementary Information (SI) illustrates the improvement in the colloidal
stability between the bare and functionalized SPIONs in PBS medium (pH 7.4) after 24 h. In fact,
functionalized SPIONs remain in suspension with good colloidal stability compared to the poor
stability of bare SPIONs, which completely settled. Nanoparticle aggregation of bare SPIONs are not
observed in Figure 5E, since DLS measurements were carried out immediately after homogenization.
We can conclude from the previous results that the increase of the hydrodynamic size in water
(pH 5, 10−2 M NaCl) after the sequential grafting is explained by the increase of the hydration
layer around the nanoparticles, but also due to nanoparticle aggregation, explained by the increase
of interaction between nanohybrids. This interaction seems to increase after the grafting of the
hydrophobic molecule, which is HAPtS through the pi-stacking bonds between the aromatic rings that
could be intra and inter-nanoparticles during or after the surface modification of SPIONs. On the other
side, when the medium changes, in particular the pH (7.4) and the ionic strength (PBS, 0.1×), the dH
of all samples increases continuously, compared to dH in water. We notice also that the negatively
charge nanoparticles as SPIONs-CPTES (Figure 6) have better colloidal stability in PBS medium than
the positively charged samples (Bare SPIONs and SPIONs-CPTES-HAPtS). This result shows that
the colloidal stability of the samples is also governed by the electrostatic interactions. On one side,
the Debye length decreases with the increasing ionic strength, which favors the decrease of the particle
repulsion, and thus the agglomeration. On the other side, when the pH of the medium increases,
it becomes close to IEP of bare and SPIONs-CPTES-HAPtS, which explains also the increase of dH
of these two samples. However, the aggregation phenomenon in SPIONs-CPTES-HAPtS is reduced
compared to bare SPIONs due to the presence of two organic layers (CPTES and HAPtS). These two
molecules bring steric repulsion that limit the interactions to pH 7.4. Otherwise, these results suggest
that the surface modification of nanoparticles participate to stabilize the nanoparticles.

In order to better understand the evolution of the colloidal stability of the synthesized nanohybrids
in biological medium, the hydrodynamic size of all samples was followed up in PBS medium (0.1×,
pH7.4), with addition of bovine serum albumin as a function of the time at 37 ◦C. The results presented
in Figure S3 show that bare SPIONs and SPIONs-CPTES-HAPtS have almost a constant dH during
the time, approximately 125 nm and 65 nm, respectively, however, dH of SPIONs-CPTES decreases
from 290 nm to about 200 nm. We notice that contrarily to PBS medium only, the addition of BSA
has contributed to stabilizing bare SPIONs at physiological pH and decreases the dH of bare and
HAPtS-modified SPIONs. However, BSA addition increases the dH of CPTES-modified SPIONs
compared to PBS only. This result shows that the dispersion medium composition is very important
in the control of the colloidal stability of nanoparticles, which was also proved in our previous work
for titanate nanotubes [57]. The poor stability of SPIONs-CPTES sample can be explained by the
interaction between BSA and the latter sample due to the presence of proteins containing free amine
groups, which could interact with the free chloride in CPTES molecule.

Zeta potential measurements provide information about the surface modification of SPIONs
following a molecule grafting, as well as about their colloidal stability. Figure 6 shows the evolution in
the zeta potential curves as a function of pH for the synthesized nanohybrids. It illustrates a decrease
in the zeta potential from about 40 mV to 20 mV, at the lowest imposed pH of about 3, and in the
isoelectric point (IEP) from 8.2 to 5.9 after CPTES grafting. Although the organic chain in CPTES
should not change the IEP of grafted SPIONs because it is considered as a neutral organofunctional
silane, the decrease in the global surface charge may be due to the presence of silanol groups (Si-OH)
on SPIONs surface, as is the case in silica nanoparticles, which exhibit a low IEP (below pH 3) [58].
After HAPtS grafting, the zeta potential as well as the IEP increase to about +30 and 8.3 mV, respectively,
at the lowest imposed pH of about 3. Such a considerable shift is due to the presence of protonated
amine group (pka between 9 and 10) in the trans-resveratrol derivative molecule, which leads to a
positive surface charge on SPIONs’ surface [58].
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Figure 6. Zeta potential measurements of bare and functionalized SPIONs (10-2 M NaCl).

The synthesized nanohybrids were analyzed by infrared spectroscopy, where only the interesting
part of the spectra are shown in Figure 7A, while the whole spectra are shown in Figure S4. The IR
spectra illustrate the grafting of CPTES by the presence of its characteristic vibration bands, which are
mainly the broad stretching vibration band of siloxane bonds (ν Si-O-Si) in the range between 1045 and
1000 cm−1 and the bending vibration band of Si-OH at 880 cm−1 [50,59]. Indeed, the vibration of
Si-O-Si bond formation is due to the hydrolysis condensation mechanism of oligosiloxane containing
Si-OH bonds [60]. In addition, the immobilization of HAPtS on SPION’s surface is illustrated in
Figure 7B by the presence of the stretching vibration band of the aromatic rings (ν C=C at 1560 and
1515 cm−1 and δ CH at 1308 cm−1) and C-O bonds (ν C-O at 1250 and 1070 cm−1). The stretching
vibration bands of the alkyl chain (-CH2-CH2-) are also observed at 2960-2930 cm−1.

 

Figure 7. Infrared spectra of (A) bare SPIONs, SPIONs-CPTES, and SPIONs-CPTES-HAPtS (spectra
range from 1250 to 800 cm−1), and (B) SPIONs-CPTES-HAPtS (from 1700 to 800 cm−1).

The elemental analysis by XPS shows the evolution in the surface chemistry of SPIONs depending
on the kind of the grafted molecule (Table 4). Indeed, the CPTES grafting is proved by the appearance
of new elements, which are silicon (5.3%) and chlorine (2.2%), besides the increase of the carbon
proportion from 3% for bare SPIONs to 15% for SPIONs-CPTES sample. The amount of carbon
continues to increase following the surface modification of SPIONs-CPTES with HAPtS to 21.6%.
However, the decrease in Cl/Si ratio from 0.4 to 0.2 after HAPtS immobilization proves the reaction
between CPTES and the stilbene derivative through a nucleophile substitution occurred between
nitrogen and chlorine. This result corroborates the re-appearance of nitrogen in the SPIONs-CPTES-
HAPtS sample (Table 4). On the other hand, the atomic percentages of iron and silicon decrease
continuously after each grafting step, which can be explained by a partial hiding of the inorganic core
by the organic shell on the surface.
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Table 4. XPS elemental analysis of bare and functionalized SPIONs (atomic percentage).

Element (%) C1s O1s Fe2p N1s Si2p Cl2p Cl/Si

Bare SPIONs 3.0 57.5 38.4 1.1 - - -
Element SPIONs/Fe 0.08 1.50 1.00 0.03

SPIONs-CPTES 15.2 49.1 28.2 - 5.3 2.2 0.4
Element SPIONs-CPTES/Fe 0.54 1.74 1.00 - 0.19 0.07 -

SPIONs-CPTES-HAPtS 21.6 48.0 24.7 0.4 4.2 1.1 0.2
Element SPIONs-CPTES-HAPtS/Fe 0.87 1.94 1.00 0.02 0.17 0.04 -

In order to better investigate the change occurring in the chemical bonds on SPIONs surface,
C1s and O1s XPS peaks are fitted, as is shown in Figure 8. It should be noted that the carbon present in
bare SPIONs comes from the adventitious carbon contamination. C1s XPS peak of SPIONs-CPTES
shows two components that correspond to two types of carbon bonds in this sample, which are
C-C/C-H at 284.5 eV (77%), assigned to the organic alkyl chain, and C-Cl bond at 286.2 eV (23%).
The high binding energy of C-Cl component can be explained by the high electronegativity of chlorine
compared to hydrogen. It should be noted that it is not possible, in our case, to see the Si-C bond that
must be overlapped by C-C/C-H peak. However, the experimental ratio of the percentage of Si-C
bond (23%) regarding the total carbon bond is similar to the theoretical one (25%) (Figure 8). The C1s
XPS peak for SPIONs-CPTES-HAPtS shows a decrease in the ratio between both contributions located
at 286.0 eV and 284.5 eV (18%/80%), compared to that obtained for SPIONs-CPTES sample (23%/77%),
which can be explained by the high amount of C-C/C-H bonds in HAPtS molecules.

The oxygen O1s XPS peak of bare SPIONs (Figure 8) shows the presence of two components—one
is located at 530.1 eV and is attributed to the oxygen of the inorganic core (Fe-O-Fe), and the second
at 531.7 eV corresponds to the surface oxygen bond Fe-OH [54]. After the first grafting step of the
organosilane, a third component appears at high binding energy (532.5 eV) in the O1s peak of the
SPIONs-CPTES sample. This component could be assigned to the Si-O-Si bonds of the oligosiloxane
generated onto SPIONs surface. Moreover, the increase in O-H bond from 11% to 15% (Figure 8) can be
also explained by the presence of silanol bonds (Si-O-H) in addition to those of Fe-OH. These results
agree with the previous infrared analysis (Figure 7A). The percentage of O-H contribution increases
continuously after the HAPtS grafting (19%), since in addition to Si-OH and Fe-OH bonds, there are
C-OH bonds belonging to the RSV derivative. On the other hand, there is a decrease in the amount of
Si-O bonds in SPIONs-CPTES-HAPtS to 3% instead of 7% in SPIONs-CPTES due to the presence of a
thick organic shell that hides the inorganic core. The existence of N1s peak for SPIONs-CPTES-HAPtS,
shown in Figure S5, proves the presence of HAPtS in this sample at a position almost similar to that of
free HAPtS molecules (399.6 eV). It should be noted that the nitrogen present in bare SPIONs comes
from the washing process in which HNO3 solution is used.

The quantification of the immobilized trans-resveratrol derivatives (HAPtS) on SPIONs’ surface
is carried out using thermogravimetric and XPS analyses. Indeed, the TGA curve of bare SPIONs
reveals the weight loss of physisorbed water at low temperatures (100–200 ◦C) and chemisorbed water
at high temperatures (200–700 ◦C) (Figure 9). The weight loss of functionalized SPIONs comes not
only from physi- and chemisorbed waters, but also from the loss of the organic layers on SPIONs’
surface. This is also observed through the derivative curves of TG analysis (DTG), presented in
Figure S6, which shows an increase in the DTG signal and the appearance of an additional peak
after each grafting step. The grafting rate of SPIONs is expressed in molecule·nm−2 of SPIONs
or μMol of grafted molecule·g−1 SPIONs (the calculation details are given in Supplementary Materials
(SM2)). The weight loss of CPTES corresponds to the difference between the bare SPIONs and the
SPIONs-CPTES sample, which is 2.6%, and the grafting rate is estimated at 1.8 CPTES/nm2 (Table 5).
However, on the subsequent functionalization step, the estimation of the grafting rate of HAPtS
becomes more difficult, since two different molecules are present on SPIONs’ surface (free CPTES and
CPTES-HAPtS). Indeed, during the HAPtS grafting, 50% chlorine reacts with HAPtS, according to
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XPS data (Table 4), and since chlorine represents about 46% of the molecular weight of the degraded
molecules during the heating process (M(Cl) = 35.5 g·mol−1 and M((-CH2-)3) = 42 g·mol−1), the real
weight loss corresponding to the last grafting can be estimated at 3.6% (2.4 + (2.6 × 0.46)) instead
of 2.4%.

 
Figure 8. XPS spectra of C1s and O1s of bare SPIONs, SPIONs-CPTES, and SPIONs-CPTES-HAPtS
samples.

Table 5. Thermogravimetric data and calculation of the number of molecules on SPIONs’ surface.

Samples Weight Loss (%)
Degraded Molecule during Heating Compounds on SPIONs Surface

Chemical Formula Molecular Weight (g·mol−1) molecule·nm−2 μmol·g−1 SPIONs

Bare SPIONs 3.5 H2O 18 10.3 (OH) 1944 (OH)
SPIONs-CPTES 2.6 -(CH2)3-Cl 78 1.8 (CPTES) 340 (CPTES)

SPIONs-CPTES- HAPtS 3.6 -(CH2)3-NH-C17H17O2 310 0.6 (HAPtS) 116 (HAPtS)
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Figure 9. Thermogravimetric analysis (TGA) curves of bare and grafted SPIONs under air (100–700 ◦C).

3.3. Assessment of Nanohybrids Biological Efficiency

3.3.1. Cytotoxicity Assessment

The nanoparticles’ cytotoxicity was studied by MTT and FDA tests in order to assess the effect
of nanoparticles on the viability of C6 rat glioma cells. Indeed, the FDA test is a test for estimation
of viable cells, where the fluorescein diacetate (FDA) passes through cell membranes and is then
hydrolyzed by intracellular esterases (in living cells) to produce fluorescein, which is accumulated
inside cells and exhibits green fluorescence [31]. This test assesses the cells viability through the cellular
membrane injuries or damages. This test was carried out for RSV (50 μM), HAPtS (50 μM in RSV
equivalent), bare, and grafted SPIONs (SPIONs-CPTES and SPIONs-CPTES-HAPtS) compared to the
untreated cells (Ctrl), and the 7β-hydroxycholesterol (7β-OHC, 100 μM) was used as a positive control
of toxicity.

The results of the FDA test suggest that the surface modified SPIONs (SPIONs-CPTES and
SPIONs-CPTES-HAPtS) have a different effect on the cells membrane. Indeed, Figure 10A shows that
no significant damage in the cellular membrane is observed for bare SPIONs, free RSV, and HAPtS
molecules. However, a decrease in the fluorescence signal of cells treated with SPIONs-CPTES
and SPIONs-CPTES-HAPtS is observed compared to the untreated cells, which supposes that these
nanoparticles could damage the plasma membrane. This result does not exclude the interference of
nanoparticles with this kind of assay, as it is known for the colorimetric and fluorimetric tests. Indeed,
Arenda et al. [61] reported that the aggregation of nanoparticles has an effect on the quenching of the
fluorescein’s fluorescence. In order to illustrate this kind of interference, a fluorescence measurement
was carried out for fluorescein with and without the presence of bare SPIONs (60 μg·mL−1) (Figure S7).
The result shows the decrease of the fluorescence signal to half immediately after the SPIONs addition,
which illustrates the capacity of nanoparticles in the quenching of FITC fluorescence. As the interaction
of cells–nanoparticles depends on the latter’s surface chemistry, it is difficult to estimate the interference
of the nanoparticles via this method. On the other hand, the MTT test evaluates the cells viability
through assessing their metabolic activity (metabolically active mitochondria). Figure 10B shows
that the quantity of cells remains almost the same for all studied samples. This suggests that the
nanoparticles do not affect the mitochondrial activity. We should notice that the cell’s viability of
120%, observed for SPIONs-CPTES, could be explained by nanoparticle interference [62]. To conclude,
the obtained results with FDA and MTT tests suggest a negative impact of the SPIONs-CPTES-HAPtS
on the plasma membrane without any effect on the mitochondrial activity. This does not allow any
clear conclusion regarding the effect of nanoparticles on cell viability, which led to performing the
clonogenic test.

146



Nanomaterials 2019, 9, 287

Figure 10. Cytotoxicity tests ((A) FDA and (B) MTT) for control (Ctrl; untreated cells), positive cytotoxic
control (7β-OHC, 100 μM), RSV (50 μM), HAPtS (50 μM in RSV equivalent), bare SPIONs (the same
amount as in SPIONs-CPTES-HAPtS), SPIONs-CPTES (the same amount as in SPIONs-CPTES-HAPtS),
and SPIONs-CPTES-HAPtS (amount equivalent to 50 μM HAPtS). Incubation time of cells with
molecules or nanoparticles was 24 h and cells are C6 rat glioma cells.

3.3.2. Clonogenic Assay

The clonogenic test evaluates the capacity of molecule/mixtures of molecules/nanoparticles
to avoid the proliferation of cancerous cells after incubation for 24 h. This test permits assessment
of the proliferation capacity of potentially viable cells (based on cells counting using trypan blue)
after exposure to nanoparticles [28]. It was carried out on C6 rat glioma cells. The obtained results,
shown in Figure 11, prove that RSV and HAPtS molecules have almost the same effect in reducing
cell proliferation at a concentration of 50 μM, since they reduce the number and the size of colonies
compared to control (untreated cells). On the other hand, bare SPIONs (500 μg·mL−1) do not show any
significant anti-clonogenic effect, since a similar number of colonies is formed with almost the same
size. However, cells treated with functionalized SPIONs lose their capacity of proliferation (colonies
formation), which is illustrated by the small number of the developed colonies for SPIONs-CPTES
and SPIONs-CPTES-HAPtS samples. The slight cytotoxic effect observed in this work, with FDA
and clonogenic tests for SPIONs-CPTES, has been also observed in the study of Bollu et al. for
CPTES-modified mesoporous silica nanoparticles [63]. This result could be explained by the presence
of the chlorinated organic carbon chain in the CPTES molecule [64]. We can consider that the cytotoxic
effect linked to the CPTES molecule in the SPIONs-CPTES-HAPtS sample is neglected, since the
amount of chlorine is reduced to the half (according to XPS analysis) and HAPtS is the main molecule
that is in direct contact with the cells. The number of C6 cell colonies is expressed as anti-clonogenic

147



Nanomaterials 2019, 9, 287

activity and the results are shown in Figure S8 (control value is set to 0%). The anti-clonogenic activity
of SPIONs-CPTES-HAPtS is higher than that obtained for free RSV and HAPtS, which proves the
HAPtS molecule has the best efficiency in limiting the proliferation of cancerous C6 cells when it is
associated with SPIONs at the same concentration.

The results obtained with clonogenic assay could be correlated with FDA results showing a
possible damage of the cellular membrane caused by SPIONs-CPTES and SPIONs-CPTES-HAPtS
nanoparticles, as is shown in Figure 10, which could be the main cause of the cell’s incapacity to
replicate. These preliminary results could be explained by the fact that SPIONs could: (i) favor
the deregulation of localized signaling pathways at the level of plasma membrane involved in the
life-death balance of the cells; (ii) contribute to better internalization of HAPtS inside the cell through
endocytic vesicles [62,65]; (iii) increase the half-life of HAPtS in the cell by delaying its catabolism.
These different points could contribute, at least in part, to the anti-proliferative and cytotoxic activity
of HAPtS.

Figure 11. Pictures of Petri dishes of C6 cells at the end of the clonogenic assay (24 h of incubation
with nanoparticles or molecules and 8 days of culture). Ctrl (untreated cells), positive cytotoxic
control (7β-OHC, 100 μM), RSV (50 μM), HAPtS (50 μM in RSV equivalent), bare SPIONs (the same
amount as in SPIONs-CPTES-HAPtS), SPIONs-CPTES (the same amount as in SPIONs-CPTES-HAPtS),
and SPIONs-CPTES-HAPtS (amount equivalent to 50 μM HAPtS).

4. Conclusions

In this work, new nanohybrid materials based on superparamagnetic iron oxide nanoparticles
have been elaborated to deliver a derivative of the RSV molecule, a natural compound known for its
antioxidant activity, in order to elaborate new nanovectors for brain disease treatment. This molecule,
HAPtS, was exclusively synthesized to be adapted for grafting onto SPIONs through an alkyl chain
ending with a functional amine group. The evaluation of the antioxidant potential of this molecule
by the ORAC test showed a similar antioxidant capacity to that obtained for RSV. The surface
modification of SPIONs with HAPtS was carried out using the organosilane CPTES as a coupling
agent and happened via a nucleophilic substitution reaction to yield 116 μMol of HAPtS per g of
SPIONs, an amount estimated by thermogravimetric analysis. The elaborated nanohybrids were fully
characterized by DLS and TEM images that show the evolution of the nanohybrids size and colloidal
stability after the sequential grafting. The immobilized molecules grafted onto SPION’s surface
were also analyzed using zeta potential measurement, IR spectra, and XPS analysis, which permits
illustration of the evolution of the surface chemistry of SPIONs and confirms the presence of an organic
shell. The biological efficiency of elaborated nanoparticles was assessed by MTT, FDA, and clonogenic
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tests. The results show that SPIONs-CPTES-HAPtS damage the plasma membrane of C6 rat glioma
cells; this side effect could subsequently limit the cell proliferation of C6 cells, making SPIONs-HAPtS
potential candidates for targeted cancer treatment, including the glioma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/287/s1,
Figure S1: XRD pattern of bare SPIONs (λ = 1.540598 Å). Figure S2: Photo showing the difference in the
colloidal stability between bare SPIONs, SPIONs-CPTES, and SPIONs-HAPtS samples in PBS medium after 24 h
(pH 7.4, 100 μg/mL of nanoparticles concentration). Figure S3: Hydrodynamic size vs. time of bare SPIONs,
SPIONs-CPTES, and SPIONs-CPTES-HAPtS in PBS medium with bovine serum albumin (BSA, 40 g/L) at 37 ◦C.
Figure S4: IR spectra of bare and functionalized SPIONs. Figure S5: XPS spectrum of N1s peak for SPIONs-HAPtS
sample. Figure S6. Derivative of TGA curves of bare SPIONs, SPIONs-CPTES, and SPIONs-CPTES-HAPtS.
Figure S7: Excitation and emission spectra of fluorescein with and without the presence of bare SPIONs
showing the fluorescence quenching effect of SPIONs at the concentration 60 μg·mL−1 in PBS 0.1×. Figure S8:
Anti-clonogenic activity (expressed in %, control value is set to 0%) on C6 cells after 24 h of incubation with
nanoparticles or molecules and 8 days of culture. Ctrl, untreated cells, positive cytotoxic control (7β-OHC, 100 μM),
RSV (50 μM), HAPtS (50 μM), bare SPIONs (the same amount as in SPIONs-CPTES-HAPtS), SPIONs-CPTES (the
same amount as in SPIONs-CPTES-HAPtS), and SPIONs-CPTES-HAPtS (amount equivalent to 50 μM HAPtS).
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Abstract: Curcumin is a promising anti-cancer drug, but its applications in cancer therapy are
limited, due to its poor solubility, short half-life and low bioavailability. In this study, curcumin
loaded magnetic alginate/chitosan nanoparticles were fabricated to improve the bioavailability,
uptake efficiency and cytotoxicity of curcumin to Human Caucasian Breast Adenocarcinoma cells
(MDA-MB-231). Alginate and chitosan were deposited on Fe3O4 magnetic nanoparticles based on
their electrostatic properties. The nanoparticle size ranged from 120–200 nm, within the optimum
range for drug delivery. Controllable and sustained release of curcumin was obtained by altering
the number of chitosan and alginate layers on the nanoparticles. Confocal fluorescence microscopy
results showed that targeted delivery of curcumin with the aid of a magnetic field was achieved.
The fluorescence-activated cell sorting (FACS) assay indicated that MDA-MB-231 cells treated with
curcumin loaded nanoparticles had a 3–6 fold uptake efficiency to those treated with free curcumin.
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay indicated that the
curcumin loaded nanoparticles exhibited significantly higher cytotoxicity towards MDA-MB-231
cells than HDF cells. The sustained release profiles, enhanced uptake efficiency and cytotoxicity to
cancer cells, as well as directed targeting make MACPs promising candidates for cancer therapy.

Keywords: alginate; chitosan; layer-by-layer; magnetic nanoparticles; drug delivery;
cancer; curcumin

1. Introduction

Curcumin (CUR) is a yellow, hydrophobic, polyphenolic compound of turmeric that is extracted
from the rhizomes of Curcuma longa, which are widely cultivated in Asian countries, such as India
and China, and have been historically used as a spice [1]. CUR is generally recognised as safe (GRAS)
by the Food and Drug Administration (FDA) [1], and has been widely used in medicine due to its
anti-oxidant [2–4], anti-inflammatory [5–7], wound-healing [8,9] and anti-bacterial [10,11] properties.
Recent research has demonstrated that CUR has the ability to inhibit carcinogenesis in various cell
lines, including breast, colon and gastric cancer cells, which has resulted in an increased interest as
a promising anticancer drug [12–15]. However, CUR exhibits poor solubility in aqueous solutions,
limiting its applications for cancer therapy [16–18].
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It has been reported that after an oral administration of 2 g/kg of CUR in humans an extremely
low serum concentration (0.006 ± 0.005 μg/mL) of CUR was observed after 1 h [19]. As a
result, the bioavailability and anti-cancer efficiency of CUR is limited by its low solubility [16–18].
In order to improve the bioavailability, various nanocarriers have been used, including lipid-based
nanoparticles [20–24], polymer nanoparticles [17,25–30] and inorganic nanoparticles [31]. The main
advantages of the CUR loaded nanocarriers are their small size and large surface area, which enable
them to pass through the cell membranes with an enhanced uptake efficiency [1,29]. Research
has increasingly focused on the fabrication of biopolymer nanoparticles for CUR delivery, due to
advantages of low cytotoxicity, excellent biocompatibility and biodegradability [29]. Two of the
most commonly used biopolymers in medical applications are alginate and chitosan (CHI). Alginate
is an anionic polysaccharide composed of (1–4)-linked β-D-mannuronate (M) and α-L-guluronate
(G) residues, while CHI is a cationic polysaccharide composed of N-acetyl-β-D-glucosamine and
β-D-glucosamine [32] and is positively charged below neutral pH, due to the protonation of amino
groups [33]. Moreover, alginate based nanoparticles can be fabricated by simple processes, such as
Ca2+, cross-linking or altering of pH [34]. CHI based nanoparticles can be prepared by via polyanion
of tripolyphosphate (TPP) without introducing harsh cross-linking agents or organic solvents [35].
Electrostatic interactions between positive CHI chains and negative drugs, such as CUR, enable the
retention of the drug in CHI based nanoparticles providing a prolonged drug release profile [36].
These advantages of alginate and CHI make them promising candidates as nanocarriers for drug
delivery [37]. Various alginate or CHI based nanoparticles have been developed for the delivery of
CUR [30,38–41].

Targeted delivery by magnetic nanoparticles (MNPs) has been reported as a promising strategy
for cancer therapy with the advantages ranging from visualisation of the targeting process, rapid
targeting and accumulation of drug carriers at the tumour sites via magnetic forces. The MNPs can
be heated in a magnetic field to promote the drug release [42]. MNPs have been reported to have
very low toxicity within the human body [43]. Their small size and large surface area make them
suitable for polyelectrolyte layer-by-layer deposition. The incorporation of MNPs has shown the
targeted delivery of drugs to tumour sites with the help of external magnetic fields [42]. For example,
Mancarella et al. [44] developed layer-by-layer functionalized nanoparticles by coating MNPs with
positively charged Poly-L-lysine and negatively charged Dextran. The layer-by-layer coating enabled a
high loading efficiency of CUR into the particles, and the MNP cores promoted the uptake of CUR into
SKOV-3 cells. In another example Pavlov et al. [45] prepared luciferase enzyme and plasmid DNA
loaded particles with alternative layers of poly-L-arginine hydrochloride and dextran sulphate sodium
salt. MNPs were incorporated into the particles and the resulting MNPs improved the delivery of
enzymes and plasmids into 293T cells. In addition, MNPs could be efficiently navigated to cells with a
magnet below the targeted tissue culture wells [45].

Exploiting the electrostatic properties of alginate and CHI, a layer-by-layer coating method can be
employed to prepare multilayer alginate/CHI polyelectrolyte nanoparticles, allowing desired surface
features to be engineered for specific applications [46]. By altering the number of layers deposited, it is
possible to encapsulate a high payload of drugs and control the drug release rate [47–50]. In this paper,
magnetic alginate/CHI layer-by-layer nanoparticles (MACPs) were fabricated for the delivery of CUR
into MDA-MB-231 breast cancer cells and HDF cells.

2. Materials and Methods

2.1. Materials

Curcumin (C8069) was purchased from LKT Laboratories (Cambridge, UK). Paraformaldehyde
(sc-253236A) was purchased from Chem Cruz® (Dallas, TX, USA). Ca(OH)2 (21181) was purchased
from Honeywell Fluka™ (Bucharest, Romania). Sodium alginate (W201502), Na2HPO4 (S7907),
NaH2PO4 (S8282), ammonium hydroxide (221228), and DMSO (Dimethyl sulfoxide, D5879) were
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purchased from SIGMA-ALDRICH (Gillingham, UK). RPMI (Roswell Park Memorial Institute)
1640 Medium (BE 12-167F), PBS (Dulbecco’s Phosphate Buffered Saline, BE17-512F), Penicillin
5000 U/ml-Streptomycin 5000 U/mL (DE17-603E), L-Glutamine (17-605F) were purchased from
Lonza® (Manchester, UK). Chitosan (349051000), Iron (II) chloride tetrahydrate (44939), Iron (III)
chloride hexahydrate (44944), NaHCO3 (A17005), Alexa Fluor® 568 phalloidin (A12380), MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, M6494) assay, FBS (Fetal Bovine
Serum, 10500064) and DAPI (4′,6-Diamidino-2-phenylindole dihydrochloride, D1306) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). MDA-MB-231 cells (Human Caucasian Breast
Adenocarcinoma cells) were purchased from ECACC (Salisbury, UK). Neonatal foreskin HDFs (Human
Dermal Fibroblasts) were obtained from the Sheffield RNAi Screening Facility (Sheffield, UK).

2.2. Preparation of Nanoparticles

2.2.1. Preparation of Fe3O4 Magnetic Nanoparticles

Fe3O4 MNPs were prepared by co-precipitation as previously described in Song et al. [27]. 4 g
Iron (III) chloride hexahydrate and 4.5 g Iron (II) chloride tetrahydrate were each dissolved in 150 mL
deionized (DI) water and degassed with nitrogen for 30 min to remove any dissolved oxygen. The
solutions were then mixed in a 500 mL round-bottom flask and 15 mL of ammonium hydroxide was
added under vigorous stirring under a nitrogen atmosphere at room temperature. The solution was
then vigorously stirred for 2 h and the synthesised MNPs were collected with strong Neodymium
magnets and washed several times with DI water until neutral pH. Finally, the magnetic nanoparticles
were dried over night at room temperature and stored for future usage.

2.2.2. Preparation of Magnetic Alginate Nanoparticles

Magnetic alginate nanoparticles (MAPs) were prepared based on the procedure described by
Liu et al. [51] Briefly, 20 mL of ethanol and 10 mL of DI water was mixed into a beaker and 0.25 g
of MNPs were suspended in the prepared mixture. Next, 40 mL of sodium alginate (SA) solution
(20 mg/mL) was added into the beaker, upon which the mixture was sonicated for 10 min to allow full
homogenous dispersion of MNPs in the suspension. The resulting suspension was vigorously stirred
for 30 min at room temperature. Subsequently, 128 mL of Ca(OH)2 solution (0.74 mg/mL) was added
into the suspension and stirred for 1 h before 16 mL of NaHCO3 solution (10 mg/mL) was added.
The suspension was then stirred for a further 12 h at room temperature and the resulting MAPs were
collected with strong Neodymium magnets, washing thoroughly with ethanol and water to remove
any excess salts. Finally, purified MAPs were re-suspended in DI water before being used for the
layer-by-layer coating process.

2.2.3. Preparation of Magnetic Alginate/Chitosan Layer-by-Layer Nanoparticles

The preparation of magnetic alginate/chitosan layer-by-layer nanoparticles (MACPs) was based
on the layer-by-layer self-assembly of SA and CHI on MAPs. Chitosan solution (10 mg/mL) was
prepared in 1% (v/v) acetic acid aqueous solution. The first layer was deposited by adding 1 g of
MAPs into 100 mL of the chitosan solution under vigorous stirring for 20 min at room temperature.
The resulting MA/CHI particles were collected with a Neodymium magnet and the excess CHI was
removed by washing the particles several times with DI water. The next SA layer was deposited by
adding the previously prepared particles into 100 mL of SA solution (10 mg/mL) under vigorous
stirring for 20 min thus forming MA/CHI/SA particles. For each layer the previously described
purification process was used. Particles with more layers were fabricated by alternatively coating
positively charged CHI and negatively charged SA on MACPs until the desired number of layers
was reached.
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2.3. Curcumin Loaded Magnetic Alginate/Chitosan Layer-by-Layer Nanoparticles

20 mL of CUR solution (7.5 mg/mL in DMSO) was added into 30 mL of DI water to prepare the
CUR mixture (3 mg/mL). Then 30 mg of MACPs were added into 20 mL of the CUR mixture and stirred
for 24 h. The resulting CUR loaded magnetic alginate/chitosan layer-by-layer nanoparticles (CMACPs)
were collected with a Neodymium magnet and washed three times with DI water. The supernatants
were collected and analysed with a UV-Vis spectrometry (JENWAY 6715, Bibby Scientific, Stone,
UK) to determine the concentration of residual CUR. The CMACPs were dispersed in 5 mL of DI
water and the concentration of these particles was determined by weighing dried particles from 1 mL
solution. Encapsulation and loading efficiencies were determined by Equation (1), where EE% is the
Encapsulation Efficiency, mPCUR is the amount of CUR encapsulated in particles, and mintCUR is the
amount of CUR initially added. In Equation (2), LE% is the Loading Efficiency and NP is the total
amount of CUR loaded particles:

EE%(w/w%) =
mPCUR
mintCUR

× 100%, (1)

LE%(w/w%) =
mPCUR

NP
× 100%. (2)

2.4. Release of CUR from CMACPs

5 mg of CMACPs were suspended in 5 mL PBS buffer (pH 7.4) in vials and incubated at 37 ◦C
under constant agitation (200 rpm). The particles were collected with strong Neodymium magnets
at pre-determined time points and the supernatants were carefully removed before re-dispersing
the particles in 5 mL fresh PBS. The CUR concentrations of the supernatants were analysed using
UV-Vis-spectrometry and the percentage of cumulative CUR release was plotted as a function of
incubation time.

2.5. Particle Characterisation

2.5.1. Nanoparticle Tracking and Zeta Potential Analysis

MACPs and CMACPs were dispersed in sodium phosphate solution (10 mM, pH 7) and injected
into the scattering cell of an NTA (Nanoparticle Tracking Analysis, Nanosight LM10, Malvern, UK)
where their motion was analysed and average size was calculated. The zeta potential measurement
of particles was carried out by a Dynamic Light Scattering analyser (DLS, NanoBrook 90 plus Pals
Particle size Analyzer, Brookhaven Instrument, Holtsville, NY, USA). Particles were washed several
times and dispersed in DI water (pH 6.5–7.5) or 10 mM sodium phosphate buffer (pH 7) prior to zeta
potential measurements.

2.5.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis was conducted with a Spectrum 100
spectrophotometer (PerkinElmer, Waltham, MA, USA). Particles were washed three times with DI
water and dried in an oven at 60 ◦C for 24 h before being placed on the diamond attenuated total
reflectance (ATR) accessory and compressed. The wavenumber region was set from 4000 to 600 cm−1

with a resolution of 1 cm−1. The spectral processing was conducted with IRPal 10 software.

2.5.3. Atomic Force Microscopy Analysis

The aggregation size and morphology of particles was characterised using Atomic Force
Microscopy (AFM, Dimension Icon with ScanAsyst, Bruker Corporation, Billerica, MA, USA). Particle
suspensions were dropped on mica substrates and air dried before being placed on the sample
stage. AFM measurements were conducted using ScanAsyst mode and SCANASYST-AIR tips (spring
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constant: 0.4 N/m, length: 115 μm, width: 25 μm, resonant frequency: 70 kHz) and data were analysed
with NanoScope Analysis 1.5 software.

2.5.4. Transmission Electron Microscopy Analysis

MACPs or CMACPs were dispersed in DI water and dropped onto copper TEM (transmission
electron microscope) grids and incubated at room temperature for 30 s. Excess solution on the grids
was then removed with filter paper, by gently dapping the edge and allowing excess liquid to be
absorbed prior to TEM imaging (Tecnai G2 Spirit, FEI, Hillsboro, OR, USA). An acceleration voltage
of 80 kV was used and images were recorded using a Gatan Orius SC1000B bottom mounted digital
camera and analysed in Gatan Digital Micrograph software (version 3.9.1).

2.6. Cellular Uptake Assays

CUR medium solutions were prepared by adding CUR dissolved in DMSO (50 mg/mL) dropwise
into media to obtain different final CUR concentrations (0.5, 1.5, 5, 15, 30 μg/mL). CMACPs were
dispersed in media to reach the final CUR concentrations equivalent to those of CUR medium solutions.
MDA-MB-231 and HDF cells were seeded onto 6 well plates at a density of 3 × 105 cells per well
and incubated overnight at 37 ◦C and 5% CO2. Then the media were replaced with 2 mL CUR or
CMACPs medium solutions and incubated for a further 24 h. After this, the cells were harvested with
trypsin and washed twice with PBS to remove any free CUR or CMACPs. The resulting cells were
collected and analysed with an BD™ LSR II flow cytometer (BD Biosciences, USA) to investigate the
cells CUR uptake.

2.7. Magnetically Targeted Delivery Assay

MDA-MB-231 cells were seeded in glass bottom dishes (Nunc™, diameter 35 mm, Thermo Fisher
Scientific, Loughborough, UK) at a density of 3 × 105 cells per dish and incubated overnight to allow
attachment. Free CUR and CMACPs were added into cell cultures to reach a final CUR concentration
of 5 μg/mL and incubated for 4 h. Magnetically targeted delivery was conducted by initially placing a
Neodymium magnet under the dish for the first 15 min during incubation. Cells were then washed
twice with PBS buffer and fixed with 4% paraformaldehyde. The fixed cells were stained with Alexa
Fluor 568 Phalloidin and DAPI for 1 h. Confocal fluorescence images of cellular uptake of CUR were
taken with an Inverted Zeiss LSM 510 NLO microscope (Zeiss, Oberkochen, Germany) and analysed
with LSM Image Browser software version 4.2.0.121.

2.8. In Vitro Cytotoxicity Assay

The cytotoxicity of free CUR, MACPs, and CMACPs against MDA-MB-231 and HDF cells was
investigated using the MTT assay. MDA-MB-231 or HDF cells were seeded into 96-well plates at a
density of 5 × 103 cells per well and incubated overnight at 37 ◦C and 5% CO2. The media were then
removed and replaced with CUR medium solution, MACPs or CMACPs dispersions (CUR content
in the particles is equivalent to the dosage of free CUR) to reach the final CUR concentrations of 0.5,
1.5, 5, 15, 30 μg/mL. After 48 h of incubation, 50 μL of 3 mg/mL MTT was added to each well and
incubated at 37 ◦C for 3 h followed by removing the supernatants and adding 200 μL DMSO. A plate
reader (FLUOstar galaxy, BMG LABTECH, Ortenberg, Germany) was used to measure the absorbance
of each well, including control wells, containing only cells and medium at 570 nm. The relative cell
viability was determined by comparing the absorbance with control wells.
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3. Results and Discussion

3.1. Characterisation of Magnetic Alginate/Chitosan Layer-by-Layer Nanoparticles and Curcumin Loaded
Magnetic Alginate/Chitosan Nanoparticles

3.1.1. Zeta Potential, Size and FTIR Spectra

As shown in Scheme 1, magnetic alginate particles (MAPs) were prepared via the self-assembly
of alginate on the surface of MNPs in Ca2+ solution (Stage 1). Following this the formation of MACPs
(Stage 2) was achieved by coating MAPs with CHI. Stage 3: Particles with 1 layer of SA and CHI were
then coated with SA again. Stage 2 and 3 were then repeated consecutively for the desired number
of layers.

Scheme 1. Schematic illustration for the preparation of MAPs and MACPs. MAPs were fabricated
by coating cross-linked alginate on MNPs using Ca2+ as the cross-linker. MACPs were prepared by
alternatively depositing CHI and sodium alginate (SA) on MAPs based on the electrostatic interaction
between the two biopolymers. The alternative coating was repeated until MACPs with desired number
of layers were obtained (Stage 2 and 3). MACPs 1, 2, 3, 4 and n represent CMACPs that possess 1, 2, 3,
4 and n layers of polymers coated on MNPs respectively.

MAPs and MACPs with different number of layers were dispersed in DI water (pH was adjusted
to 7 using HCl and NaOH) or sodium phosphate solution (pH 7) and their zeta potential was analysed
using DLS. As shown in Figure 1a, the zeta potential of MAPs in water was −21.4 mV which was
similar to the results of Ca2+ crosslinked alginate particles reported in previous literature [52,53].
The zeta potential of free SA in water has been reported as −50 mV [54]. The reason for the increased
zeta potential of MAPs is due to crosslinking with Ca2+. The carboxyl groups contribute to the anionic
charge of the alginate polymer [55]. Upon gelation, the negatively charged carboxyl groups from the G
blocks in the alginate chains interact with Ca2+ ions and form an ‘egg-box’-like structure, reducing
the density of free carboxyl groups, as well as the anionic charges [55]. Therefore, an increase of zeta
potential was observed for MAPs. After deposition of the first layer (CHI), the zeta potential of the
particles became positive (+19.2 mV) followed by a reduction to −44.8 mV after the negatively charged
alginate polymer was coated as the second layer. Positive charges ranging from +12.1 to +19.2 mV
were observed when CHI was coated as the outermost layer and negative charges ranging from −43
to −48.5 mV were associated with alginate coatings as the outermost layer. An oscillation of zeta
potential was observed with the alternative deposition of SA and CHI, indicating the successful coating
of the two polymers.
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(a) (b) 

  
(c) (d) 

Figure 1. Zeta potential (a) and average diameter (b) of MACPs and CMACPs as a function of the
number of coated layers. Zeta potential of particles was analysed in water (pH 7) and phosphate
solution (10 mM, pH 7). Particle size was analysed in phosphate solution. Oscillations of zeta potential
and average diameter were observed with the alternate coating of SA and CHI; (c) Size distribution of
MAPs and MACPs with 1–5 layers of coated polymers; (d) FTIR spectra of MAPs and MACPs with the
number of deposited polymer layers from 1 to 5. The results are shown in mean ± SD, n ≥ 3.

The zeta potential of particles in sodium phosphate solution (10 mM) is also shown in Figure 1a
and exhibited a similar oscillation behaviour between coatings. However, negative surface charges
were observed for MACPs (layer number: 1, 3, 5, 7, 9) with CHI outermost layer. This phenomenon is
due to the adsorption of the phosphate anions onto the surface of the chitosan polymers. Phosphates
contain small multivalent anions and therefore tend to interact or complex with cationic amino groups
on CHI surfaces via electrostatic interactions [35]. Therefore, the phosphate anions adsorbed onto
CHI layers increased the overall negative charge of the particles. Similar phenomena have been
reported previously: For example, Swain et al. [56] analysed the zeta potential of CHI in both 1 and
10 mM NaCl and found that the zeta potential value decreased as the ionic strength of NaCl increased.
The authors suggested the reduced surface charge was attributed to the adsorption of anions onto
the surface of CHI polymers [56]. Further to this, Acevedo et al. [57] analysed the zeta potential of
CHI (5 mg/mL) in water and NaCl solution (0.2 M) and reported zeta potential values of +72 mV
in water and +33 mV in NaCl. It was suggested that this reduced absolute zeta potential value was
governed by a compression of the electrical double layer, due to the electrostatic interactions with Cl−

in the solvent [57]. As shown in Figure 1a, the zeta potential of MACPs with alginate as the outermost
layer in phosphate solution exhibited similar values as they were in water, which is in agreement with
previously reported data [54]. On the other hand, MAPs exhibited a more negative zeta potential
values in phosphate solution (−36 mV) compared to water (−21.4 mV). This is due to reaction between
Ca2+ and phosphate ions to form insoluble calcium phosphate, which leads to the loss of Ca2+ and
the increased density of free carboxyl groups thus resulting in an overall increased negative charge.
The zeta potential behaviour of drug carriers can be utilised to control the drug loading and release
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processes. For example, cationic drug carriers, such as CHI nanoparticles, can be used to improve the
loading of anionic drug molecules and prolong their release time based on electrostatic interactions
between positive CHI and negative drug molecules [36]. In the case of MACPs, different numbers of
polymer layers with different zeta potentials can potentially be used to improve drug loading.

The average diameter of MACPs was analysed by NTA, as shown in Figure 1b, where the
diameter of MACPs was found to be 141 nm which increased to 167 nm after the first CHI layer coating.
The size of particles increased gradually per bi-layer of SA/CHI and reached 187 nm for 9 layers. Size
differences were observed depending on the outermost polymer of MACPs. For example, the average
diameter of MACPs decreased from 167 (3 layers) to 128 nm (4 layers) and then increased to 174 nm
after the deposition of CHI as the fifth polymer layer. This leaves a mean size difference of ~40 nm
between CHI and SA. In addition, the size distribution of MAPs and MACPs (with 1–5 layers of coated
polymers) is shown in Figure 1c. Broader size distributions were observed for particles with CHI as
the outermost layer (MACPs 1, 3 and 5) compared to particles with alginate as the outermost layer
(MAPs and MACPs 2 and 4). These results illustrate that particles with CHI outermost layers are
larger and less condensed than particles with alginate as the outermost layer. This is most likely due to
the different surface charges of the particles. For MACPs with CHI as the outermost layer, the zeta
potential ranged from −20 to −25.1 mV in phosphate buffer solutions, while the zeta potential for
alginate as the outermost layer ranged from −47 to −55.2 mV. Particles with absolute zeta potential
values higher than 30 mV can be considered stable in solution [58]. Therefore, MACPs with alginate
outermost layers were very stable in solution, due to their sufficient surface charges. On the other hand,
particles with CHI as the outermost layer were less stable and more likely to aggregate in aqueous
solutions forming larger particles.

The zeta potential of CMACPs in sodium phosphate solution at pH 7 is shown in Figure 1a.
A significant change in surface charge was observed for particles after CUR loading. The zeta potential
of free CUR sodium phosphate solution was −31.1 mV. In contrast, the zeta potentials of MAPs and
MACPs with the outermost layer of alginate (layer number: 0, 2, 4, 6, 8, 10) was within the range
from −36 to −55.5 mV (Figure 1a) while the zeta potentials of the particles with CHI outermost layer
(layer number: 1, 3, 5, 7, 9) were around −20 mV. After CUR loading, the zeta potentials of CMACPs
were found between −28.7 and −34.2 mV suggesting CUR was encapsulated in or adsorbed onto
the particles, reducing the difference of the zeta potentials between MACPs with alginate and CHI
outermost layers. Increased particle sizes (between 172–199 nm) were observed for CMACPs (Figure 1b)
compared to MACPs (122–187 nm), which can be attributed to the loading of CUR. For CMACPs with
the same outermost polymer (SA or CHI), the average diameter of particles increased as the number
of layers increased, due to the fact that larger polymer matrixes encapsulate more CUR molecules.
Larger particle size was observed for CMACPs with the outermost polymer being CHI for the same
reason as described above. The resulting particle sizes are optimal for drug delivery applications [59].
The chemical compositions and interactions between different polymer layers were analysed by FTIR,
as shown in Figure 1d. For SA, the peaks at 1590 cm−1 and 1402 cm−1 were characteristic for the
asymmetric stretching and symmetric stretching of -COOH groups respectively [60,61]. In MAPs
and MACPs with the number of layers (1, 2, 3, 4 and 5), these two peaks moved towards higher
wavenumbers, indicating the formation of Ca2+-alginate ionic cross-linking [62]. This is because of
the changes in charge density, atomic radius and atomic weight of the cations [62,63]. For CHI, the
peak at 1538 cm-1 was characteristic of -NH2 bonds [64]. The presence of CHI in the MACPs was
also confirmed by comparing the curves of MAPs (0 L) and MACPs (1–5 L). The broad characteristic
adsorption at 3329 cm−1 for −OH groups in MAPs shifted to a lower frequency for MACPs (1–5 L),
demonstrating the superposition of amine N–H stretching in chitosan and −OH groups of alginate
and chitosan [64,65]. The peak at 1596 cm−1 in MAPs became broader, and moved to a lower frequency
for MACPs, which can be attributed to the overlapped −NH2 stretching from chitosan and −COOH
stretching from alginate [66]. These results confirmed that CHI and alginate chains were successfully
incorporated into the MACPs.
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3.1.2. Morphology Characterisation

The size distribution and morphology of MAPs and MACPs were also analysed by AFM and TEM
(Figure 2). As shown in Figure 2a, the particles exhibited heights of 50 nm with bottom diameters around
140 nm, which is due to (1) The tip-sample convolution effect, leading to the lateral broadening of surface
protrusions [67]; and (2) The aggregation of small MAPs, flattened on mica substrates, leading to the
expanded bottom diameter. MACPs (Figure 2b,d,f) with CHI as the outermost layer showed larger
bottom diameters than those (Figure 2c,e) with SA as the outermost layer, suggesting larger aggregation
occurred for particles with CHI as the outermost layer. This is also due to the fact that the mica surface
is negatively charged, therefore particles with positive net charges attach tightly and become more fat
and flat. This result is consistent with the data obtained from NTA, confirming that MACPs with CHI as
the outermost layer are loosely packed due to their lower net surface charges. Particles with alginate as
the outermost layer are negatively charged and expected to be less attached therefore are more roundly
shaped. Cross section AFM images indicated that MAPs (Figure 2a) possess rough topography, which were
attributed to the aggregation of small solid MAPs. After alternate coating with SA and CHI, the resultant
MACPs (Figure 2b–f) exhibited more spherical shapes and smooth surfaces, which further confirmed the
successful coating of both polymers. For MACPs, inter-digitation among the adjacent CHI/SA layers were
constructed due to the existence of surface charges. Therefore, after the removal of excess polymers, stable
films were formed by soft polymers of CHI and SA leading to the smooth surface of MACPs.

Characterisation of MAPs and MACPs via TEM revealed magnetic cores (dark areas) surrounded
by polymer shells, which were the chitosan and alginate layers, as shown in Figure 2. The inset
in Figure 2i. is an enlarged section of the image clearly showing magnetic core particles and the
surrounding CHI/SA layers. It can be observed from Figure 2 that particle aggregates were formed
on the TEM grids. This is most likely due to the aggregation of particles during the drying process.
In solutions, the magnetic core-shall particles are stabilized by the charged polymer layers (chitosan
and alginate) and the aggregation degree of particles is related to the balance between the repulsive
electrostatic interactions and the attractive interactions. During the drying process, the concentration of
particles increased, which will increase the probability of particle collisions and enhance the attractive
interactions, leading to promoted aggregation of particles.

AFM was also used to investigate the morphology of CMACPs. As shown in Figure 3a, the bottom
diameter of CUR loaded MAPs was ~150 nm and increased layer by layer, reaching a maximum of
~200 nm for 9 layers (Figure 3f), which is in agreement with the size tendency analysed by NTA, as
shown in Figure 1b. However, rougher surface morphology was observed for CMACPs compared to
MACPs, as shown in Figure 2. CUR is known as a highly hydrophobic drug [68–70] and the loading of
CUR into MACPs increased the hydrophobicity of the particles. This meant that the particles rapidly
dehydrated during AFM analysis and exhibited rough surfaces, indicating the successful loading of
CUR into MACPs.
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Figure 2. Atomic force microscopy (AFM) and transmission electron microscope (TEM) images of
MAPs (a,g) and MACPs with the layer number of 1 (b,h), 4 (c,i), 5 (d,j), 8 (e,k) and 9 (f,l). Smaller
particles were observed for MACPs with SA as the outermost layer.
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Figure 3. AFM images of Curcumin (CUR)-loaded MAPs (a) and CUR loaded MACPs (CMACPs) with
the layer number of 1 (b), 4 (c), 5 (d), 8 (e) and 9 (f).

3.2. Loading and Release of Curcumin

CUR loaded MACPs were prepared by dispersing MACPs in CUR water/DMSO solution and
incubated under stirring for 24 h. The addition of DMSO increases CUR solubility and its permeability
into MACPs. The volume ratio of water:DMSO was 3:2, resulting in a homogeneous CUR solution
(3 mg/mL) without sedimentation during the 24 h of incubation [71]. Figure 4a clearly demonstrates
that the resultant CMACPs can be collected with a Neodymium magnet while CUR itself in the bulk
solution was not affected by the magnetic field. Therefore, MACPs can be potentially used for targeted
delivery of CUR via external magnetic fields.
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Figure 4. CMACPs were prepared by suspending MACPs in CUR water/DMSO solution and
incubating for 24 h under stirring. The resulting CMACPs can be rapidly collected by a Neodymium
magnet (pull force 25 Kg, 25.4 mm diameter × 30 mm thick) within 1 min (a). The free CUR in solution
on the other hand was not affected by the magnetic force (b).

Encapsulation efficiency results reveal that 49.2% of CUR was loaded into CMAPs and the
encapsulation efficiency increased to 67.5% with increasing number of layers of CHI and SA (see
Figure 5a). For particles with the same type of polymer (CHI or SA) on the outermost surface an
increased trend of encapsulation efficiency was observed with increasing layer number. However, as
illustrated in Figure 5a, a higher encapsulation efficiency of CUR was observed for CMACPs with CHI
as the outermost layer (layer number: 1, 3, 5, 7 and 9) compared to SA as the outermost layer (layer
number: 2, 4, 6, 8, 10). The most feasible explanation for this is the different surface charges between
the particle outermost layers. As illustrated in Figure 1a, CHI layers exhibited positive surface charges
in water while SA layers exhibited negative surface charges. Therefore, the negatively charged CUR
molecules are adsorbed on the surface of the CHI layer more readily, facilitating a more efficient and
faster encapsulation into polymer matrix. On the other hand, SA layer was negatively charged in water,
and thus CUR molecules were less readily to interact with the particle surface, due to the electrostatic
repulsion. Moreover, larger amount of CUR molecules were expected on the surface of CHI layer,
which also led to a higher encapsulation efficiency. The same hypothesis can be used to explain the
loading efficiency of CMAPs and CMACPs. As shown in Figure 5b, a higher loading efficiency of CUR
was observed for MACPs with CHI as the outermost layer to those with SA as the outermost layer.
Higher loading efficiencies from 54.8% to 64.9% were achieved for CMAPs and CMACPs compared
to many previously reported CUR loaded CHI and alginate based particles [25,28,38] with loading
efficiencies from 2.7% to 48%, suggesting CMAPs and CMACPs possess great potential loading CUR
into nanoparticles for drug delivery applications.
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Figure 5. The drug loading and release profiles of the CMAPs and CMACPs are affected by the type
of outermost polymers and the number of layers. Encapsulation efficiency of CMAPs and CMACPs
(a). Curcumin loading efficiency into CMAPs and CMACPs (b). Curcumin release profile of CMAPs
and CMACPs with different layers (1, 4, 5, 8, 9) of deposited polymers (c). Curcumin release profile of
CMAPs and CMACPs (layer number: 1 and 4) in PBS buffer at pH 7.4 and pH 5.6 (d). The results are
shown in mean ± SD, n = 3.

In order to investigate the release profile of CMAPs and CMACPs, 5 mg of particles were dispersed
in 5 mL PBS buffer at pH 7.4 and incubated at 37 ◦C under shaking (200 rpm) at predetermined time
intervals. The particles were collected with strong Neodymium magnets and the CUR concentration in
supernatants were analysed to obtain the accumulative CUR release profiles. As shown in Figure 5c,
for all particles, CUR was released more rapidly within the first two days and then released slower,
but at more sustained rates in PBS for up to 2 weeks. The faster release in the first two days is most
likely due to the loss of weakly adsorbed CUR molecules on the surface of the particles or in the
polymer matrix close to particle surfaces. The sustained CUR release after the first two days was
then dependent on the diffusion of CUR molecules through the polymer matrixes into the bulk PBS
solution, thus exhibiting a slower and more sustained release pattern. No significant burst release
was observed during the whole release process [26,72]. CMACPs with CHI as the outermost layer
exhibited a faster release rate of CUR than CMAPs and CMACPs with SA as the outermost layer
(CMACPs 4 and 8). As mentioned previously in Section 3.3.1, CHI is positively charged in water, but
negatively in phosphate solution, due to the adsorption of negative phosphate ions [35], therefore
more negatively charged CUR molecules are adsorbed onto the CHI layer surface when these particles
were dispersed in CUR water/DMSO solution than on alginate, as illustrated in Figure 5a,b. When
CMACPs with layer numbers of 1, 5 and 9 were dispersed in PBS, CUR molecules were released from
the particle surface, due to CUR and phosphate ions competing for free amino groups on the CHI
chains, this in turn facilitates the loss of CUR molecules from the inner layers to the surface via a
concentration gradient driven diffusion. Thus, faster CUR release rates were observed for CMACPs
with layer numbers of 1, 5 and 9. On the other hand, CMAPs and CMACPs with layer numbers
of 4 and 8, where alginate was deposited as the outermost layer, showed similar negative surface
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charges in water and phosphate solutions, less CUR molecules were adsorbed during the loading
process and thus the drug release rate was not promoted in phosphate solutions. For particles with
the same type of polymer, reduced release rates were observed as the number of layers increased
(release rate: CMACPs 1 > CMACPs 5 > CMACPs 9, CMAPs > CMACPs 4 > CMACPs 8). By increasing
the number of polymer layers it was more difficult for the innermost CUR to permeate out. This is
in agreement with previously reported data [47–49], where Chai et al. [47] fabricated doxorubicin
loaded poly (lactic-co-glycolic acid) nanoparticles and layer-by-layer coated the particles with CHI
and alginate. After comparing the drug release rates of uncoated and polymer coated particles, the
authors found that with the CHI/SA coating the initial drug burst release was reduced from 55.1%
to 5.8% and the overall drug release rate was also reduced. In another example Haidar et al. [48]
prepared bovine serum albumin loaded liposomes and layer-by-layer coated them with CHI/SA. The
polymer coated liposomes showed a reduced albumin release rate to the uncoated ones. Further to
this Zhou et al. [49] developed polyethyleneimine coated PLGA nanoparticles and reported that the
drug release rate reduced with increasing layers.

In order to investigate the drug release profile of CMAPs and CMACPs at different pH, CMAPs,
CMACPs with 1 and 4 layers were dispersed in PBS with pH 7.4 and pH 5.6. As illustrated in Figure 5d,
the release pattern of CUR from particles at pH 5.6 was similar to those at pH 7.4, but slightly slower.
In 14 days, about 23%, 41% and 17% of CUR were released from CMAPs, CMACPs 1 and CMACPs 4
at pH 7.4 respectively, while about 20%, 37% and 13% of CUR were released at pH 5.6. The data are in
agreement with previously published work by Martins et al. [41] who investigated the release profiles
of CUR from N-trimethyl chitosan/alginate complexes at pH 7.4 and pH 1.2 and reported that 80% of
CUR was released at pH 7.4 within the first hour while only 22% of CUR was released at pH 1.2. The
pH dependent release pattern can be attributed to the altered surface charge and hydrophobicity of
polymers at different pH values.

3.3. Cellular Uptake Assays

3.3.1. CUR Uptake Assay by Flow Cytometry

To investigate the cellular uptake kinetics of CMAPs and CMACPs, MDA-MB-231 breast cancer
cells and HDF cells were incubated with free CUR and particles containing equivalent amounts of
CUR for 24 h. Except for skin cancers, breast cancer is most commonly diagnosed among US women
and the second leading cause of cancer death among women [73]. Therefore, MDA-MB-231 breast
cancer cells were selected as a cancer model and HDF cells were selected as a non-cancer model to
investigate the uptake effect of the drug loaded particles.

The cells were analysed by flow cytometry to determine the cellular uptake of CUR by different
cells. As shown in Figure 6a, it is evident that the percentage of MDA-MB-231 cells taking up
CUR was dose dependent. Significant higher uptake efficiency was observed for MDA-MB-231 cells
treated with CMAPs and CMACPs than those treated with free CUR, indicating that the nanoparticles
facilitate the CUR uptake. This is in agreement with previously reported data [1,17,74–76]. Here, at
a CUR concentration of 1.5 μg/mL, an uptake efficiency of 31.2%, 39.6% and 24.2% was observed
for MDA-MB-231 cells treated with CMAPs, CMACPs 1 and 4 respectively, which is 3–6 fold higher
than the uptake efficiency of cells treated with free CUR. The increased CUR uptake of CMAPs can
be attributed to the fact that the CUR loaded nanoparticles were more easily taken up by cells via
endocytosis, due to their smaller size (172–199 nm), while highly hydrophobic CUR was insoluble in
aqueous solutions forming larger aggregates, which are more difficult to be internalised by cells [75,77].
The order of uptake efficiency of free CUR and CUR loaded particles was CMACPs 1 > CMAPs
>CMACPs 4 > free CUR. Particles with CHI as the outermost layer exhibited the highest uptake
efficiency (39.6%). This result is in agreement with work by Zhou et al. [46], who compared the uptake
efficiency of CHI/alginate coated poly (lactide-co-glycolide) nanoparticles and observed the uptake
efficiency of particles with CHI as the outermost layer was the highest. The promoted CUR uptake
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by the CHI surface is because of the protonated amino groups, which interact with the negatively
charged cell surfaces and promote the accumulation of CMACPs 1 onto the surface of MDA-MB-231
cells. Figure 6b shows the CUR uptake efficiency for HDF cells after being treated with free CUR and
CUR loaded particles. HDF cells exhibited a similar uptake pattern, but an overall much lower CUR
uptake efficiency compared to MDA-MB-231 cells, suggesting CMAPs and CMACPs target cancer
cells rather than normal cells. This is in agreement with many previously published reports [28,78–80]
as cancer cells possess a higher metabolic activity than normal cells and their surfaces overexpress
various receptors that in turn increase the available binding sites promoting a higher uptake efficiency
of particles and drugs [81–83].

 
(a) (b) 

Figure 6. Cellular uptake analysis of CUR in MDA-MB-231 cells (a) and HDF cells (b) after incubation
with CMAPs, CMACPs 1 and 4 and free CUR for 24 h. The CUR uptake was analysed by flow cytometry.
The dosages of CUR in particles were equivalent to the amounts of free CUR used. CMACPs 1 and 4
represent CMACPs that possess 1 and 4 layers of polymers coated on MNPs respectively. The results
are shown in mean ± SD, n = 3. The statistical significance is expressed as *** p < 0.001, ** p < 0.01,
* p <0.05.

3.3.2. Magnetically Targeted Delivery Assay

To investigate the potential of CMAPs and CMACPs for magnetically targeted delivery of CUR,
free CUR, CMAPs and CMACPs were incubated with MDA-MB-231 cells in glass bottom dishes.
A Neodymium magnet was placed under the target area of the dish to allow for the accumulation of
magnetic nanoparticles within the selected area. Taking advantage of the auto-fluorescent property
of CUR, the confocal fluorescence images show the cellular uptake of CUR in and out of the target
(magnet-affected) areas. The overall fluorescent intensity of MDA-MB-231 cells within the target areas
that were treated with free CUR (Figure 7a) was lower than cells treated with CUR loaded nanoparticles
(Figure 7c,e,g), suggesting CMAPs and CMACPs have enhanced the uptake of CUR. This result is
consistent with the uptake efficiency shown in Figure 6. No obvious difference in fluorescent intensities
was observed between Figures 7a and 7b, showing that the free CUR uptake is not affected by the
presence of magnetic forces. In contrast, cells treated with CMAPs (Figure 7c), CMACPs 1 (Figure 7e)
and CMACPs 4 (Figure 7g) within the magnet-affected area showed significant increase of fluorescent
intensity compared to the cells treated with same particles, but outside of the target (magnet-affected)
areas (Figure 7d,f,h). The enhanced CUR uptake in the target areas was attributed to the accumulation
of CUR loaded magnetic nanoparticles to the target areas driven by the magnetic force. On the
other hand, the local concentration of CUR loaded magnetic particles outside the target areas was
significantly lower, thus showing much lower fluorescent intensities. This result clearly shows that
CMAPs and CMACPs have the potential for targeted drug delivery.
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Figure 7. Confocal fluorescence microscopy images of MDA-MB-231 cells incubated with free CUR
(a,b), CMAPs (c,d), CMACPs 1 (e,f) and CMACPs 4 (g,h). CMACPs 1 and 4 represent CMACPs that
possess 1 and 4 layers of polymers coated on MNPs respectively. CUR loaded particles contained
equivalent amount of drug as free CUR (5 μg/mL). Cell nucleus and cytoskeleton were stained with
DAPI (blue) and Alexa Fluor 568 Phalloidin (red). M+ denotes the images taken within the magnet
affected area and M- denotes the images taken outside of the magnet-affected target area.

3.4. In Vitro Cytotoxicity Assay

In order to investigate the cytotoxicity of CMACPs towards cancer and normal cells, MDA-MB-231
breast cancer cells and HDF cells were incubated with free CUR, CMACPs 1, CMACPs 4 and blank
MACPs for 48 h. The in vitro MTT assay results are shown in Figure 8. It can be observed in Figure 8a,b
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that both free CUR and CMACPs exhibited increased cytotoxicity towards MDA-MB-231 cells with
increasing CUR concentration, which was in agreement with previously reported data that CUR
possesses dose dependent cytotoxicity towards cancer cells [1,17,74–76]. Both CMACPs 1 and 4 showed
enhanced cytotoxicity towards MDA-MB-231 cells compared to free CUR, which can be attributed to
an enhanced uptake of CMACPs. As discussed in Section 3.3.1, the uptake efficiency of MDA-MB-231
cells treated with CMACPs was 3–6-fold greater than those treated with free CUR. It is expected that
the sustained release of CUR from internalised CMACPs maintained a high CUR concentration within
the MDA-MB-231 cells, thus leading to lower viability of cells. CMACPs 1 were observed to exhibit
higher cytotoxicity towards MDA-MB-231 cells than CMACPs 4, which was due to a higher CUR
release rate (Figure 5c) and uptake efficiency (Figure 6a). As shown in Figure 8c,d, the viability of
HDF cells after treatment with free CUR and CMACPs was reduced at higher CUR concentrations
(>15 μg/mL), but a high viability was observed in contrast to MDA-MB-231 cancer cells at CUR
concentrations below 15 μg/mL. One of the major accepted theories is that cancer cells possess lower
glutathione levels than normal cells, due to their reprogrammed metabolic pathways [29]. Depletion
of glutathione, which is important for the sensitivity of cells to CUR can lead to the enhancement of
CUR sensitivity of cancer cells [29,78,84]. In addition, most cancer cells, but not normal cells, express
constitutively active NF-KB that mediates their survival. CUR can suppress NF-κB regulated gene
products, thus suppressing the proliferation of cancer cells [78,85]. High viabilities were observed for
both MDA-MB-231 cells and HDF cells after they were treated with blank MACPs, demonstrating that
MACPs are non-toxic towards these cells.

 
(a) (b) 

  
(c) (d) 

Figure 8. The in vitro MTT assay suggested CMACPs exhibited significantly higher cytotoxicity
towards MDA-MB-231 breast cancer cells than to HDF cells. MDA-MB-231 cells (a,b) and HDF cells
(c,d) were treated with free CUR, CMACPs 1, CMACPs 4 and blank MACPs 1, MACPs 4 for 48 h.
CMACPs 1 and 4 (or MACPs 1 and 4) represent CMACPs (or MACPs) that possess 1 and 4 layers
of polymers, respectively. The amounts of CUR in CUR loaded nanoparticles were equivalent to the
amounts of free CUR (0.5–30 μg/mL), respectively. The results are shown in mean ± SD, n ≥ 3. The
statistical significance is expressed as *** p < 0.001, ** p < 0.01, * p <0.05.
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4. Conclusions

MACPs were prepared by a layer-by-layer coating of CHI and SA onto the surface of Fe3O4

nanoparticles. The successful coating of CHI and SA was confirmed by the zeta potential and FTIR
spectral measurements of the particles. Incorporation of CUR was confirmed by a change in surface
charge and morphology of CMACPs, while the mean diameter of CMACPs was lower than 200 nm and
within the optimum size range for drug delivery applications. In vitro drug release profiles illustrated
the sustained release of CUR from CMACPs and indicated that it was possible to control the release
rate by altering the outermost polymer (CHI or SA), as well as by changing the number of layers. More
biopolymer layers resulted in a slower CUR drug release profile, where CHI as the outermost layer
showed a faster CUR release. Confocal fluorescence microscopic images confirmed the successful
internalisation of CUR into MDA-MB-231 breast cancer cells and indicated that rapid and targeted
delivery of CUR could be achieved in the presence of an external magnetic field. FACS analysis
indicated the CMACPs mediated uptake of CUR by MDA-MB-231 cells was 3–6 fold greater than that
of free CUR. MDA-MB-231 cancer cells showed a significantly higher uptake efficiency of CUR than
that of HDF normal cells after being treated with CMACPs. The MTT assay indicated that CMACPs
exhibited a significantly higher cytotoxicity towards MDA-MB-231 cancer cells than towards HDF
cells. In summary, the sustained release profiles, enhanced uptake efficiency and strong cytotoxicity
to cancer cells, as well as the potential for targeted delivery make MACPs a promising candidate for
anti-cancer drug delivery.
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Abstract: Polydopamine (pDA)-modified iron oxide core-shell nanoparticles (IONPs) are developed
and designed as nanovectors of drugs. Reactive quinone of pDA enhances the binding efficiency
of various biomolecules for targeted delivery. Glutathione disulfide (GSSG), an abundant thiol
species in the cytoplasm, was immobilized on the pDA-IONP surface. It serves as a cellular trigger
to release the drug from the nanoparticles providing an efficient platform for the drug delivery
system. Additionally, GSSG on the surface was further modified to form S-nitrosoglutathione that
can act as nitric oxide (NO) donors. These NPs were fully characterized using a transmission
electronic microscopy (TEM), thermogravimetric analysis (TGA), dynamic light scattering (DLS),
zeta potential, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) and UV-vis
spectroscopies. Doxorubicin (DOX) and docetaxel (DTX) are two anticancer drugs, which were
loaded onto nanoparticles with respective loading efficiencies of 243 and 223 μmol/g of IONPs,
calculated using TGA measurements. DOX release study, using UV-vis spectroscopy, showed
a pH responsive behavior, making the elaborated nanocarrier a potential drug delivery system.
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) -2H-tetrazolium (MTS)
and apoptosis assays were performed on PC3 cell lines to evaluate the efficiency of the developed
nanocarriers. These nanoparticles thus can prove their worth in cancer treatment on account of their
easy access to the site and release of drug in response to changes to internal parameters such as pH,
chemicals, etc.

Keywords: core-shell nanoparticles; biocompatible; drug delivery; anticancer

1. Introduction

Multifunctional nanohybrid systems offer several advantages for integrating functional
nanocomponents into one entity to manifest different roles in cancer therapeutics. They provide
an ideal platform to construct the nanostructure material that can be tuned to the required physical and
chemical properties. Although new chemotherapeutic molecules have been continuously developed
to treat cancer, medical advancement has failed to control the serious side effects caused by such
compounds [1]. Thus, to address these issues and have a targeted anticancer treatment, efficient
drug delivery carrier is required. Nano drug delivery carrier shows the potential of carrying the
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anticancer drug to the targeted site and delivering it according to the required pharmacology activity.
Consequently, core shell nanoparticles have emerged as a promising nanocarrier for targeting tumor
cells [2].

Uniform core shell nanoparticles systems, having a magnetic core with a functional shell,
have been widely explored in protein separation, targeted drug delivery, magnetic resonance
imaging, etc. [3–5]. Polydopamine (pDA) coated iron oxide nanoparticles (IONPs) are such a class
of nanohybrids that have been developed with considerable interest as a multifunctional platform,
thanks to their unique biocompatibility, enhanced magnetic resonance (MR) contrast and facile surface
modification [6]. pDA is the polymerized structure of dopamine (DA) monomer that undergoes
self-polymerization at alkaline pH giving both catechol and amine functional groups on the surface [7].
During the polymerization step, it results in the formation of a conformal and continuous coating layer
on any substrate material via strong binding affinity of catechol functional groups. Moreover, this shell
thickness can be potentially monitored by varying the reaction condition and the amount of DA in the
medium [8].

Recent years have witnessed an exponential growth in research concerning advance
functionalization and application of pDA-based nanohybrids in medical fields [9]. Thus, we chose
pDA-coated IONPs for immobilizing glutathione disulfide (GSSG), which can serve as an efficient
nanocarrier to carry doxorubicin (DOX) and docetaxel (DTX) for prostate cancer treatment. pDA is
known to carry highly functional groups on the surface that allows the immobilization of biomolecules
via Michael addition [9]. Immobilizing biomolecules on the pDA surface can increase the efficacy of
drug release in the system [10].

It was reported that nanocarriers bearing reducible disulfide bonds can be easily cleaved with
GSSG by thiol/disulfide exchange [11]. Glutathione in living cells exists in a redox equilibrium state
between the disulfide (GSSG, oxidized form) and sulfhydryl (GSH, reduced form) where the change in
the concentration of glutathione level marks the change in the oxidative stress caused by the tumor
cells. Thus, the triggered release largely depends on the redox potential controlled by the oxidation and
the reduction of glutathione (GSH/GSSG) [12] and, therefore, can attain the intracellular delivery of
loaded drug [13], DNA [14], and siRNA for cancer therapeutics [15]. Thus, biocompatible nanohybrids
with disulfide/thiol groups are of great interest in improving the drug delivery system.

Our objective is focused on immobilizing GSSG on pDA-IONPs to serve as a dual purpose
towards prostate cancer treatment. Since GSH plays an important role in determining various cellular
processes, it has also been reported that it can be a determining factor for the sensitivity of some tumors
to several chemotherapeutic agents [16]. It may also turn out to be a successful biomarker for selecting
tumors potentially responsive to chemotherapeutic regimens.

Thus, firstly, we chose GSSG to reduce its disulfide bond in order to have thiol groups on
IONP’s surface. These free thiol groups can serve as nitric oxide (NO) donors in the system by
forming S-nitrosothiols (SNOs). SNOs possess the same physiological functions as NO, which include
neurotransmission, hormone secretion and vasodilation in living bodies [17,18]. Additionally, NO has
also emerged as antimicrobial agent [19] and has a tumoricidal factor [20] that makes it a promising
pharmaceutical agent. Secondly, reduced GSSG (GSH) can carry DOX or DTX drugs for targeted
prostate cancer cell treatment. While DOX has been widely used in the treatment of hematological and
solid tumor malignancies, DTX is popularly used in the treatment of prostate cancers. Thus, in the
present work we explored DOX activity in treating prostate cancer along with DTX. The details of the
objective can be better understood with Scheme 1.
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Scheme 1. Schematic representation showing the sequential synthesis of Step I: GSSG functionalized
pDA-coated IONPs; and Step II: GSSG reduced to GSH-modified pDA-IONPs followed by S-nitrosation
and loading of anticancer drugs (DOX and DTX).

2. Materials and Methods

Doxorubicin HCl (DOX), dopamine (DA), dithiothreitol (DTT), sodium hydroxide (NaOH, ≥97%),
hydrochloric acid (HCl, 37%), nitric acid (HNO3, 69%), Elman’s reagent 5-dithiobis[2 nitrobenzoicacid]
(DTNB) and ammonium hydroxide (NH4OH, 28%) were obtained from Sigma Aldrich (St. Louis, MO,
USA). p-maleimidophenyl isocyanate (PMPI) was purchased from Thermo Scientific (Fair Lown,
NJ, USA). Iron (II) chloride tetrahydrate (FeCl2·4H2O, 98%) and iron (III) chloride hexahydrate
(FeCl3·6H2O, 97%) were purchased from Alfa Aesar (Karlsruhe, Germany). Docetaxel (DTX) was
purchased from BIOTREND Chemikalien GmbH (Cologne, Germany). PBS 1× solution (Fisher
Bioreagents, Fair Lown, NJ, USA), and dimethyl sulfoxide (DMSO, ≥99.7%) (Acroseal) were also
purchased from Fisher Chemicals (Leicestershire, UK). Annexin V-FITC (fluorescein isothiocyanate)
detection kit with PI (propidium iodide) staining for cell apoptosis was obtained from BD biosciences
(Franklin Lakes, NJ, USA). Borate buffered saline was prepared from boric acid (99.8%). Acetate
buffer was prepared from sodium acetate and acetic acid. The ultrafiltration stirred cell (Model 8400,
400 mL) and membranes (ref. #PLHK07610, regenerated cellulose 100 kDa) were acquired from Merck
Millipore (Darmstadt, Germany). All other chemicals were used of analytical grade and without
further purification.

2.1. Characterization Techniques

The size and the morphology of the nanoparticles were analyzed using a JEOL JEM-2100 LaB6
transmission electronic microscope (TEM, Tokyo, Japan) with an acceleration voltage of 200 kV and
equipped with a high tilt pole-piece achieving a point-to point resolution of 0.25 nm. The samples
were prepared by evaporating a diluted suspension of NPs in deionized water on a carbon-coated
copper grid. The average size of nanoparticles was determined by counting individual IONPs on each
sample (150 nanoparticles).

The chemical composition of the NPs’ surface, involved during the process of nanohybrid
synthesis, was investigated with X-ray photoelectron spectroscopy (XPS) using PHI 5000 Versaprobe
apparatus (ULVAC-PHI, Osaka, Japan) with a monochromatic Al Kα1 X-ray source (energy of 1486.7 eV
with a 200 μm spot size, accelerating voltage of 12 kV, and power of 200 W). The applied pass energy
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(PE) was 180 eV for the spectra and 50 eV for windows. Powders were pressed on an indium sheet.
Data were analyzed using CasaXPS software for processing the peaks. Neutralization was used to
minimize charge effects and the carbon C1s peak at 284.5 eV was used as the reference. A Shirley
background was subtracted and Gauss (70%)–Lorentz (30%) profiles were used. Full width at half
maximum (FWHM) was fixed between 1.5 and 1.9 eV. ULVAC-PHI MultiPak software (ver. 9.0.1,
Osaka, Japan) was employed for quantitative analysis.

To confirm the functionalization of pDA and the immobilization of GSSG over the IONPs, a Bruker
Vertex 70v (Billerica, MA, USA) using OPUS version 3.1 was used to obtain Fourier transform infrared
(FT-IR) spectra using the KBr method with the wavenumber range of 400–4000 cm−1, resolution of
4 cm−1 and a total of 30 scans per measurement.

UV-visible spectroscopic measurements were carried out to study the absorbance of the as
prepared nanoparticles and drug release kinetics using a Shimadzu UV-2550 UV-Vis spectrophotometer
(Tokyo, Japan). All the spectra were measured in the range of 220–800 nm and recorded at room
temperature using quartz cuvette of 1 cm path length.

Drug kinetics were also analyzed using fluorescence spectroscopy using a Cary Eclipse fluorescent
spectrophotometer (Santa Clara, CA, USA) in the emission range of 380–700 nm. The selected excitation
and emission slits were 5 and 10 nm, respectively.

Hydrodynamic diameter and zeta potential measurements were carried out using Malvern
Nano ZS instrument (Worcestershire, UK) supplied by DTS Nano V7.11 software (Worcestershire,
UK). The Smoluchowski equation was used for zetametry measurements. For each measurement,
powders were dispersed in 12 mL of NaCl aqueous solution (10−2 M). pH titrations were performed
using HCl (0.1 M), NaOH (0.1 M) or NaOH (0.01 M) aqueous solutions. Standard deviations were
calculated from three measurements performed on the same sample. Samples were analyzed using a
backscattering angle (173◦). The refractive index of Fe3O4 NPs is 2.42 and the absorption is equal to
0.029. Hydrodynamic diameters in this paper refer to the Z-average, which is the intensity weighted
mean diameter derived from the cumulants analysis. Hydrodynamic diameter was determined by
dynamic light scattering (DLS, Malvern, Worcestershire, UK) curves, which were derived from a
number distribution calculation process.

The diffraction data were collected at room temperature, using a D8 Advance X-ray diffractometer
(Vantack detector) (Billerica, MA, USA), in the 2θ range 10–100◦. The Cu Kα1,2 radiations
(λα1 = 1.540598 Å and λα2 = 1.544426 Å) were applied. The data analysis was carried out with
Topas® software (Billerica, MA, USA). Le Bail method was used to obtain lattice parameters and mean
crystallite size. The phase identification was established by comparison of the diffraction patterns to
the ICDD: The International Centre for Diffraction Data Powder Diffraction File Reference.

Powders were analyzed using a Discovery TGA-TA instrument (Newcastle, UK) with a gas
(nitrogen:oxygen 80:20) flow rate of 25 mL min−1. The applied thermal program was as following:
ramp 1 of 20 ◦C.min−1 from 25 to 100 ◦C; isotherm at 100 ◦C for 30 min (to remove the remaining
moisture) and ramp 2 of 5 ◦C.min−1 from 100 to 800 ◦C.

Magnetic susceptibility measurements were performed on a Bartington MS3
magneto-susceptometer (Witney, England) at 300 K. A MS2G mono frequency sensor at 1.3 kHz from
Bartington (Oxford, England) was used for around 1 mL cells operated at 1.3 kHz.

2.2. Preparation of Coated Iron Oxide Nanoparticles

2.2.1. Synthesis of Bare IONPs

Iron oxide nanoparticles (Fe3O4, IONPs) were prepared by a facile chemical co-precipitation
method [21] where FeCl3·6H2O (34.6 g) and FeCl2·4H2O (12.7 g), in the molar ratio of 2:1,
were dissolved in 1.5 L of water. Then, Fe3O4 nanoparticles were precipitated quickly by adding
ammonia (120 mL, 28%) in the solution at 22 ◦C. The obtained black suspension was stirred for 2–3 min.
The obtained black precipitate was then magnetically decanted and washed thoroughly with deionized
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(DI) water until the solution reached pH 8. The precipitate was then kept in nitric acid solution (1 mM,
pH 3) and dialyzed against nitric acid solution (10 mM) for 48 h. Dialyzed nanoparticles were then
centrifuged for 15 min at 20,000 G with deceleration to obtain stable IONPs. The supernatant was then
used for further characterizations and surface modification.

2.2.2. Synthesis of Polydopamine-modified IONPs: pDA-IONPs

A quantity of 100 mg of Fe3O4 (10 mg mL−1) was dispersed under continuous stirring in 25 mL of
10 mM DA solution (PBS, 10 mM, pH 9.0) for 24 h at 22 ◦C. After, polydopamine-modified nanoparticles
(pDA-IONPs) were magnetically decanted, washed thoroughly 5 times with ultrapure water using
ultrafiltration to remove the non-reacted DA (ensured using UV), and further dispersed in water.

2.2.3. Preparation of GSSG-modified Nanoparticles

GSSG-modified nanoparticles were prepared using 20 mg of pDA-IONPs, which were dispersed in
1 mg mL−1 GSSG solution (10 mM PBS, pH 9.4) for 24 h under continuous magnetic agitation (700 rpm)
at 22 ◦C. The GSSG-modified nanoparticles (GSSG-pDA-IONPs) were magnetically separated using
magnetic syringe [22], washed with PBS buffer and checked with DTT to ensure the complete removal
of unreacted GSSG. DTT reduces the unreacted disulfide, giving a yellow color solution indicating the
presence of disulfide group. The resultant nanoparticles were then washed and re-dispersed in PBS.

The above nanoparticles were then reduced to glutathione to get free –SH. Briefly, GSSG modified
nanoparticles (800 μL of the suspension) were first mixed with Tris buffer (0.2 M, pH 9), after which,
DTT (0.01 M) was added and the reduction of disulfide was allowed to proceed for 1 h at 22 ◦C.
To ensure the reduction, DTNB (0.01 M) in acetate buffer (0.2 M, pH 5) was reacted with the sample
and the absorbance was measured at 408 nm.

S-nitrosation was then performed using NaNO2 (0.4 mM). The reaction took place when
GSH-pDA-IONPs were successively added in NaNO2 solution at 37 ◦C and pH 2.5 for 30 min in the
dark. UV-vis spectra were recorded to see the formation of S-nitrosation and the resultant nanoparticles
were finally washed with PBS buffer and re-dispersed in PBS.

2.3. Drug Loading

For the incorporation of doxorubicin (DOX), the DOX solution (600 μL, 1 mg mL−1) was added
dropwise with stirring to an aqueous dispersion of GSH-pDA-IONPs (3 mg of particles in 5 mL
of water) at 22 ◦C. Stirring was continued for 24 h to allow the partitioning of the drug into the
nanoparticles. The absorbance of the supernatant was measured to determine the loading efficiency of
the nanoparticles before and after the reaction. The obtained nanoparticles were then washed with
deionized water (DI), magnetically separated using magnetic syringe and resuspended in DI water
for further studies. Quantification and release kinetics of loaded drug were performed using UV-vis
spectroscopy and TGA.

For the incorporation of docetaxel (DTX), DTX was first activated using PMPI, where prior to
loading, DTX was initially dispersed in DMSO and mixed with PMPI (1:4 molar ratio) in borate buffer
saline solution (0.1 M, pH 8.5) for 24 h at 22 ◦C [23]. The resultant solution was then dialyzed against
water to eliminate unreacted PMPI. DTX-PMPI was then analyzed using nuclear magnetic resonance
NMR and infrared spectroscopy (FTIR), and loaded on GSH-pDA-IONPs in a reaction medium of
PBS (0.1 M, pH 7.4) for 24 h at 22 ◦C. The developed nanoparticles were then magnetically washed,
separated and freeze dried for further characterizations.

2.4. Release Profile

After purification of DOX-loaded nanoparticles, the dialysis tube filled with DOX-loaded
nanoparticles suspension was transferred to a beaker containing 25 mL of phosphate buffer (10 mM)
to study the drug release at 37 ◦C with continuous stirring at 100 rpm. To quantify the drug release,
2 mL of samples were analyzed at different time interval. The amount of released DOX was analyzed
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with a spectrophotometer at 485 nm. The release was studied in 3 different pH (3.5, 5.4 and 7.4) where
it was adjusted with HCl and NaOH. The experiments were performed in triplicate for all samples.

2.5. In Vitro Assays

Cytotoxicity was measured on PC-3 cell lines. The cells, at a concentration of 3000 cells/well,
were seeded in 96-well plates and incubated at 37 ◦C in 190 μL of drug-free culture
medium (DMEM) with 10% of fetal bovine serum for 24 h before treatment (when cells were
at around 20% confluence). The cytotoxicity assays were performed using the following
compounds: free drug (DOX or DTX), GSH-pDA-IONPs, and drug loaded GSH-pDA IONPs.
Tumor cells were incubated (10 μL of drug on 190 μL of culture medium) with a range of
equivalent drug concentrations. After 48 h incubation, cell viability was evaluated using MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay
(Promega Corporation, Madison, WI, USA) according to Mirjolet et al. [24]. Experiments were
performed 6 times and the results were calculated as the mean of the measurements.

2.6. Analysis of Cell Proliferation by Flow Cytometry

Flow cytometry was used to analyze cells’ proliferation after their incubation with a DOX-loaded
sample, by estimating the proportion of cells in apoptosis. After 24 h of incubation in 6-well plates,
PC-3 cells were exposed to GSH-pDA-IONPs and DOX-GSH-pDA-IONPs for 24 h plus a negative
control well. After the treatment, a double staining with annexin V-FITC and propidium iodide (PI)
was performed with an FITC annexin V apoptosis detection kit obtained from Thermo Scientific (Fair
Lown, NJ, USA). The cells were washed twice in PBS without Ca2+ and Mg2+, trypsinized with 1 mL
of trypsine solution 1× and then centrifuged for 5 min at 300 g. After 2 washes with cold PBS, 1 mL of
annexin V binding buffer (1×), 10 μL of annexin V-FITC and 10 μL of PI staining solutions were added
to each sample. Finally, cells were incubated for 15 min at 37 ◦C. Cell suspensions were analyzed with
a Galaxy flow cytometer (Partec, Görlitz, Germany). Red fluorescence of PI was collected through
a 590-nm long-pass filter and green fluorescence was collected through a 520-nm band-pass filter.
For each sample, about 10,000 cells were analyzed and the data were treated with FlowJo (Tree Star
Inc., Ashland, OR, USA) software.

3. Results

The morphology and the size of the synthesized nanoparticles were analyzed using TEM, XRD and
DLS measurements as shown in Figure 1, where the size of bare IONPs is calculated to be 9.0 ± 4.0 nm
from TEM measurements and 10.1 ± 0.1 nm from XRD (Figure S1). The lattice parameter determined
from XRD is 8.368 ± 0.001 Å. The diffracting planes (222), (311), (422) and (511) and the interatomic
distances observed on the selected area diffraction pattern of Fe3O4 (Figures S1 and S2) are in good
agreement with the spinel structure (ICDD: 19-0629) [25]. This lattice parameter suggests that the
powder is slightly oxidized (Fe3O4 crystallites and a small presence of γ-Fe2O3 on the surface) [26,27].
Additionally, with DLS measurements, the hydrodynamic diameter of IONPs at pH 5.0–6.0, is observed
to be 33 ± 5 nm (PDI = 0.38 ± 0.07). The TEM image of the polydopamine coated IONPs (Figure 1B)
reveals the presence of a homogeneous layer of pDA on the surface with a thickness of about 2 nm,
calculated using ImageJ software. It is also observed that even with pDA coating, the crystalline nature
of IONPs is retained (inset Figure 1B and Figure S2).

The hydrodynamic diameter, obtained from DLS measurements, is 164 ± 8 nm (PDI = 0.66 ± 0.01)
in the case of pDA-IONPs, which is larger than that of bare IONPs. Indeed, pDA form an organic
shell with reactive functional groups, which increases the interaction between IONPs and forms
small aggregates. This large size can be due to the swelling effect of the polymer when coated over
IONPs [28]. During the polymerization step of dopamine, it tends to produce oligomers having from
four to eight 5,6-dihydroxyindole units which are assembled in an orderly manner via π stacking to
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form nanoaggregates [29]. This results in the formation of continuous film on the surface that can be
seen in the TEM image (Figure 1B).

Figure 1. Transmission electronic microscope (TEM) images of (A) bare IONPs; and (B) pDA-coated
IONPs (inset selected area (electron) diffraction (SAED) patterns and size distribution); (C) Dynamic
light scattering (DLS) measurements showing the hydrodynamic diameter at pH = 5.0–6.0 and in
10−2 M NaCl; and (D) UV-vis spectra of the synthesized nanoparticles.

UV-vis absorbance spectra are recorded to understand the polymerization step of DA on the
surface of IONPs. In Figure 1D, the pDA-IONPs show an absorbance band at 370 nm, which is the
characteristic of polymerized layer of quinone, the intermediate molecule of pDA, onto the IONP
surface [21]. On the other hand, the characteristic absorbance band of IONPs is observed at 301 nm as
shown in Figure 1D.

Since our objective is to have thiol groups on the surface for a wide range of applicability of
the developed nanoparticles in the field of medicine, upon binding of GSSG to pDA-IONPs, similar
hydrodynamic size (141 ± 2 nm, PDI = 0.68 ± 0.15) is observed. After the reduction of GSSG to
GSH, the DLS measurements indicate the same hydrodynamic size as the previous step (140 ± 2 nm,
polydispersity index (PDI) = 0.33 ± 0.03). This result shows that reduction step does not affect the
hydrodynamic size of coated IONPs.

It has been reported that physicochemical properties such as shape, size and surface charge mark
an important role in the cellular uptake of nanoparticles [30]. Indeed, nanoparticles with a negative
surface charge show greater cellular uptake due to their high interaction with cells or organs such as the
liver [31]. Thus, zeta potential measurements were used to explore the surface charge of coated IONPs.
The zeta potential of the synthesized nanoparticles with and without the surface modification with
pDA and GSSG as a function of pH is measured as shown in Figure 2. The hydroxyl groups (Fe–OH)
on the surface of bare IONPs are responsible for their surface charge. Indeed, in basic condition,
it results in negative values of zeta potential due to the formation of Fe–O− and positive values in
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acidic conditions due to the formation of Fe-OH2
+ [32]. The isoelectric point (IEP) of bare IONPs is

measured to be 8.2 which decreases to 6.4, 4.7 and 4.5 upon functionalization with pDA, GSSG and
GSH respectively. This shift in the IEP from 8.2 for bare IONPs to 4.5 for GSH-pDA-IONPs suggests the
successful immobilization of GSH molecules onto the surface of IONPs [33]. Moreover, the decrease in
the zeta potential values, after pDA and GSH grafting, proves the presence of an organic shell which
hides a part of the surface charge of IONPs [34]. Also, at physiological pH, the colloidal stability of the
synthesized nanoparticles, on the successive molecules’ conjugation, is improved as shown in Figure
S3, thanks to the increase in the absolute value of zeta potential and the steric hindrance of the organic
molecules, thereby making them suitable nanocarriers for drug loading.

Figure 2. Zeta potential vs pH curves showing the isoelectric point of differently functionalized
nanoparticles in 10−2 M NaCl.

The magnetic nature was also analyzed as a calibration curve shown in Figure S4, supporting
information (SI) showing the magnetic susceptibility of the prepared IONPs increases with increase in
the concentration of nanoparticles used.

Chemical and thermal properties of pDA- and GSSG-functionalized IONPS are further
characterized using FTIR, XPS and TGA measurements. The presence of pDA layer is confirmed
from IR stretching frequencies at 1611, 1460 and 1270 cm−1, which correspond to the vibration bands
of aromatic rings of pDA (Figure 3A) [21]. Naked IONPs exhibit the magnetite characteristic Fe–O
stretching band at 580 cm−1, which remains constant even after the formation of a pDA layer on the
surface. FTIR spectrum of GSSG-modified pDA-IONPs gives an additional strong stretching band
of C=O at 1690 cm−1, attributed to the carboxylic group of GSSG, which remains after the reduction
of GSSG into GSH (Figure 3B). Furthermore, a broad stretching band of primary amine is observed
on GSSG modification at 3300 cm−1, which is shifted to 3400 cm−1 on the reduction step of GSSG
to GSH. This shift may be explained by the intramolecular hydrogen bonding between NH2 and
carboxylic oxygen. The GSH modified nanoparticles show a slightly quenched fluorescence emission
when compared to only pDA-IONPs (Figure 3C), measured at the same concentration, which supports
the immobilization step of glutathione onto pDA-IONPs. Indeed, pDA nanoparticles are known to
show an inherent fluorescence property [35]. Since pDA possesses reactive quinone and amine groups,
it can actively bind to the GSSG molecule and consequently GSH serves as an excellent fluorescent
quencher. Thus, GSSG-pDA shows the potential to quench fluorescence via plausible electron-electron
transfer energy process [36].
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Figure 3. (A,B) Fourier transform infrared (FTIR) spectra showing the successful conjugation of pDA
and GSSG molecules on IONPs; and (C) fluorescence spectra of pDA-IONPs and GSH-pDA-IONPs
with λexcitation = 400 nm, λemission = 450 nm.

X-ray photoelectron spectroscopy is a highly surface sensitive technique and provides accurate
information about surface properties [37,38]. The XPS survey scans of IONPs, pDA-IONPs and
GSSG-pDA-IONPs are shown in Figure 4. The elemental composition, calculated from XPS (Table 1),
explains that after pDA coating, the atomic percentages of carbon and nitrogen increase drastically
from 3.0% to 41.8% and from 1.1% to 4.5%, respectively, which confirms the presence of a pDA shell,
where Fe atomic percentage decreases. Indeed, as the XPS is a surface analysis technique (about 5 nm of
depth) and the thickness of organic shell increases progressively after each grafting, the inorganic core
becomes more and more covered and not easily accessible. On immobilizing GSSG onto pDA-IONPS,
the atomic percentage of carbon (C) further increases to 51.1% and a similar trend is observed for
nitrogen. This is also observed on analyzing the survey spectra shown in Figure 4A, where the intensity
of carbon and nitrogen increase on reacting IONPs with pDA and GSSG.

To understand the nature of the chemical bonds of Fe and O in bare IONPs, decomposition of
XPS spectra was realized. On fitting Fe 2p spectrum, it is split into 2p1/2 and 2p3/2 due to spin orbit j-j
coupling as shown in Figure 4B [39]. In addition to the two major peaks (Fe 2p3/2 at 710.7 eV and Fe
2p1/2 at 724.3 eV), two satellite peaks are also observed, which are Fe(II) 2p3/2 satellite peak at 719.1 eV
and Fe(III) 2p1/2 satellite peak at 732.7 eV (Figure 4B). The oxidation state of iron species present in
the sample may be evaluated thanks to these data. Indeed, the binding energy difference between Fe
2p3/2 and its satellite peaks is related to the oxidation state of the iron cations; this difference is close
to 6 eV for Fe2+ and 8 eV for Fe3+. In our case, this difference is equal to 8.4 eV for bare IONPs [40].
Thus, XPS shows that the surface of bare IONPs is oxidized with the presence of mainly Fe3+. The other
contributions, respectively located at 712.6 and 726.2 eV, could not be attributed to Fe2+ contribution,
because they should be located at lower energies (about 709 eV) [41]. However, they may be assigned
to Fe–O–OH [42]. Similarly, the XPS spectrum of oxygen in bare IONPs shows two peaks at 530.2 eV
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and 531.6 eV, which are attributed to the binding energies of Fe–O–Fe and Fe–OH bonds as shown in
Figure 4C [43].

Figure 4. (A) X-ray photoelectron spectroscopy (XPS) survey spectra of the prepared nanoparticles
with the fitted peaks of (B) Fe (2p); and (C) oxygen (1s) of bare IONPs.

Table 1. XPS elemental analysis (atomic percentage) of the prepared nanoparticles.

Samples Fe O C N S N/C Fe/O Fe/C

IONPs 38 57 3 1 – 0.3 0.7 13
pDA-IONPs 16 37 42 5 – 0.1 0.4 0.4

GSSG-pDA-IONPs 9 28 59 3 0.1 0.1 0.3 0.2

XPS peak fittings, performed for pDA-IONPs and GSSG-pDA-IONPs, describe the chemical
interaction between the grafted molecules as shown in Figure 5. The C 1s peak region is fitted into
three components for pDA-IONPs and GSSG-pDA-IONPs (Figure 5A,B). pDA shell on IONPs shows
two dominant peaks attributed to C–C/C–H at 284.8 eV and C–N/C–O at 286.2 eV of the dopamine
polymerized structure and one weak peak attributed to C=O at 288.4 eV that corresponds to the
possible tautomers of pDA [44].

The incorporation of GSSG into the pDA shell reveals a slight shift in the peak position of
C–N/C–O and O–C=O bonds to 285.8 and 288.1 eV, respectively, which suggests the immobilization of
GSSG by introducing additional amine and carboxyl functional groups on pDA shell. To ensure the
immobilization of GSSG, N (1s) peaks of the functionalized nanoparticles (Figure 5C,D) are fitted into
two peaks at 398.4 eV for =N–R and at 400.1 eV for R–NH–R that correspond to the tertiary/aromatic
and the secondary amines of dopamine intermediate structures [45,46]. The GSSG immobilization
displays an additional peak corresponding to –NH2 at 402.1 eV, which is attributed to the free amine
groups of glutathione structure [44]. Further, the XPS survey scan of GSSG-pDA-IONPs (Figure 4A)
shows the presence of sulfur which confirms the immobilization of GSSG onto pDA-IONPs.
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Figure 5. Fitted spectra of C (1s) for (A) pDA-IONPs; (B) GSSG functionalized pDA-IONPs; and of N
(1s) for (C) pDA-IONPs; (D) GSSG functionalized pDA-IONPs.

3.1. Reduction and S-nitrosation of GSSG-pDA-IONPs

To serve as a dual modality to treat the cancer cells, GSSG-pDA-IONPs were first reduced to
GSH using Elman’s reagent and then S-nitrosated using sodium nitrite. UV-visible spectra of reduced
nanoparticles (Figure 6A), show a sharp shift in the absorbance peak from 325 to 408 nm on successive
addition of GSSG-pDA-IONPs into 5,5-dithiobis-[2-nitrobenzoicacid] (DTNB) which confirms the
presence of –SH in GSH-pDA-IONPs. Indeed, DTNB shows its characteristic absorbance band at
325 nm. When it reacts with the free sulfhydryl group in the reaction mixture, it gives a mixed
disulfide or TNB (2-nitro-5-thiobenzoic acid), characterized by the absorbance band at 408 nm, which
is in good agreement with the FTIR spectra (Figure 6C). The biological effect of S-nitrosothiol is
attributed to the NO release from the breaking of the S–N bond to act as NO donor under physiological
conditions. NO formation has the potential to influence the chemotherapy and contribute significantly
to cancer biology [47]. Thus, with successive addition of GSH-pDA-IONPs in sodium nitrite solution,
the formation of S-nitrosothiols is observed through the appearance of a broad and weak band at
320 nm (Figure 6B), which is in conformity with the weak absorbance shown by S-nitrosothiols [48].

The FTIR spectrum of GSNO-pDA-IONPs in Figure 6C shows the NO vibration band at
~1500 cm−1 which confirms the presence of S–NO in GSNO-pDA-IONPs. It is also shown that the
broad band of GSH-pDA-IONPs, observed due to intramolecular hydrogen bonds, disappears on the
formation of the S–NO bond, giving rise to the N–H bending band at 3440 cm−1 and suggesting the
successful formation of S-nitrosothiols.
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Figure 6. UV-visible spectra showing (A) the reduction of GSSG into GSH-pDA-IONPs; (B)
S-nitrosation of GSH-pDA-IONPs; and (C) FTIR spectra of GSNO-pDA-IONPs and GSH-pDA-IONPs.

3.2. In-Vitro Drug Loading and Release Kinetics

DTX was first modified with PMPI prior to its loading and was characterized using FTIR and
NMR (Figures S5 and S6). The hydroxyl group of DTX reacts with PMPI isocyanate and induces
the disappearance of the isocyanate bond (Figure S5) and the formation of –CN, –NH and –CONH
bonds, which are assigned respectively to 1310, 1520 and 1640 cm−1 vibration bands. This confirms
the covalent bonding of DTX-PMPI, which was then loaded on GSH-pDA-IONPs. DOX- and DTX-
loaded nanoparticles were further analyzed using DLS size measurement to ensure the stability of the
nanocarrier in the biological medium (RPMI (Roswell Park Memorial Institute medium) and Albumin)
at 37 ◦C where DTX-modified nanoparticles show an enhanced colloidal stability as compared to
DOX-loaded nanoparticles (Figure S7).The PDI values of the nanocarrier dispersed in water were also
measured where DOX-loaded nanoparticles had a value of 0.71 ± 0.24 and DTX-loaded 0.61 ± 0.10.

To evaluate the efficiency of the nanocarriers, it is very important to evaluate the drug loading
efficiency of the designed drug delivery system. Since DOX is responsive in UV-vis spectroscopy due
to its inherent chromophore, DOX loading and release kinetics were measured using both UV and TG
analyses while quantification of loaded DTX was determined using TGA only. A comparative chart
(Table S1, SI) shows the loading percentages of DOX and DTX analyzed using UV-vis spectroscopy
and the High-performance liquid chromatography (HPLC) method, and observed in the literature.

The surface loading efficiency of DOX, on the developed nanocarrier, is estimated to be 78% for
24 h of loading reaction (Figure 7A) using UV-vis absorbance measurement at 490 nm, which is the

188



Nanomaterials 2019, 9, 138

characteristic absorbance band of DOX molecule. The drug loading efficiency was calculated as given
in Equation (1) [49].

% EE =
Concentration (Drug added − Free unentrapped Drug

Concentration of Drug Added
× 100 (1)

Drug release studies were carried out at three different pH (3.5, 5.4 and 7.4) with respect to the
pH value of the endocytic compartment, which is lower than that of the normal physiological pH.
Figure 7B shows that the release behavior of DOX from the GSH-pDA-IONPs is pH responsive because
of the greater solubility of DOX in acid medium (low pH) [50]. This explanation is in good agreement
with the results obtained from the zeta potential curves when measured at different pH (Figure 7C).
Indeed, in acid medium, greater solubility and increased hydrophilicity of DOX is obtained due to the
protonation of its –NH2 functional group [51]. The rate of DOX release is higher at low pH (3.5), but
when the pH of the release medium increases to 5.4 and 7.4, the rate of the drug release decreases and
the maximum release is observed during the initial 6 h as shown in Figure 7B.

Figure 7. UV-vis absorbance spectra showing (A) doxorubicin loading on GSH-pDA-IONPs;
(B) doxorubicin release at different pH in PBS (10 mM); and (C) zeta potential vs. pH curves of
DOX- and DTX-drug loaded nanoparticles.

Conclusively, moving from pH 7.4 to pH 3.5, the amount of released DOX has doubled. This could
be due to the positively charged amine group and its effect on the drug’s solubility which depends on
its protonation degrees [52]. Moreover, it has also been reported that at low pH condition, the ionization
of the DOX molecule enhances its solubility which leads to an increased diffusion ability, preventing
all non-bonding interactions with the polymeric layer of pDA [53]. On comparing the release profile at
all pH, two stages of drug release are observed defining the DOX interaction: the first is between 0
and 2 h, where the drug release is fast and can be attributed to the adsorbed drug. The second stage is
between 2 and 24 h, where the drug release is slow and could be attributed to the covalently linked
drug. As the low pH favors the protonation of the DOX molecule, so the maximum drug release is
observed at pH 3.5.
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Thus, 78% of DOX loading can result in generating enough concentration of drug within a short
span of time, thereby providing a great potential in developing an excellent nanocarrier and a positive
approach towards an improved targeted cancer therapy.

TGA measurements (under air flow; nitrogen:oxygen 80:20), on the other hand, support
quantifying the drug and immobilization steps. They indicate a weight loss of 6.1% (Figure 8)
for bare IONPs, which later helps in the quantification of the organic coating. This weight loss,
in the range of 100 to 800 ◦C, is due to the desorption of the physically adsorbed water and the
dehydroxylation of hydroxyl groups on the surface. On heating pDA-IONPs, the weight loss increases
to 22%, suggesting the degradation of the polymeric pDA coating on the surface. When GSH is
immobilized on pDA-IONPs, the weight loss further increases to 25%, which corresponds to 97.6 μmol
of GSH/g of IONPs. The amount of the loaded drug on GSH-pDA-IONPs is also calculated using TGA
where 13.2% of weight loss is obtained for DOX and 18.0% for DTX. Drug-loading efficiency is then
estimated to be 243 μmol/g for doxorubicin (DOX) and 223 μmol/g for docetaxel (DTX). The details
of the analysis are presented in Table 2.

Figure 8. Thermogravimetric analysis (TGA) curves showing the sequential grafting of different
organic molecules on the surface of IONPs.

Table 2. Detailed analysis of the weight loss of synthesized nanoparticles and quantification of the
grafted molecules.

Samples Weight Loss % Amount of Organic Content % Amount of DOX/DTX Loaded (μmol g−1 of IONPs)

IONPs 6 0.0 –
pDA-IONPs 22 16 –

GSH-pDA-IONPs 25 19 –
DOX-GSH-pDA-IONPs 38 32 243
DTX-GSH-pDA-IONPs 43 37 223

3.3. Cytotoxicity Assay

In vitro cytotoxicity activity of DOX was assessed using MTS assay against PC3 cell lines where
cells were exposed to the DOX-loaded nanoparticles for 48 h. The results obtained were preliminary
but effective to explore the applicability of drug-loaded nanoparticles. Elevated dose studies were
done with respect to the concentration of DOX as shown in Figure 9. The IC50 (the half maximal
inhibitory concentration) value for DOX was reported to be 334.4–836.1 nM for 48 h [54,55]. On the
other hand, our calculated IC50 value for the free drug is observed at 1,200 nM, which is increased to
3,400 nM when loaded on GSH-pDA-IONPs. It is also observed that the free drug is more toxic than
the drug-loaded nanoparticles for maximum concentration. Indeed, the percentage of cell survival is
17.2 ± 4.3% for free DOX, while DOX-loaded nanoparticles show cell survival of 37.1 ± 9.5% in the
studied range of concentration. This difference could be explained by the different behavior of the free
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and loaded DOX inside the cells [56,57]. DOX shows antiproliferative activity against many tumor cells
and has the potential to permeate through the cell membrane very easily thanks to its hydrophobic
nature. Unfortunately, DOX alone can also affect the growth of other healthy cells, leading to many side
effects. These ultimately result in the depletion of the immune system and the human body becomes
more prone to microbial infection, fatigue and, thus, the healing time decreases significantly [58].
Nanocarriers thus come into the role that can be used to target the cancer cells, thereby reducing the
side effect of using a drug alone.

Figure 9. MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium)) assay showing the average percent of cell survival against various concentration of
(A) DOX; and (B) DTX drug on PC3 cell lines when incubated for 48 h. (Standard deviations were
calculated with six measurements).

When MTS assay is performed with the DTX drug, the reported IC50 value is 11 nM [59]. However,
in our case, the IC50 value of the loaded DTX drug increases to 100 nM due to the chemical modification
of the molecule. This value is lower than that obtained by Loiseau et al. for DTX-modified titanate
nanotubes where the obtained IC50 value was 390 nM [23]. Also, the percentage of surviving cells
at a higher concentration is 43.9 ± 5.7% for DTX-loaded nanoparticles and 40.5 ± 5.2% for free DTX,
as shown in Figure 9B. This suggests that it can be used as effective nanocarrier.

The targeting specificity of the developed nanoparticles were further quantified using flow
cytometry by an Annexin V-FITC detection kit with PI staining. Necrosis and apoptosis are measured
as shown in Figure 10.

At an equivalent drug concentration where the concentration of only GSH-pDA-IONPs in the
nanohybrid is in the range of 0.01 to 5.3 μg mL−1, it is observed that DOX-loaded nanoparticles reveal a
slightly lower antitumor activity compared to free DOX. This may be due to the interaction mechanism
of DOX-GSH-pDA-IONPs as it is observed in MTS and confocal studies (Figure S8) [60]. However,
in this test, PC-3 cells were exposed to DOX for 24 h, whereas MTS assay cells were exposed for 48 h.
On further analyzing the nature of cell apoptosis, it is observed that DOX-loaded nanoparticles show
24.9% of early apoptotic (Annexin positive / PI negative) for only 24 h of exposure compared to 16.7%
for free drug nanoparticles (GSH-pDA-IONPs). These results suggest that even a small concentration is
able to induce cell apoptosis, which confirms the antiproliferative effect of DOX-loaded nanoparticles.
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Figure 10. Representative dot plot of Annexin V-FITC/PI ((fluorescein isothiocyanate) detection kit
with PI (propidium iodide) staining of PC3 (prostate cancer) cells incubated for 24 h A. Without any
sample B. with DOX, C. GSH-pDA-IONPs and D. DOX-GSH-pDA-IONPs (flow cytometry: x axis
(Fluorescence 1, FL1) Annexin V-FITC and y axis (FL3) propidium iodide). The Q1 quadrant represents
unviable cells (PI positive and annexin negative). The Q2 quadrant represents cells that are in late
apoptosis or necrosis (both annexin and PI positive). The Q3 quadrant represents viable cells (both
annexin-FITC and PI negative). The Q4 quadrant represents cells in early apoptosis (annexin positive
and PI negative).

4. Conclusions

In this work, we attempted to develop nanocarriers based on IONPs to treat prostate cancer.
IONPs were first coated with a biocompatible polymer, pDA, which provides an anchor for further
functionalization. Then, glutathione was successfully grafted onto pDA-IONPs in order to increase
the efficacy of the developed nanocarrier thanks to its intrinsic biological properties. Before going to
the biological assays, the developed nanocarriers were fully characterized using different techniques
(TEM, XPS, XRD, TGA, FTIR, UV-vis, DLS and zeta potential measurements) to ensure the successive
coating and immobilization of pDA and GSSG onto the IONPs’ surface. Two therapeutic molecules
were studied in this work: DOX and DTX. These two anticancer drugs have been widely used in
the treatment of cancer but they have several side effects when used alone. Thus, to overcome these
limitations, we developed nanocarriers that can decrease these side effects. This was preliminarily
proved with MTS and apoptosis studies, performed on PC3 cell lines. Drug release studies were also
carried out with DOX-loaded nanoparticles to explore the interaction behavior of drugs in physiological
and cancerous cell environments (imitated by an acid medium). Subsequently, the GSSG grafted onto
pDA-IONPs was reduced to obtain free thiols on the surface, which provides an additional advantage
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to the nanocarrier by forming S-nitrosothiols. This could also be used as a NO donor agent and, thus,
proves its worth in cancer treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/138/s1,
Figure S1: XRD pattern of the bare IONPs (λ = 1.540598 Å), Figure S2: SAED patterns obtained via TEM
analyses of A. bare IONPs and B. pDA-IONPs, Figure S3: Suspension images of (A). pDA-IONPs and (B).
GSSG-pDA–IONPs after 24 h in PBS (10 mM, pH 7.4), Figure S4: Calibration curve showing the magnetic
susceptibility vs. concentration of bare IONPs. Measurements were carried out in deionized water at pH 5.0–6.0,
Figure S5: FTIR spectrum of the prepared DTX-PMPI, Figure S6: 1H-NMR predicted spectrum of DTX-PMPI,
Figure S7: DLS size measurements to check the colloidal stability of the developed nanoparticles drug loaded
FDG (GSH-pDA-SPIONs) in biological media (RPMI and albumin in NaCl) at 37 ◦C, Figure S8: Confocal images
of PC3 cell lines with A. no treatment, B. only DOX and C. DOX loaded nanoparticles; Table S1: Comparative
chart showing the drug loading efficiencies of doxorubicin and docetaxel, calculated using different method.
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Abstract: Magnetic nanoparticles offer multiple utilization possibilities in biomedicine. In this
context, the interaction with cellular structures and their biological effects need to be
understood and controlled for clinical safety. New magnetic nanoparticles containing metallic/
carbidic iron and elemental silicon phases were synthesized by laser pyrolysis using Fe(CO)5

vapors and SiH4 gas as Fe and Si precursors, then passivated and coated with biocompatible
agents, such as L-3,4-dihydroxyphenylalanine (L-DOPA) and sodium carboxymethyl cellulose
(CMC-Na). The resulting magnetic nanoparticles were characterized by XRD, EDS, and TEM
techniques. To evaluate their biocompatibility, doses ranging from 0–200 μg/mL hybrid Fe-Si
nanoparticles were exposed to Caco2 cells for 24 and 72 h. Doses below 50 μg/mL of both
L-DOPA and CMC-Na-coated Fe-Si nanoparticles induced no significant changes of cellular viability
or membrane integrity. The cellular internalization of nanoparticles was dependent on their dispersion
in culture medium and caused some changes of F-actin filaments organization after 72 h. However,
reactive oxygen species were generated after exposure to 25 and 50 μg/mL of both Fe-Si nanoparticles
types, inducing the increase of intracellular glutathione level and activation of transcription factor
Nrf2. At nanoparticles doses below 50 μg/mL, Caco2 cells were able to counteract the oxidative stress
by activating the cellular protection mechanisms. We concluded that in vitro biological responses
to coated hybrid Fe-Si nanoparticles depended on particle synthesis conditions, surface coating,
doses and incubation time.

Keywords: hybrid Fe-Si nanoparticles; laser pyrolysis; Caco2 cells; cytotoxicity; oxidative stress

1. Introduction

The biomedical applications of nanomaterials are particularly focused on magnetic nanoparticles
(MNPs), due to their attractive properties, such as superparamagnetism and significant saturation
magnetization. Thus, they have been successfully tested as contrast agents in magnetic resonance
imaging (MRI) [1], drug or bioactive molecule carriers for direct delivery to the disease
site [2,3], and hyperthermia [4]. These nanosystems were also used in a wide variety of areas, magnetic
separation [5], nanostructured soft/hard magnets [6], heat exchanger or cooling nanofluids [7],
magneto-optical controlled wavelength filters [8], magnetorheological fluids as mechanic shock
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absorbers [6], up to environmental management [3,9]. Given the fact that the physical and chemical
properties of MNPs largely depend on their synthesis method and chemical structure, several
methods have been developed for synthesizing MNPs with different compositions [10–13].

Unprotected zerovalent iron nanoparticles (NPs) do not occur in nature because such NPs would
get quickly oxidized in contact with air or water. The proper strategy to preserve the iron zerovalent
nanodomains is their encapsulation in protective shells (carbon, polymers silicon, or iron oxide etc.).
In comparison with conventional iron oxide NPs, it has been demonstrated that α-Fe-based NPs
with the same particle dimensions exhibit a much greater magnetization and coercivity force at
room temperature as the hysteresis loops revealed from magnetometry analyses [14]. Due to these
properties, Fe-based NPs might be more active for generation of local hyperthermia than iron oxide
NPs. Furthermore, Fe-based NPs used as MRI contrast agents have a much stronger shortening effect
on T2 relaxation time than iron oxide NPs [15,16].

In addition, due to their high reactivity in an aqueous environment, the coated zerovalent
Fe-based NPs must be studied for the characterization of certain features that are significant for
biological applications, such as encapsulation, solubility, size, stability, and biocompatibility. To prevent
NPs agglomeration and oxidation, which diminish their magnetism, it is important to chemically
stabilize the morphology and magnetism of MNPs, during and after synthesis with non-toxic
biocompatible coatings [17,18]. Several studies have focused on the design of new generation of
nanoparticle systems with biocompatibility, enhanced dispersibility, internalization, and targeting
capabilities improved by surface modifications [15,19]. In this respect, various biocompatible
agents, such as polyethylene glycol (PEG)-derived compounds [20,21], alginate [22,23], chitosan [24],
dextran [25], heparin [26], L-3,4-dihydroxyphenylalanine (L-DOPA) [27,28], phosphonates or
carboxymethyldextran [29], Na carboxymethyl-cellulose (CMC-Na) [30] were used for NPs
coatings. Many of those cited polymeric coating agents or other synthetic polymers, as well
as the well-known biological molecules—proteins, peptides, lipids, or nucleic acids—can also
form various nano-assemblies [31], without the introduction of an inorganic core. Such structures
can have similar bio-applications to those of the coated nanoparticles, being useful to
compare the biocompatibilities and toxicity of the two types of agents. One of the main targeted
application—the drug delivery—was reviewed for the polymeric nanoparticles in [32], based on their
properties for a sustained and controlled release, as well as on their small size and biocompatibility
with tissues and cells. Even if they “have the potential to improve current disease therapies because of
their ability to overcome multiple biological barriers and releasing a therapeutic load in the optimal
dosage range”, their fate after introduction in living organisms is affected by many factors, such
as composition, size, heterogeneity, surface functionality (including targeting ligands), and charge,
which thus influence the biodistribution, clearance, and also their toxicity [33]. As examples
for such all-organic nanoparticle-based drug delivery systems, we can cite the alginate core–Na
sulfosuccinate (AOT) bilayer shell loaded with water-soluble doxorubicin, verapamil hydrochloride,
clonidine hydrochloride or diclofenac sodium [34], PLGA (D,L-lactic-co-glycolic acid) nanoparticles
for antimalarial artesunate agent delivery in Plasmodium-infected albino mice [35], or PAMAM
(polyamidoamine) dendrimers as insoluble and nephrotoxic drug amphotericin B carriers [36].
However, the PAMAM dendrimer nanoparticles can also present toxicity related with the surface
NH2 group density, which can be significantly diminished for the case of those terminating with –OH
or –COOH [37]. Another type of hydrophilic organic nanoparticle used for diagnosis applications
(photoacoustic contrast agent, nanoplatform for positron emission tomography (PET) or magnetic
resonance imaging (MRI)) were those based on PEGylated natural melanin reported in [38]. An original
approach for the synthesis of polymeric nanoparticles started from diacrylates, such as TEGDA
(tetra(ethylene glycol)diacrylate), which undergo both linear polymerization and intrachain reticulation
using CRP (controlled/living radical polymerization) [39]). Similar cyclized/knotted nanoparticles
(composed from poly[bis(2-acryloyl) oxyethyldisulphide-co-2-(dimethylamino) ethyl methacrylate]
supplementary ethylenediamine-conjugated) were successfully used as non-viral gene transfection
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agents for epidermal keratinocytes (skin cells) [40] based on electrostatic interactions. The same
type of interactions involving positive ammonium groups of nanoparticles and negative phosphate
groups from DNA (deoxyribonucleic acids), resulted in stable polyplexes that were also reported
for high efficiency epidermal gene therapy, yet using biocompatible/low toxic highly branched
β-aminoesters having ethylenemorpholine and hydroxypentyl groups linked to nitrogen atoms
from the main polymeric chains [41,42]. Those special polymers—obtained from a triacrylate
branching combined with polyethoxylated bisphenol diacrylate monomers—were tested both
in vitro for biocompatibility on human cervical cancer (HeLa) cells, and in vivo on genetic
collaged-defective dystrophic epidermolysis bullosa (RDEB) knockout mice, showing improved
transfection efficiency and reduced cytotoxicity [43]. The synthesis of newly modified NPs for
biomedical applications requires the evaluation of potential risks and toxicity effects resulting
from the interaction between NPs and living cells. Failure of candidate coating can occur in a wide
variety of modes, including toxicity [44], foreign body response [45] or instability in the biological
milieu of hydrolytic enzymes and generation of inflammatory processes [46].

In vitro models are reliable tools to identify the effects of NPs in the human body,
allowing the estimation of their toxicity and biocompatibility. Among other factors, cellular toxicity of
NPs depends on the particle size, shape, porosity, surface charge, chemical composition, and colloidal
stability [47]. Moreover, the nanoparticle–cell interactions and biological responses differ, depending
on the cell type [48]. Many cancer cell models are used to study the biological effects of MNPs. One of
them is Caco2 cell line, a human intestinal cell model which has been adopted by many researchers
for exploring the toxicity of a range of NPs to the gastrointestinal system. Studies on Caco2 cell
line are focused on the in vitro biocompatibility of coated magnetic iron oxide NPs for biomedical
applications [49]; the effects of magnetic NPs in hyperthermia [50]; the synergistic interactions between
magnetic fluid hyperthermia and the anticancer drugs [51]; the interaction with magnetic iron oxide
NPs with different coatings [52]; the effect of NP size and surface charge on their interaction with
cells, and the mechanism of NP internalization and toxicity [53]. The Caco2 cell line is preferred, also,
because it holds many advantages due to its simplicity and reproducibility of results.

Therefore, it is important to analyze the in vitro interactions of the NPs with a specific cell line.
Thus, for MNPs with potential in biomedical applications, one may then proceed towards in vivo
validation and biodistribution assays. At the cellular level, the nanoparticle uptake and the mechanism
by which they enter the cell has been studied, as it has important implications not only for their fate,
but also for their impact on the biological systems.

The aim of present study was to succeed the synthesis of hybrid nanoparticle aggregates
containing distinct iron-based and silicon nanophases, and to prove their biocompatibility.
Nanopowders were prepared by laser pyrolysis using a new special geometry for the reactive gas
mixtures’ introduction. Thus, we employed a special nozzle endowed with two close and parallel
tubes. Fe(CO)5 vapors carried by a C2H4 flow and a separate gas mixture of SiH4 and Ar were
used as Fe and Si donors, respectively. Stabilized suspensions were prepared using synthesized
NPs covered with two biocompatible agents: L-DOPA or CMC-Na, in order to evaluate their in vitro
biological responses on human colorectal epithelial adenocarcinoma cells (Caco2 cell line). The effect
induced in vitro was evaluated on different formulations of L-DOPA and CMC-Na-coated NPs
in suspensions, and on individual components by varying the synthesis parameters focused to
tailor the composition of Fe-Si nanoaggregates, as well as their magnetic properties and crystalline
dimension. According to our results, the biological responses of the hybrid Fe-Si NPs were influenced
by both the synthesis parameters and the type of coating/stabilizer. The results revealed that
L-DOPA and CMC-Na-coated NPs display a different biological behavior on Caco2 cells, which
is of great interest for further biomedical applications.
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2. Materials and Methods

2.1. Experimental Set-Up for Laser Pyrolysis

Distinct syntheses of Fe@FexOy and Si@SiOx core shell nanopowders were already performed
using previously described laser pyrolysis protocols [14,54,55]. Briefly, for producing nanosized iron
or silicon nanopowders in the typical procedure, the focused continuous wave or pulsed CO2 laser
radiation (λ = 10.6 μm) orthogonally crossed the gas flows, emerging through the central inlet tube
dedicated for reactive gas mixture: (1) C2H4 and Fe(CO)5 vapors for Fe based nanopowders, or (2)
SiH4 in combination with an inert gas or C2H4 for Si-based nanopowders. The confinement of gas
precursors toward the flow axis and of the freshly nucleated particles was achieved by a coaxial
argon (or other inert gas) flow. Here, we employed a COHERENT Diamond E-400 (Coherent,
Santa Clara, CA, USA) CO2 pulsed laser emitting in infrared domain at 10.6 μm with 90 kHz
frequency, for the simultaneous synthesis of hybrid nanomaterials with distinct Fe-based and Si
nanocrystals, just by approaching the two central gas flows via a nozzle with two parallel nearby inner
tubes dedicated for Fe and Si precursors, respectively. In order to control the aggregation process,
two different geometries for the reaction product evacuation have been used: (1) a classical one
with a cylindrical geometry having a 3 cm2 cross section placed at 3 mm above the reaction zone, or
(2) a tronconical one (narrow escape, similar with the expansion nozzle used in [56]), where the smaller
base-endowed with a 0.05 cm2 hole—was placed at 1.5 mm above the reaction zone, as presented
in Figure 1. The second exhaust trajectory generated a quick quenching for the exhaust products
(powder and resulted gaseous components). In all experiments (labeled Fe-Si), the Fe(CO)5 (the iron
precursor) vapors entrained by ethylene emerged through the first central inlet tubes, while a mixture
containing SiH4 and Ar emerged into the reaction chamber through the neighboring second central
inlet (see Figure 1). The Fe and Si precursors, and partially, the ethylene, were allowed to dissociate in
two distinct but adjacent flames, due to the resonant interactions between the laser beam and both
ethylene and silane (having thus the role of laser energy transfer agents or sensitizers) and they
transferred the resulted heat via intermolecular collisions to both (Fe-rich and Si-rich, respectively)
reactive mixtures.

Figure 1. Experimental set-up used for the obtaining of nanometric Fe-Si-based hybrid nanoaggregates
by laser pyrolysis followed by a post-irradiation superficial oxidation.

The most relevant samples selected for this study were synthesized using the parameters
presented in Table 1. In all cases, an annular external argon flow (2500 sccm) assured the confinement
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toward the central flow axes. At the end of synthesis, the input gas streams were stopped, the remaining
gas extracted with the vacuum pump from both reaction and collection chambers, followed by synthetic
air (the oxidizer agent) slowly being introduced in the main chamber through the lateral outlets
(located near the IR-transparent windows). This “soft oxidation” treatment ensured the development
of an oxidic shell at zerovalent iron surfaces, preventing thus the particles burning upon air
exposure [57]. A similar oxidic shell (made from SiO2) seems also to superficially cover the Si
nanoparticles due this treatment.

Table 1. Experimental parameters for the standard/rapid quenching laser-assisted synthesis of
Fe-Si-based hybrid nanoparticle aggregates.

Sample/Parameters
Exhaust

Geometry

D1 Flow D2 Flow Laser Power Flame
Temp.
(◦C)

DC2H4/Fe(CO)5

(sccm)
DSiH4

(sccm)
DAr

(sccm)
PL/Ar/PL/abs.

(W)

Fe-Si2 normal 60 20 50 115/105 660
Fe-Si3 normal 60 10 40 115/108 620
Fe-Si7 narrow 60 5 55 115/110 540

After the synthesis and superficial oxidation treatment, the morphology and composition
of the as prepared NPs were characterized by X-ray diffraction (XRD), energy-dispersive X-ray
analysis (EDX), transmission electron microscopy (TEM), and selected area electron diffraction (SAED).
Also, their magnetic features were investigated via vibrating sample magnetometry (VSM). Hybrid
nanoaggregates might contain two distinct components: a magnetic one due to presence of Fe-based
nanodomains, and a non-magnetic one if Si rich nanomaterial co-occur randomly mixed with the first
one in the same powder. This fact appears predominantly, when the two parallel inlets are positioned
too far apart (more than 2 mm). For this reason, only those samples that separate magnetically
more than 95 wt % from a methanol-based suspension were used in the next studies. Also, all three
samples selected here (see Table 1) were synthesized using 1.0 mm distance between the two inlet
tubes, and they revealed this macroscopic magnetic homogeneity.

2.2. Synthesis and Coating of Hybrid Fe-Si Nanoparticles

As raw materials for the laser pyrolysis synthesis, we employed iron pentacarbonyl (97%) from
Sigma-Aldrich (St. Louis, MO, USA) as vapors from volatile liquid and gaseous ethylene (99.999 vol. %),
silane (99.99% vol. %), argon (99.9999 vol. %), and synthetic air (having 20% O2 and 80% N2 vol. %)
from Linde Gas (Timisoara, Romania). For the water-based nanoparticle suspensions’ preparation,
we employed L-DOPA (3,4 dihydroxy-L-phenylalanine, product code D9628), carboxymethylcellulose
sodium salt (low viscosity, product code C5678) and Dulbecco’s phosphate buffered saline (PBS,
product code D1408), all purchased from Sigma-Aldrich (St. Louis, MO, USA).

The preparation of stabilized suspensions was done according the same procedure as in [27]
when L-DOPA was used as stabilizer. As a particularity, Fe-Si nanoaggregates showed a good
stability in distilled water (pH ~5.5, due to the atmospheric CO2 absorption) but their magnetic
properties decreased down to 60% in comparison with those dispersed in acetone (a base fluid
presumed to be inert, which does not modify the particles magnetic properties). Due to this
reason, the homogenized dry mixture of nanopowder and CMC-Na stabilizer was slowly introduced
in water under the combined action of the ultrasonic horn disperser (20 mm diameter, Hielscher
UIP 1000-hd Ultrasonic Homogenizer, Hielscher Ultrasonics, Teltow, Germany) and a vibrating thin
rod during 5 min, and then for the entire suspension, the ultrasonic treatment was continued for
30 min using an external cold water bath, to maintain a temperature around 30 ◦C. For catechol
stabilization, firstly, a 3 g/L L-DOPA hot solution was prepared, then the magnetic powder was added
using the vibrating rod and the ultrasonic bath (Labsonic LBS2 from Falc Instruments, Treviglio, Italy),
sealed and ultrasonicated on the same bath for 5 h at 70 ◦C, followed by the same half hour horn
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ultrasonication, also at 70 ◦C temperature. Using these procedures, the magnetic saturation of final
stabilized suspension dropped only by 15% in comparison with the one made at the same powder
concentration, in acetone. In both cases, the nanopowders were suspended and stabilized in distilled
water, and then transferred in PBS.

2.3. Characterization of Hybrid Fe-Si Nanoparticles and Resulted Suspensions

The crystalline phase composition of raw nanopowders was evaluated using a PANalyticalX’Pert
MPD theta–theta X-ray diffraction (XRD) apparatus (PANalytical, Almelo, Netherlands) using a Cu
K-α source (0.15418 nm), while their morphology and structure were examined with a Philips
CM 120ST (120 kV) Transmission Electron Microscope (TEM), (Philips, Amsterdam, Netherlands).
Energy-dispersive X-ray spectroscopy (EDS) measurements for elemental analysis were performed
inside a scanning electron microscope FEI Quanta Inspect S (FEI, Hillsboro, OR, USA) at 10 kV
accelerating voltage, using an ELEMENT Silicon Drift Detector from EDAX Co (FEI, Hillsboro, OR,
USA). Magnetic hysteresis curves were obtained at room temperature using a vibrating sample
magnetometer (VSM) under applied fields up to 1000 kA/m. A Malvern Zetasizer apparatus (Malvern,
Worcestershire, UK) was employed for the aqueous media suspended particles mean hydrodynamic
size analyses using dynamic light scattering (DLS) method.

2.4. Cell Line Culture and Treatment

The Caco2 cell line, originally derived from a human colorectal adenocarcinoma, was purchased
from American Type Culture Collection (ATCC HTB-37, ATCC/LGC Standards GmbH, Wesel,
Germany). Human Caco2 cell line is a continuous line of heterogeneous epithelial colorectal
adenocarcinoma cells, rapid and easy to culture, and is also used to predict in vivo toxicity [58].
Caco2 cells are approximately 30 to 70 μm, spindle- or polygon-shaped (high cell density), with
adherent cells growing as a confluent monolayer.

The cell cultures were grown in 75 cm2 flasks in complete Minimum Essential Medium (MEM;
M0643, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 1% antibiotic–antimycotic mix
solution (A5955; Sigma-Aldrich, St. Louis, MO, USA) and 20% fetal bovine serum (10270-106, origin
South America, Gibco, by Life Technologies, Carlsbad, CA, USA) and maintained at 37 ◦C in humidified
atmosphere (95%) with 5% CO2.

To evaluate the biological effect induced in Caco2 cells by hybrid Fe-Si NPs exposure, the cells
were seeded in 96 and 24-well plates at a density of 5 × 104 cells/mL and allowed to attach
overnight. Then, hybrid Fe-Si NPs and the two stabilizers (L-DOPA and CMC-NA) were serially diluted
(0 = control, 12.5, 25, 50, 100, 200 μg/mL for NPs, and 7.5, 15, 30, 60, 120 μg/mL for corresponding
concentrations of stabilizers in NPs suspensions) in cell culture medium, and incubated with the cells
for 24 and 72 h.

2.5. Cell Viability and IC50 Evaluation

Cell viability was measured after cell exposure to nanoparticles by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) spectrophotometric test [59]. Briefly, the cells were seeded
in 96-well plates at a density of 104 cells/well/200 μL, and allowed to adhere for 24 h. Hybrid Fe-Si NPs
(0–200 μg/mL) and the two stabilizers (0–120 μg/mL) were added into culture media and incubated for
24 and 72 h. After each time interval, the medium with NPs was removed from all wells, and 75 μL of
1 mg/mL MTT solution (M2128, Sigma-Aldrich) was added for 2 h at 37 ◦C. The formazan produced by
MTT reduction in metabolic active cells was solubilized in 150 μL isopropanol, and the absorbance was
measured at 595 nm using a FlexStation 3 microplate reader (Molecular Devices, San Jose, CA, USA).

IC50 values or inhibitory concentrations were calculated to identify the dose that inhibits 50%
of the viability of Caco2 cells. For calculating the IC50 values, the treatment concentrations (x) and the
viability inhibition rate obtained by the MTT (y) test were used. The data were plotted by linear
regression, and the IC50 values were estimated using the equation: Y = a × X + b; IC50 = (0.5 − b)/a.
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2.6. Cell Morphology and F-Actin Cytoskeleton Imaging

Morphologic characteristics of Caco2 cells after exposure to NPs were analyzed by
optical and fluorescence microscopy. Bright-field representative images with Caco2 cells were
acquired by phase contrast microscopy using an inverted microscope Olympus IX73 (Olympus,
Tokyo, Japan) and CellSens Dimension imaging software (ver. 1.11, Olympus, Tokyo, Japan). Cell
actin cytoskeleton was fluorescently labeled using Alexa Fluor 488 phalloidin dye (A12379, Molecular
Probes by Life Technologies, Carlsbad, CA, USA), which binds F-actin filaments with high selectivity,
providing a green fluorescence. Briefly, after NPs exposure cells were fixed with 4% paraformaldehyde
for 10 min and permeabilized with a solution of 0.1% Triton X-100 in 2% bovine serum albumin for
45 min. Finally, cells were stained for 45 min at room temperature with 150 nM Alexa Fluor 488
phalloidin solution. Images were captured with an inverted fluorescence microscope Olympus IX71
(Olympus, Tokyo, Japan) with CellˆF software (ver. 5.0, Olympus, Tokyo, Japan) using identical settings.
Fluorescence intensity of phalloidin-positive cells was quantified by using ImageJ (ver. 1.47q, Bethesda,
MD, USA), and the results expressed as background-corrected integrated fluorescence density. Six
images for each sample were analyzed and the fluorescence intensity was measured. The graph was
represented using the mean fluorescence ± standard deviation.

2.7. Lactate Dehydrogenase (LDH) Assay

The LDH amount released in culture medium was assessed as a measure of cell membrane
integrity using the In Vitro Toxicology Assay Kit, Lactic Dehydrogenase-Based (TOX7, Sigma-Aldrich,
St. Louis, MO, USA). According to the manufacturer’s instructions, volumes of 50 μL of culture
supernatants removed from the same 96-well plates used for MTT test, were incubated with 100 μL mix
composed from equal parts (1:1:1) of dye, substrate, and cofactor for 30 min in dark. The reaction was
stopped by adding 15 μL of 1 N HCl, and the absorbance was read at 490 nm using a microplate reader.

2.8. Measurement of ROS Production

The level of intracellular reactive oxygen species (ROS) generated after exposure to hybrid Fe-Si
NPs in Caco2 cells was measured as previously described [60] using 2′,7′-dichlorofluorescein diacetate
(H2DCF-DA; Sigma-Aldrich, St. Louis, MO, USA). Only two NPs concentrations were investigated:
25 and 50 μg/mL, selected after cell viability evaluation. The cells were seeded in 96-well plates
at a density of 2 × 104 cells/well and after 1 to 4 h of incubation with NPs incubation, ROS production
was recorded (as relative fluorescence units, RFU) using a fluorescence microplate reader FlexStation 3
(Molecular Devices, , San Jose, CA, USA) at 485 nm ex./520 nm em. wavelength.

2.9. Protein Extraction

Caco2 cells, harvested from culture flasks, were washed with PBS, trypsinized, and centrifuged at
1500 rpm for 5 min. Cell pellets were washed again, resuspended in 400 μL of PBS, and then sonicated
on ice three times, for 30 s each. The total protein extract was centrifuged at 3000 rpm for 10 min at 4 ◦C.
Aliquots of the supernatant were used for further determination. The protein concentration, expressed
as mg/mL, was measured by Bradford method, using bovine serum albumin as standard [61].

2.10. Quantification of GSH Content

The intracellular reduced glutathione (GSH) concentration was evaluated using the Glutathione
Assay Kit (CS0260, Sigma-Aldrich, St. Louis, MO, USA). Briefly, after treatment with NPs,
protein extracts were precipitated with 5-sulfosalicylic acid (1:1) and the supernatants were
recovered. A volume of 10 μL from each sample was added in 150 μL assay buffer containing
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB; D8130, Sigma-Aldrich, St. Louis, MO, USA), and incubated
for 10 min at room temperature. The 5-thio-2-nitrobenozoic acid (TNB) formed was measured
spectrophotometrically at 405 nm. A calibration curve (3.125–200 μM) was similarly prepared
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using glutathione solution as standard. The results were expressed in nmoles GSH/mg of
protein and represented as a ratio of treated cells compared to untreated cells.

2.11. Immunoblotting of Nuclear Factor E2-Related Factor 2 (Nrf-2)

Equal amounts of protein (30 μg) from treated and untreated Caco2 cells were electrophoresed
through an SDS-polyacrylamide gel (10% resolving gel) in Tris-glycine buffer at 90 V for
2 h. The proteins were transferred from the SDS-polyacrylamide gel to Immun-Blot PVDF membrane
(Bio-Rad, Hercules, CA, USA) using a wet transfer system. Membranes were developed using
WesternBreeze Chromogenic Anti-Rabbit Kit (WB7105, Invitrogen, Carlsbad, CA, USA) and rabbit
polyclonal primary anti-Nrf-2 antibody (sc-722, Santa Cruz Biotechnology, Heidelberg, Germany)
according to the manufacturer’s instructions. The protein bands were detected by staining
with the BCIP/NBT substrate and visualized with the ChemiDoc Imaging System (Bio-Rad, Hercules,
CA, USA). Quantification of bands on Western images was done using the Image Lab software
(ver. 5.2, Bio-Rad, Hercules, CA, USA). To normalize Nrf-2 levels, Nrf-2 band intensity was divided
by β-actin (A1978, Sigma-Aldrich, St. Louis, MO, USA) band intensity (which serves as reference
protein), and represented as percentages of control.

2.12. Statistical Analysis

All tests were performed in triplicate, and data were shown as mean ± standard deviation
(SD). The statistical Student’s t-test was performed for biological tests to analyze significant differences
when comparing treated cells with controls. A value of p < 0.05 was considered significant.

3. Results and Discussion

3.1. Hybrid Fe-Si Nanoparticles Preparation and Characterization

In the Figure 2, superposed X ray diffractograms of the nanopowders from
three selected experiments (two employing large cylindrical gas/particles evacuation
geometry—Fe-Si2 and Fe-Si3, and one using the expansion nozzle—Fe-Si7) are
presented. The elemental silicon phase can be observed for all powders, but for those synthesized in
classical cylindrical geometry, the corresponding peaks are more intense, especially for the Fe-Si2
sample where the highest silane flow was used. Highest Si atomic concentration was found also
in the Fe-Si2 sample (see Table 2), confirming the tendency of decreasing the amount of silicon
detected in the resulted nanopowders with diminishing SiH4 flow. The mean silicon crystallite sizes
in the nanopowders obtained in this geometry decreased with the diminishing of SiH4 flow, as can be
calculated using Debye–Scherrer formula (17.5 nm for Fe-Si2 vs. 13.3 nm for Fe-Si3). The presence of
Fe-based phases, formed by iron pentacarbonyl decomposition under ethylene sensitizer influence,
is proved by the identification of Fe3C (cohenite) peaks, the most intense being those at 2θ = 45◦.
Other phases, such as Fe3C7 and αFe, can also be present in small quantities, given that most of their
peaks overlap with those of the Fe3C phase. Even if we used the same ethylene-entrained Fe(CO)5

vapor flow in all three experiments, it seems that the expansion nozzle favorizes their decomposition.
Thus, the Fe-Si7 powder exhibits the most intense peak at 2θ = 45◦, accompanied by smaller peaks at
41◦ and 49◦, all attributed to Fe3C phase, formed by the ethylene decomposition on the freshly-formed
iron clusters resulting from Fe(CO)5 decarbonylation and coalescence, followed by the solubilization
of the resulting carbon species. This fact is confirmed by the EDS measurements (see Table 2) which
show that the Fe-Si7 samples have the highest iron atomic concentration. A lower intensity peak can
be observed for all three samples at 2θ ~36◦, could be attributed to γFe2O3/Fe3O4 phase, formed by
superficial oxidation of iron-based phases during the post-synthesis passivation process.
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Figure 2. Superposed X-ray diffractograms for the Fe-Si2, Fe-Si3, and Fe-Si7 raw nanopowders, and the
reference diffractograms for Fe-based phases.

Table 2. Elemental composition of powders extracted from EDX analyses.

Element/Sample C (atom %) O (atom %) Si (atom %) Fe (atom %)

Fe-Si2 11.1 23.8 34.3 30.8
Fe-Si3 13.4 33.1 26.7 26.8
Fe-Si7 13.3 26.1 19.9 40.7

Figure 3 contains a series of transmission electron microscopy images from Fe-Si3 and Fe-Si7
samples, showing the round morphology of the observed nanometric particles. The left high-resolution
image shows two nanoparticles with diameters around 22–25 nm from the Fe-Si3 powder,
where the (031) cohenite crystalline planes—distanced at 2.05 Å—were identified. These nanoparticles
are covered with a thin layer of turbostratic (composed from 3 or 4 stacked graphenes distanced
at ~3.5 Å) mixed with amorphous carbon. This carbon-based layer can be formed by excess
carbon precipitation from the carbon-saturated iron-based NPs upon cooling after the reaction
zone. The central high resolution transmission electron microscopy (HR-TEM) image (from Fe-Si7
sample, synthesized with the expansion nozzle) shows a few aggregated nanoparticles deposed
onto the amorphous carbon membrane which covers the electron microscope grid. In the upper
one, (100) parallel crystalline planes, distanced at 0.31 nm, belonging to silicon phase, can be
clearly seen, which extend over 12 nm. In the lower part of same image, another two smaller
crystalline zones can be identified, with 0.20 nm interplanar distance, which could be attributed
to (031) planes of Fe3C or to (110) planes of αFe. The third TEM image from the right part of Figure 3
shows the extended fractal aggregates of small (3–5 nm) NPs from the same powder, Fe-Si7. Even at
this lower magnification, the core–shell structure of the chained nanoparticles can be clearly noticed.
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Figure 3. Higher definition (left: Fe-Si3, center: Fe-Si7 samples) and lower definition (right: Fe-Si7
sample) TEM images of nanoparticles from as-synthesized powders.

Table 3 summarizes some of the magnetic parameters of the raw nanopowders, extracted
from the room temperature hysterezis magnetization curves. As expected, the highest magnetization
(47 emu/g) can be found for the Fe-Si7 sample with the higher Fe and lower Si content. The low
values of the coercivity reflect the near superparamagnetic behavior of the NPs, in concordance with
their dimensions. The maximum permeability values are of the same size order with those having of
Fe-based core and ZnO shells synthesized also by one-step laser pyrolysis, and recently reported by
us [36].

Table 3. Magnetic parameters (saturation magnetization, retentivity, coercivity, and maximum
permeability) of the raw powders.

Sample Ms (emu/g) Mr (emu/g) Hc (kA/m) μmax (emu/Oe)

Fe-Si2 21 2.85 5.37 5.22 × 10−4
Fe-Si3 23 3.81 8.84 7.38 × 10−4
Fe-Si7 47 10.53 12.88 7.87 × 10−4

3.2. Coating of Hybrid Fe-Si NPs with L-DOPA or CMC-Na

The dimensional distribution (by number) of polyanionic CMC-Na polyelectrolyte-coated
nanoparticle aggregates from the Fe-Si samples is presented in Figure 4. A monomodal
asymmetric distribution for Fe-Si2 NPs polyelectrolyte-coated in suspension can be observed,
with the mean hydrodynamic size centered at 85.3 nm. However, the scattering intensity counted
DLS size distribution from the same suspension (not shown here) reveals a bimodal distribution,
which reflects the presence of two distinct populations of aggregates, the smaller having sizes centered
around 81 nm, whereas the bigger ones are slightly more than three time larger (centered ~264 nm).
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Corroborating those two DLS size distributions, one can conclude that in the CMC-Na-stabilized
Fe-Si2 NPs suspension the number of bigger aggregates is very low. The suspension from Fe-Si3
NPs hydrophilized with CMC-Na shows a bimodal distribution (by number), where the smaller
nanoparticle aggregates (~70 nm) far outnumber the bigger ones (~230 nm), a situation similar
with the previously discussed NPs dispersion. The Fe-Si7 NPs suspended with CMC-Na shows
also an asymmetric monomodal size distribution with a reduced “tail” in the 70–90 nm zone, the mean
size in this case, being around 67 nm. If we compare the DLS size distributions for all, synthesized
suspensions, we can conclude that the CMC-Na agent induces the formation aggregates having smaller
sizes than those induced by L-DOPA, and that the use of the expansion nozzle (Fe-Si7 sample) favored
also smaller aggregates.

Figure 4. DLS size distribution diagrams of aqueous suspensions containing Fe-Si nanopowders
stabilized with CMC-Na and inserted tabulated values of mean hydrodynamic sizes of
water-suspended Fe-Si nanoparticle aggregates stabilized with CMC-Na and with L-DOPA.

Since both superficial silicon dioxide and iron oxide formed by passivation of Fe-Si
NPs have a hydrophilic behavior, in neutral media they tend to aggregate via hydrogen
bonds formation between hydroxyl surface groups. It seems that their coating with CMC-Na
polyanionic chains limits the aggregation, and also stabilizes the small aggregates against further
coalescence and sedimentation by electrostatic repulsions between negatively charged carboxyl groups.

The successful ultrasonication-assisted L-DOPA coating of laser pyrolysis-synthesized iron
oxide nanoparticles in aqueous media was reported by us in [27,62], where a supplementary
rhodamine derivate dye labelling was achieved. During this coating procedure, a partial oxidative
polymerization of L-DOPA (under the action of dissolved oxygen) to oligomelanins seems to occur,
as proven by the darkening of colorless pure L-DOPA solution at the same concentration, which was
subjected to an identical sonication treatment. The presence of a conformal coating (~15–20 nm
thickness), which also embeds multiple nanoparticles from the Fe-Si3 sample, can be observed
in the TEM image from Figure 5a. The chemical anchoring of L-DOPA molecules to the oxidic
surfaces of Fe-Si type, in a similar way to that reported for magnetite [63] nanoparticles, occurs
via the orthophenolate (catechol) part—see Figure 5b, while the remaining zwitterionic amino acid
part assures a high hydrophilicity and electrostatic stabilization at neutral pH. Similar stabilization
can also be induced by indole and/or carboxy groups from oligomeric melanins (related with natural
eumelanins) resulted by L-DOPA sonication-induced oxidative polymerization as schematically shown
in Figure 5b, according to a mechanism also proposed in [64].
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Figure 5. (a) TEM image of L-DOPA coated aggregates of nanoparticle derived from Fe-Si3
sample; (b) Proposed mechanism for L-DOPA attachment and polymerization to oligomelanin
on the nanoparticles oxidic surface.

3.3. Biocompatibility Assessment

3.3.1. Cytotoxicity

The new materials developed for biomedical applications require the simultaneous fulfillment of
three major conditions: biocompatibility, low toxicity, and biodegradability. Various nanostructures
based on iron and silicon have been reported to be highly biocompatible [65–67], and easily metabolized
by the body as orthosilicic acid Si(OH)4 or iron ions. The retention of NPs in the body primarily can
negatively affect organs, including liver, kidneys, stomach, and intestines.

To assess the biocompatibility of hybrid Fe-Si NPs coated with L-DOPA and CMC-Na, doses
ranging from 0–200 μg/mL were exposed to Caco2 cells for 24 and 72 h. Untreated cells and cells treated
with the individual components of NPs were used as controls. The results indicated no significant
change in Caco2 cell viability exposed to concentrations between 0–100 μg/mL L-DOPA-coated Fe-Si
NPs and 0–50 μg/mL CMC-Na-coated Fe-Si hybrid NPs (Figure 6). At the highest dose of 200 μg/mL,
NP cell viability decreased after 72 h exposure by 29%, 43%, and 11% in the presence of Fe-Si2_L-DOPA
NPs, Fe-Si3_L-DOPA NPs, and, respectively, Fe-Si7_L-DOPA NPs. By comparison, Fe-Si7_CMC-Na
NPs (200 μg/mL) were the most toxic, causing a decrease by 73% of cell viability after 72 h of exposure,
compared to untreated control. By comparison, the decrease of viability in the Caco2 cells exposed
to uncoated NPs was lower, the maximum decrease was induced by 200 μg/mL Fe-Si NPs after
72 h. Surprisingly, the most toxic component for Caco2 cells was L-DOPA which has an IC50 value
of 81.2 μg/mL. However, the IC50 values for the L-DOPA stabilized NPs were higher compared with
those stabilized with CMC-Na (Table 4).

By now, L-DOPA and CMC-Na have been used to stabilize various NPs, including iron oxide [68],
magnetic Fe-MWCNT [69], Fe@C [70], zinc oxide (ZnO) [71], silica (SiO2), and titania (TiO2) ones [72],
as well as anticancer drug carriers [73] etc., but the interactions with cells and tissues were not entirely
described and understood.

L-DOPA is an amino acid, precursor of dopamine, biosynthesized naturally by a number of
plants and animals. In humans, it is obtained through the metabolic pathway of catecholamines,
being biosynthesized directly from L-tyrosine. Some in vitro studies have reported toxic effects of
L-DOPA [74,75], whereas others have demonstrated a protective action, similar to the beneficial effects
of some dopamine receptor agonists. Furthermore, the results of many in vivo experiments, as well as
of clinical trials, did not demonstrate L-DOPA toxicity or remained inconclusive [76]. On the other hand
CMC-Na “generally recognized as safe” (GRAS) by the US Food and Drug Administration is widely
used in diverse industries including medical applications. The in vitro and in vivo biocompatibility
CMC has been demonstrated [22,77] as well as limited biodegradation by glucose residues
releasing [78].
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In our case, as resulted from Figure 6, NPs coated with CMC-Na presented a higher toxicity
compared with those coated with L-DOPA at high doses in Caco2 cells.

Table 4. IC50 values (doses that inhibits 50% of the cell viability) calculated after 72 h exposure
of Caco2 cells to various doses of hybrid Fe-Si nanoparticles (NPs) and stabilizers ranging from
0–200 μg/mL and 0–120 μg/mL respectively. Data are expressed as mean concentration ± SD (n = 3).

NP Sample IC50 (μg/mL)

Fe-Si2 382.18 ± 10.06
Fe-Si3 383.08 ± 11.86
Fe-Si7 904 ± 15.02

L-DOPA 81.2 ± 4.81
CMC-Na 1339 ± 14.27

Fe-Si2_L-DOPA 355.86 ± 17.23
Fe-Si3_L-DOPA 247.73 ± 14.56
Fe-Si7_L-DOPA 682.37 ± 14.07
Fe-Si2_CMC-Na 219.10 ± 11.83
Fe-Si3_CMC-Na 153.48 ± 8.14
Fe-Si7_CMC-Na 124.10 ± 7.10

Figure 6. Cell viability of Caco2 cells after 24 and 72 h exposure to different doses (0–200 μg/mL)
of hybrid Fe-Si NPs alone and stabilized with L-DOPA and CMC-Na (0–120 μg/mL). Data are expressed
as the mean ± SD (n = 3) and represented as percentages of untreated control (100% viability). * p < 0.05;
** p < 0.01; *** p < 0.001 versus untreated control.
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The release of lactate dehydrogenase (LDH) into the surrounding culture medium was
assessed as a marker for membrane integrity and necrotic events. Upon incubation with all tested
suspensions, high activity of LDH was found in the medium of Caco2 cells exposed to stabilized
NPs and to L-DOPA (Figure 7). A lower increase of LDH level was also noticed after incubation of
Caco2 cells with Fe-Si2, Fe-Si3, and Fe-Si7 NPs compared to untreated control, whereas no release of
LDH was observed after cell exposure to Fe-Si7_CMC-Na NPs and CMC-Na alone. These data were
in accordance with the results of MTT test and suggest that stabilization of hybrid Fe-Si NPs with
L-DOPA and CMC-Na could influence the interaction with Caco2 cells and increases their toxicity
at higher doses.

Figure 7. Level of lactate dehydrogenase (LDH) released from Caco2 cells after 24 and 72 h exposure to
different doses (0–200 μg/mL) of hybrid Fe-Si NPs alone and stabilized with L-DOPA and CMC-Na
(0–120 μg/mL). Data are expressed as the mean ± SD (n = 3) and represented as percentages of
untreated control (100% viability). * p < 0.05; ** p < 0.01; *** p < 0.001 versus untreated control.

3.3.2. Cell Morphology and Dispersion of NPs in Culture

To study the morphology of treated Caco2 cells, two doses of 25 and 50 μg/mL of Fe-Si NPs were
chosen based on cytotoxicity test outcomes. We inspected the filamentous actin cytoskeleton of Fe-Si
NP-treated Caco2 cells as a measure of preservation of the overall cellular architecture. Untreated
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cells showed a regular structure made up of aligned and tightly compacted F-actin or actin bundles
(Figure 8a). After incubation of Caco2 cells with each type of NP, no obvious changes in the cortical
F-actin system were caused by doses of 25 μg/mL (data not shown). The corresponding morphologic
structures remained detectable underneath the plasma membranes of most cells. However, some
alterations were noticed in cells exposed for 72 h to 30 μg/mL L-DOPA and 50 μg/mL Fe-Si3,
Fe-Si3_CMC-Na, and Fe-Si7_CMC-Na (Figure 8b). Formation of some F-actin aggregates and/or
inclusion bodies and a great proportion of actin bundles accumulated on cell periphery were
noticed (Figure 8a). By contrast, F-actin cytoskeleton was largely reserved after incubation with
Fe-Si7 and Fe-Si7_L-DOPA samples. As stated above, we show that cell viability was not compromised
by the presence of the F-actin alterations.

Figure 8. F-actin cytoskeleton in Caco2 cells after exposure for 72 h to 50 μg/mL hybrid Fe-Si NPs.
(a) Direct immunofluorescence of actin staining by Alexa Fluor 488 phalloidin (green fluorescence).
White arrows indicate F-actin aggregation and actin bundles accumulation on cell periphery
Magnification: 40×. Control represents untreated cells. Scale bar = 20 μm; (b) Quantification of
F-actin fluorescence.
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The degree of internalization was different between Fe-Si NPs samples. Unstabilized Fe-Si
NPs presented a low dispersion in the aqueous suspension, as well as in the culture medium,
which hindered the internalization on cellular level. The large aggregates of NPs are impossible
to penetrate the cellular membrane, and so the interaction with the cells remained, for the most
part, limited to the outer membrane. All stabilized suspensions of NPs were initially well-dispersed
solutions, but after their addition in the culture medium, L-DOPA -coated NPs have formed large
aggregates, especially the Fe-Si7_L-DOPA sample (Figure 9), probably due to the presence of ionized
carboxyl and amino groups that could interact electrochemically between individual NPs and between
NPs and amino acids and proteins from the culture media. Figure 9 shows the dispersion of hybrid
Fe-Si NPs in the cell culture medium, and their internalization in the Caco2 cell cytoplasm. The Fe-Si
NPs stabilized with CMC-Na presented a better dispersion in medium compared with those stabilized
with L-DOPA. As it can be seen, no internalization was observed for Fe-Si7_L-DOPA sample.

 

Figure 9. Images representing Caco2 cell morphology after exposure for 72 h to 50 μg/mL hybrid
Fe-Si NPs. Bright-field images showing NP dispersion and internalization into the cells. Data are
representative of 3 separate experiments with 3 replicates for each experimental condition. Control
represents untreated cells. Scale bar = 50 μm.

In a culture medium environment, rich in serum proteins, NPs are covered by the so-called
protein corona, which is influenced by the surface properties of the coated NPs in terms of
type and amount of absorbed proteins. This protein corona plays an important role in their interaction
with the cells and tissues, and thus in biological responses, therapeutic efficiency, and toxicity of NPs [79].

L-DOPA and CMC-Na are chemically different. In the culture medium (pH 7.4), L-DOPA has a neutral
charge. According to several protein corona studies, neutral surfaces are prone to adsorb high amount of
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serum proteins, which can result in higher blood circulation time in vivo [80,81]. Carboxylic acid groups
can act as anchor points for addition of secondary molecules by covalent bonding with amine groups, e.g.,
via carbodiimide chemistry [80].

On the contrary, CMC sodium salt is an anionic derivative of cellulose, negatively charged
at neutral pH (pKa of 4.3), in which the hydroxyl groups are partially or fully substituted by
carboxymethyl groups (–CH2–COOH). Due to the ionic nature of CMC-Na, it can interact with
proteins to form soluble and stable complexes. Also, the polar groups of CMC-Na (–OH, –COOH) can
react with metal ions (Fe2+, Fe3+, Ca2+, Mg2+) by electrostatic forces.

The formation of aggregates in cell culture medium favors the absorption of more serum protein
onto the NP surface, so the interaction of NPs with cell membrane is quite limited.

In the case of Fe-Si7_L-DOPA sample, the interaction occurred most likely at the cell membrane
surface, thus explaining the increased level of LDH, starting with 24 h of incubation with
100 and 200 μg/mL doses. Also, the NP uptake was low. On the contrary, CMC-Na NPs
(Fe-Si7_CMC-Na sample) presented a high dispersion in the culture medium and a high internalization
in Caco2 cellular cytoplasm occurred (Figure 9). Similar changes were registered for the other CMC-Na
coated NP samples. This could indicate that mechanism of toxicity is influenced by the type of
coating and degree of dispersion in the culture medium.

3.3.3. Oxidative Stress

The generation of reactive oxygen species (ROS) in Caco2 cells was analyzed up to 4 h of
exposure to 25 and 50 μg/mL hybrid Fe-Si NPs. As shown in Table 5, the production of ROS
was time-dependent. The unstabilized Fe-Si NPs generated the highest amount of ROS. All samples
CMC-Na-coated Fe-Si NPs induced ROS post-exposure at both doses of 25 and 50 μg/mL. In the case of
L-DOPA-coated Fe-Si NPs, higher ROS levels were obtained for 25 μg/mL dose. No significant increase
of ROS levels was registered in Caco2 cells exposed to Fe-Si7_L-DOPA NPs. Furthermore, a similarity
between the results obtained for a dose of 25 μg/mL Fe-Si 2_L-DOPA and Fe-Si2_CMC-Na samples,
as well as of Fe-Si3_L_DOPA and Fe-Si3_CMC-Na ones, was observed, which suggests that ROS
generation at a low dose of NPs is not influenced by the nature of stabilizer. However, it is clear
that a 50 μg/mL dose of L-DOPA-coated Fe-Si NPs induced less ROS compared to CMC-Na-coated
Fe-Si NPs. Moreover, we showed that stabilization of Fe-Si NPs with L-DOPA and CMC-Na reduced
considerable the ROS production.

According to Zhou et al., studies [82], CMC-Na could play a major role as protective coating by
decreasing the toxicity against microorganisms and oxidizing capacity of nanoscale zerovalent iron
after suppressing the available oxidants from the surrounding media.

In cancer cells, ROS levels are higher in comparison to normal cells, due to mitochondrial
dysfunction, peroxisome activity, increased cellular receptor signaling, increased activity of oxidases,
cyclooxygenases, lipoxygenases and thymidine phosphorylase [83]. The high rate of ROS production
is counterbalanced by an equally high rate of antioxidant activity in cancer cells to maintain redox
balance in order to ensure the cell survival.

Table 5. Intracellular ROS formation in the presence of hybrid Fe-Si NPs in Caco2 cells. Results are
expressed as mean relative fluorescence units (RFU) ± SD of three independent experiments. * p < 0.05;
** p < 0.01 versus control.

Sample
Dose

(μg/mL)
ROS Production (RFU)

1 h 2 h 3 h 4 h

Control 0 14.26 ± 0.98 18.46 ± 3.45 20.67 ± 1.23 22.15 ± 1.34
Fe-Si2 25 35.45 ± 3.2 ** 63.19 ± 5.36 ** 78.32 ± 6.49 ** 82.37 ± 6.96 **

50 37.63 ± 2.06 ** 67.93 ± 4.92 ** 84.08 ± 5.5 ** 88.79 ± 5.7 **
Fe-Si3 25 39.59 ± 3.42 ** 70.43 ± 6.14 ** 88.83 ± 6.38 ** 92.41 ± 7.63 **

50 45.87 ± 10.6 * 81.56 ± 17.35 * 101.3 ± 20.49 * 106.46 ± 22.26 *
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Table 5. Cont.

Sample
Dose

(μg/mL)
ROS Production (RFU)

1 h 2 h 3 h 4 h

Fe-Si7 25 47.58 ± 5.76 ** 80.44 ± 9.76 ** 93.68 ± 11.33 ** 101.24 ± 12.00 **
50 56.02 ± 8.8 * 91.74 ± 12.63 * 104.05 ± 12.82 ** 114.15 ± 14.82 **

L-DOPA 15 11.83 ± 0.48 16.93 ± 0.78 18.73 ± 1.13 20.32 ± 1.04
30 11.65 ± 0.62 16.63 ± 1.62 18.3 ± 1.99 19.91 ± 2.02

CMC-Na 15 13.04 ± 0.59 19.36 ± 1.06 23.02 ± 1.74 24.43 ± 1.78
30 11.28 ± 0.62 16.85 ± 0.77 19.73 ± 0.86 21.1 ± 1.00

Fe-Si2_L-DOPA 25 18.39 ± 1.85 * 25.76 ± 2.35 * 29.84 ± 2.99 * 33.03 ± 3.26 *
50 13.28 ± 1.08 18.23 ± 1.73 21.15 ± 1.89 23.79 ± 1.98

Fe-Si3_L-DOPA 25 19.22 ± 0.42 27.64 ± 0.99 * 32.91 ± 1.67 ** 36.36 ± 2.20 **
50 14.81 ± 2.62 20.19 ± 3.92 22.86 ± 4.26 25.28 ± 4.85

Fe-Si7_L-DOPA 25 19.23 ± 2.47 26.52 ± 3.26 31.17 ± 4.02 35.02 ± 4.70
50 15.11 ± 1.24 21.23 ± 1.94 24.42 ± 2.23 27.07 ± 2.56

Fe-Si2_CMC-Na 25 16.56 ± 1.50 23.78 ± 2.11* 28.69 ± 2.39* 32.34 ± 2.45 **
50 15.53 ± 1.69 22.71 ± 2.57 28.36 ± 3.24* 32.68 ± 3.74 *

Fe-Si3_CMC-Na 25 17.51 ± 1.02 * 25.5 ± 1.48 * 31.4 ± 1.82 ** 35.9 ± 2.04 **
50 19.71 ± 0.60 * 29.52 ± 0.95 * 37.7 ± 1.27 ** 43.68 ± 1.40 **

Fe-Si7_CMC-Na 25 23.59 ± 3.00 * 39.43 ± 4.53 ** 50.29 ± 5.77 ** 58 ± 6.61 **
50 25.23 ± 1.75 * 42.66 ± 3.44 ** 56.44 ± 4.65 ** 67.36 ± 6.22 **

The concentration of reduced glutathione (GSH), a major component of cellular non-enzymatic
antioxidant defense system, increased post-exposure in a time dependent manner. In the first
24 h, no significant variation of the GSH concentration was observed in Caco2 cells exposed to
stabilized Fe-Si NPs, but a significant increase was detected in cells exposed to non-stabilized
Fe-Si2 and Fe-Si3 NPs, and CMC-Na. After 72 h, its level rose significantly for all types of stabilized
NPs, except Fe-Si7_L-DOPA (Figure 10). The highest level of GSH was found in Caco2 cells incubated
with 25 μg/mL Fe-Si7_CMC-Na and Fe-Si2_L-DOPA, the percentage increases being 67% and 56%
respectively. This suggests the activation of protecting mechanisms by elevating the stock supply
of GSH, in order to face the increased ROS production, and thus, preventing the damage of lipids,
proteins, and DNA caused by oxidative stress.

Figure 10. Intracellular GSH content in Caco2 cells after 24 and 72 h exposure to hybrid Fe-Si NPs
stabilized with L-DOPA and CMC-Na. Data are expressed as the mean ± SD (n = 3) and represented as
percentages of control. * p < 0.05; ** p < 0.01 versus control.
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GSH is a major player in oxidative adaptation of cancer cells which is why it is exploited
by researchers as a valid target for cancer targeted therapy [84]. The glutathione level is elevated
in cancer cells in order to maintain the redox state and to protect cells from damage induced by
free radicals, peroxides, and toxins. Glutathione is a powerful reducing compound, able to react
with cellular toxic agents directly or via the reactions catalyzed by the glutathione S-transferase
family of enzymes. Studies on NPs toxicity showed that GSH content could vary depending on
NP dose. Increased GSH contents were reported by Saddick et al. [85] in brain tissue exposed
to 500 μg/L Zn NP, while a significant decrease in GSH content was registered after exposure to
2000 μg/L. Similarly, Hao and Chen (2012) [86] found that GSH increased in the liver, gills, and brain
of carp exposed to 0.5 and 5 mg/L of ZnO NPs, and decreased in all tissues of fish exposed to
50 mg/L ZnO NPs. Manke et al. [87] studied oxidative stress as an underlying mechanism for NP
toxicity, and postulate that overexpression of antioxidant enzymes is indicative of mild oxidative stress,
whereas mitochondrial apoptosis is induced during conditions of severe oxidative stress. According
to the abovementioned, we can conclude that a mild oxidative stress was induced by 25 and 50 μg/mL
stabilized Fe-Si NPs in Caco2 cells, which results in GSH level increase, and no cell death. During
conditions of mild oxidative stress, transcriptional activation of phase II antioxidant enzymes occurs
via nuclear factor (erythroid-derived 2)-like 2 (Nrf2) induction, another important mechanism by
which cancer cells ensure their antioxidant protection. This transcription factor binds to antioxidant
response element (ARE), and activates defensive gene expression, thus increasing the antioxidant
proteins levels and protecting against oxidative damage [88]. Normally, Nrf2 interacts with Kelch-like
ECH-associated protein 1 (KEAP1), thus leading it to proteasomal degradation. Elevated ROS levels
oxidize redox sensitive cysteine residues on KEAP1, which cause the dissociation of KEAP1 from Nrf2,
resulting in the increase of active Nrf2 level in the cytoplasm.

The Nrf2 protein expression was assessed in Caco2 cells after exposure for 24 and 72 h
to 25 and 50 μg/mL of non-stabilized and stabilized hybrid Fe-Si NPs (Figure 11). In Caco2
cells, the activation of Nrf2 was time-dependent. After 24 h incubation, an increase of Nrf2 level
in cells exposed to 25 μg/mL Fe-Si2_L-DOPA, Fe-Si3_L-DOPA, Fe-Si3_CMC-Na, Fe-Si7_CMC-Na
samples, and to 50 μg/mL Fe-Si2_CMC-Na, Fe-Si3_L-DOPA, Fe-Si7_CMC-Na samples, compared with
untreated control, was noticed. No change was registered for Fe-Si7 and Fe-Si7_L-DOPA samples.
These results were in correlation with ROS and GSH levels. After 72 h, the increase of Nrf2 protein
expression was significant in cells treated with both doses of all types of NPs. Furthermore, these
results were in accordance with the increase of GSH content. By comparison, in cells exposed
to the non-stabilized Fe-Si NPs and both stabilizers, the Nrf2 expression was slightly increased in
accordance with the low GSH levels.

In this study, we showed that the coating of Fe-Si NPs with L-DOPA or CMC-Na
influenced the in vitro biological response in Caco2 cells. The effects of the individual components
of the NPs were also investigated in tandem, and were different from those of stabilized Fe-Si
NPs, most likely due to their low dispersion in cell culture medium and low internalization into
Caco2 cells. According to the cell viability test results, the coating of Fe-Si NPs with L-DOPA
increased the biocompatibility of NPs compared to individual components, whereas the capacity
of Fe-Si NPs to induce cell death was not changed after coating with CMC-Na. However,
instead, this combination reduced significantly the LDH leakage. The coating of hybrid Fe-Si
NPs had a great influence on NP dispersion in the cell culture medium and on cellular
internalization. The CMC-Na-coated NPs were far better dispersed compared with those stabilized
with L-DOPA, which could explain their higher toxicity. Changes of F-actin cytoskeleton organization
were highlighted also in the cells treated with CMC-Na-coated NPs, as well as with uncoated
NPs and L-DOPA. After treatment with 25 and 50 μg/mL stabilized Fe-Si NPs, ROS were produced
in Caco2 cells and a mild oxidative stress was most likely induced. Consequently, the GSH level
increased in order to counteract the oxidative stress, which was in accordance with the increased Nrf2
protein expression. Biological data indicated also that Caco2 cells are able to deal with the effects
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induced by Fe-Si NPs at a dose below 50 μg/mL by activating the scavenging mechanisms against
ROS production. Thus, we showed that the Caco2 biological response to Fe-Si NPs displays hormesis,
which is an adaptive response of cells to a moderate stress. By comparison, in Caco2 cells treated with
unstabilized Fe-Si NPs, a higher amount of ROS was generated, but a lower antioxidant response
was induced.

Figure 11. Relative protein expression of Nrf2 in Caco2 cells after 24 and 72 h exposure to
25 and 50 μg/mL of hybrid Fe-Si NPs stabilized with L-DOPA and CMC-Na. The images from the left
represent the blot membranes for Nrf2 and β-actin at 24 and 72 h. The graph from the right
represents the correspondent quantification of Nrf2 protein bands normalized to β-actin. Each set of
samples was related to the untreated control migrated on the same gel. Data are expressed as the mean
± SD (n = 3) and represented as percentages. * p < 0.05; ** p < 0.01; *** p < 0.001 versus untreated control.

Studying of NP toxicity is a significant challenge. Numerous studies have appeared
in the literature to differentiate between the toxicity of uncoated and coated NPs, which is extremely
difficult, due to the diversity of factors influencing NP toxicity, such as size, shape, surface chemistry,
synthesis techniques, coating agents, types of tissues/cells, etc. Similarly with our study, several
papers found a higher toxicity of uncoated NPs than coated NPs [89], but some research studies have
noticed the toxicity of uncoated NPs to be less than of the coated ones, which was associated
with the NP cellular interaction and uptake [90]. Other researchers showed that the coating of
iron NPs could decrease the leaching of iron ions and the lysosomal degradation of iron ions, thus
reducing the oxidative stress and alterations in iron homeostasis [91,92].

A potential advantage of these new Fe-Si nanoparticle aggregates came from their dual
composition: the iron-base phases gives them the sensitivity to magnetic fields which open the path
for magnetic-guided/trapped drug delivery or variable-magnetic field-induced hyperthermia
and/or heat-controlled drug release, whereas the luminescent nanosized silicon particles allow
them to be simultaneously used for bio-labeling. Moreover, the silicon quantum dot toxicity is
known to be much lower when compared with classical quantum dots, such as CdSe, CdTe, CdS,
ZnS, or ZnSe [93], as proved for PEGylated micelle-encapsulated Si quantum dots synthesized
also by laser pyrolysis, allowing them to be used for multiple in vivo applications, such as
tumor vasculature targeting, sentinel lymph node, and multicolor near-infrared (NIR) imaging
mapping [94]. The possibility of coupling Fe-based magnetic and Si fluorescent nanoparticles
in a biocompatible probe was already proved in [95] by co-encapsulation of hydrophobized Fe2O3
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superparamagnetic NPs and alkyl-capped Si quantum dots in PEGylated phospholipid micelles, yet in
this case, those two functions can be uncoupled once the micelle is degraded. In our case, there are
some aggregates in which the Fe-based and Si nanoparticles are strongly linked, and more difficult to
break apart, which keeps connected, the magnetism and luminescence properties in biological media.
However, the problem of luminescence loss in the aqueous-based biological fluids, due to the advanced
oxidation of Si nanoparticles, still need to be countered by future studies for the founding of proper
capping agents, and also by testing in this direction the CMC-Na and L-DOPA-coated NP aggregates
reported in this work.

We think that the knowledge on toxicity of NPs is still limited, and much attention is required on
development of new strategies and methods to explore the toxicity of all kind of NPs, in order to keep
up with the rapid progress in the synthesis of novel nanomaterials for clinical applications.

4. Conclusions

Magnetic nanopowders containing both Fe-based phases and silicon nanocrystals have
been synthesized by one-step laser pyrolysis method, using separate, yet nearby flows of
Fe(CO)5/C2H4 and SiH4/Ar, respectively, followed by their gentle oxygen-induced oxidative
passivation. Their elemental composition was varied (in the sense of the silicon content decreasing) by
keeping constant the Fe precursor flow and diminishing the silane-containing flow. The nanopowders
were successfully ultrasonically dispersed in water-based media using two different biocompatible
stabilizers: L-DOPA amino acid and Na carboxymethylcellulose polyelectrolyte.

Biological studies showed that L-DOPA-stabilized Fe-Si NPs tend to form aggregates in culture
medium, thus minimizing their interaction with the cells, and also toxicity in comparison with those
stabilized with CMC-Na that were more dispersed and toxic. However, the Caco2 cells were able to
counteract the toxic effects by activating the cellular protection mechanisms. The coated hybrid Fe-Si
NPs were found to be biocompatible with colon cancer cells at a dose below 50 μg/mL, and their
biological responses were dependent on particle synthesis, surface coating, doses, and incubation time.

Therefore, the next generation of Fe-Si NPs with a biocompatible coating might be, in the future,
functionalized with peptides targeting specific cancer cells for imaging studies, as well as
local hyperthermia.
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Abstract: Polyethylene glycolated (PEGylated)curcumin-grafted-chitosan (PCC) conjugates were
synthesized with three PEG/chitosan feed molar ratios (1/5, 1/7.5, and 1/10), namely PCC1,
PCC2 and PCC3. Chemical structures of these conjugates were characterized by Fourier transform
infrared (FTIR) and proton nuclear magnetic resonance (1H NMR). The degrees of substitution
(DS) of PEG were 0.75%, 0.45% and 0.33%, respectively, for PCC1, PCC2 and PCC3by 1H NMR
analysis. Self-assembled PCC nanoparticles (NPs) were spherical as observed in transmission electron
microscope images. Mitoxantrone (MTO)-loaded PCC NPs were prepared to analyze the particle
size, zeta potential, drug loading, drug release and in vitro cytotoxicity. The MTO-loaded PCC3 NP
(DS = 0.33%) possessed the smallest size (~183.1 nm), highest zeta potential (~+34.0 mV) and the
largest loading capacity of curcumin (CUR, ~16.1%) and MTO (~8.30%). The release results showed
that MTO-loaded PCC3 NP demonstrated the lowest percentage of MTO release and increased as
pH decreased, but the CUR release could only be detected at pH 4.0. In the cytotoxicity study,
MTO-loaded PCC3 NP displayed the highest cytotoxicity in HepG2 cell line and the best synergistic
effect among the tested NPs. Our results suggest that the DS of PEG has impacts on the structures
and functions of PCC NPs: the smaller DS of PEG was associated with the smaller size, the higher
zeta potential, the slower drug release, and the higher cytotoxicity of NPs.

Keywords: curcumin; mitoxantrone; synergism; PEG; chitosan nanoparticles

1. Introduction

Chemotherapy is one of the main strategies for the treatment of late stage of malignant tumors.
Curcumin (CUR), a hydrophobic pigment derived from Curcuma longa, has been proposed as
a good candidate for adjuvant therapy because of its anti-cancer effects, reversal of cancer cell
multidrug resistance, and absence of obvious cytotoxicity in normal tissues [1–3]. However, clinical
application of CUR is limited due to its low water solubility and physico-chemical stability [4].
Recently, the combination chemotherapy of CUR and other drugs has attracted increasing attention
on improving therapeutic efficacy by signaling different pathways, and suppressing and reversing
drug resistance [3,5,6]. Mitoxantrone (MTO), a chemotherapeutic drug, has curative effect on variety
of malignant tumors, but its associated cardiac toxicity and myelosuppression create significant health
impairments [7,8]. Studies have shown that the combination of MTO and CUR can enhance the MTO
efficacy, therefore, may reduce the MTO dose and the side effects [5,9].
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Polymeric nanoparticles have been widely used for biomedical applications especially for drug
delivery, which can be formed by self-assembly of amphiphilic polymers in water [10]. Use of
polymeric nanoparticles for drug delivery provides many advantages for cancer treatment, including
increased drug solubility and stability, enhanced permeability and retention (EPR) effect, easy surface
modification and environmental stimuli-responsive properties [11,12].

Chitosan (CS) has often been used as the backbone of polymeric nanoparticles because of its
basic properties such as good biocompatibility, biodegradability and low toxicity [13–15]. Chitosan
nanoparticles (CS NPs) with positive surface charges bind to the negatively charged cell membrane,
facilitating cellular uptake [16]. However, CS NPs can be recognized and internalized by macrophages
in the reticuloendothelial system (RES) [17,18]. Methoxy polyethylene glycol (PEG) was applied to
modify CS as a drug carrier [19,20]. PEG was grafted to CS to block the positive charge on the surface
of CS NPs so that the CS NPs may escape phagocytosis of RES cells, prolonging their retention time
in blood circulation [21]. The length of PEG with the different Mw can affect the size of PEGylated
chitosan nanoparticles and the drug delivery functions [20]. We used 2000 Mw PEG and varied the
ratio of PEG grafted to evaluate the characteristics and the biological functions of NPs.

In this study, we designed an amphiphilic conjugate by conjugating CUR with CS as hydrophobic
moieties and grafting PEG. In aqueous solution, the amphiphilic conjugate automatically forms
water-soluble PEGylated CUR-grafted-CS (PCC) NPs. As MTO is encapsulated, it forms the MTO-loaded
PCC NPs (PCCM NPs).

The formation of PCC NPs involves a self-assembly process driven by the direct force of interaction
between hydrophobic components and the influence of outer fields such as the template on the
surface of NPs. As a result of all factors integrated, the NPs are stabilized under thermodynamic
equilibrium [22,23]. We have demonstrated the effects of hydrophobicity in formation of NPs using
different degrees of substitution (DS) of cholesterol in pullulan nanoparticles and have reported
a method for connecting a hydrophobic molecule to produce an amphiphilic conjugate [24,25].
Excessive substitution of hydrophobic molecules in the core would result in NPs that are too
hydrophobic and agglomerate easily, while low substitution is insufficient to drive self-assembly [26].
In the current study, we applied this method to graft CUR to the CS. PEG grafted to the amphiphilic
CUR-grafted-CS (CCS) constitutes the hydrophilic part; however, its effects on self-assembly process
and formation of the NPs’ physical and biological properties have not been studied. We are particularly
interested in how the grafted density of PEG correlated with the characteristics and the biological
functions of PCCM NPs. Thus, we prepared three of PCCM NPs with different PEG/CS feed ratio
and evaluated the correlation between PEG/CS ratio and the NP characteristics, drug potency and
the synergism of MTO and CUR in combination. Finally, the effect of pH on drug release from these
three PCCM NPs was determined as a proxy for assessing the drug’s release under the physiological
condition and the acidic microenvironment of cancer.

2. Materials and Methods

2.1. Materials

Chitosan (average molecular weight 20 kDa, degree of deacetylation > 90%) was purchased
from Solarbio (Beijing, China). Curcumin, methoxy polyethylene glycol (2000 Da) and mitoxantrone
hydrochloride were purchased from Sigma-Aldrich (Shanghai, China). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDCI) and 4-dimethylaminopryidine (DMAP) were purchased from Aladdin
Reagent Co. Ltd. (Shanghai, China). Dulbecco’s modified Eagle Medium (DMEM) was purchased from
Gibco (Grand Island, NY, USA). Hepg2 cell line was from Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China).

2.2. Synthesis of Polyethylene Glycolated (PEGylated) Curcumin-Grafted-Chitosan (PCC) Conjugates

The synthetic process of CUR-grafted-CS (CCS) and PCC are illustrated in Figure 1.
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Synthesis of CCS: First, CUR succinate (CURS) was synthesized based on a previously published
method with slight modifications [27]. Next, CCS conjugate was prepared by chemically grafting
CURS to CS through amide formation. In brief, 0.065 g succinic anhydride (SA, 0.65 mmol) and 0.08 g
DMAP (0.65 mmol) were dissolved in 15 mL dimethyl sulfoxide (DMSO); after heating and stirring at
50 ◦C for 4 h, 0.2 g CUR (0.54 mmol) was added for heating and stirring for 24 h under N2 protection
to obtain CS. Subsequently, 0.12 g EDCI (0.62 mmol) and 0.075 g NHS (0.65 mmol) were added to
the DMSO solution containing the CURS, and stirring was continued at 25 ◦C for 12 h. At the same
time, 0.35 g CS (2.16 mmol) was dissolved in acetate buffer (200 mM, pH 5.0) to get a 0.5% (w/v)
solution. Lastly, the CS solution was slowly added to the CURS solution, and these were reacted under
N2 at 25 ◦C for 48 h. After the reaction, the resulting suspension was added into 200 mL absolute
ethanol. The precipitate formed and went through vacuum filtration, then washed with absolute
ethanol, tetrahydrofuran and diethyl ether, respectively, and dried to yield CCS conjugate.

Synthesis of PCC: PEG succinate (PEGS) was synthesized as described in [28]. In brief, 0.15 g SA
(1.5 mmol) and 0.18 g DMAP (1.5 mmol) were dissolved in 15 mL dry CH2Cl2; after heating at reflux
for 3 h at 60 ◦C, 2 g PEG (1.0 mmol) was added for heating and stirring for 24 h. The resulting solution
was precipitated by diethyl ether and then filtered. The white powder was dissolved in deionized
water after drying, then dialyzed against water for 2 days and the solution was lyophilized. PCC was
produced by conjugating the carboxylic acid group of PEGS with the amine group of CS at PEG/CS
molar ratios of 1/5, 1/7.5, and 1/10 (PCC1, PCC2, and PCC3) in the presence of EDCI/NHS. Then, 0.2 g
PEGS (0.096 mmol), 0.014 g NHS (0.12 mmol) and 0.022 g EDCI (0.012 mmol) were dissolved in 10 mL
DMSO and stirred at 25 ◦C for 4 h. At the same time, CCS (0.08 g, 1/5; 0.12 g, 1/7.5; 0.16 g, 1/10) was
dissolved in acetate buffer (200 mM, pH 5.0) to get a 0.5% (w/v) solution. Lastly, the CCS solution was
slowly added to the PEGS solution, and these were reacted under N2 at 25 ◦C for 48 h. The resulting
suspension was washed with CH2Cl2/methanol (volume ratio: 4:1) and centrifugated at 8500 rpm for
10 min, the supernatant was removed. The above process was repeated three times and the precipitate
was rinsed with deionized water and lyophilized to obtain three of PCC conjugates.

Figure 1. The chemical synthesis of Polyethylene glycolated (PEGylated)curcumin-grafted-chitosan (PCC).

2.3. Fourier Transform Infrared (FTIR), Proton Nuclear Magnetic Resonance (1H NMR) and Ultraviolet
(UV-Vis) Spectroscopy

The FTIR spectra for CUR, CS, CCS, PEG and PCC1 were recorded on FTIR spectrometer (Nicolet,
TM Nexus 470-ESP, Thermo Fisher Scientific, Waltham, MA, USA) using KBr pellets. The 1H NMR spectra
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for CUR and PEG were recorded on a 500 MHz NMR spectrometer (BRUKER AVANCE-500, Bruker,
Billerica, MA, USA) using DMSO-d6 solvent. The 1H NMR spectra for CS, PCC1, PCC2 and PCC3 were
recorded on the same NMR spectrometer using CD3COOD/D2O solvent (1%, v/v). CUR was dissolved
in methanol to obtain 200 μg/mL solution and PCC conjugates and CS were dissolved in acetic acid
(1%, v/v) to obtain 1 mg/mL (w/v) for each solution. Then, the absorbances of these solutions were
scanned from 200 nm to 700 nm wavelengths using an UV-Visible spectrophotometer (Shimadzu UV-2550,
Kyoto, Japan).

2.4. Preparation PCC Nanoparticles (NPs)

PCC NPs were prepared by dialysis method [25]. Briefly, 5 mg PCC was suspended in 10 mL of 1%
acetic acid solution under gentle shaking at 37 ◦C until it was completely dissolved and then dialyzed
against 2000 mL of distilled water for 24 h with 10 exchanges by using a dialysis bag (molecular weight
cut-off 8000–14,000 Da) to remove acetic acid. Then, the solution was sonicated using a probe type
sonifier at 100 W with pulsing (pulse on 2.0 s, off 2.0 s) for 2 min in an ice water bath. The self-assembled
PCC NPs were then filtrated through 0.45 μm-membrane and stored at 4 ◦C.

2.5. Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM)

The size and zeta-potential of different PCC NPs were determined by DLS (Zetasizer 3000 HS,
Malvern Instruments, Malvern, UK). The NPs suspensions were filtered with a 0.45 μm filter, and each
batch was analyzed in triplicate. To observe the morphologic features of PCC NPs, one drop of PCC
NPs suspension was placed on carbon-coated 300 mesh grids. Then, the grids were air-dried and
examined by TEM (Tecnai G2 20 S-Twin, FEI Hong Kong Inc., Hong Kong, China) at an accelerating
voltage of 80 KV.

2.6. Preparation and Characterization of Mitoxantrone-loaded PCC NPs (PCCM NPs)

PCC conjugate (20 mg) was suspended in 20 mL of 1% acetic acid solution under gentle shaking
at 37 ◦C until it was completely dissolved. Then, 2 mg MTO was dissolved in 2 mL of DMSO, dropped
into the above solutions, dialyzed for 24 h in distilled water using a dialysis bag (molecular weight
cut-off 8000–14,000 Da) to remove organic solvent and free MTO, and the PCCM NPs solution was
obtained. MTO-loaded PCC1, PCC2 and PCC3 NPs were obtained in the same way and named
PCCM1, PCCM2 and PCCM3 respectively.

2.7. Determination of Entrapment Efficiency (EE) and Loading Capacity (LC)

PCCM NPs solution (5 mL) was sonicated for 5 min (pulse on 2.0 s, off 2.0 s) to release the
drug from NPs. The absorbances of MTO and CUR in the solution were measured at 608 nm and
425 nm, respectively, by microplate spectrophotometer (UV-384 plus, Molecular Devices, Thermo
Fisher Scientific Inc., Waltham, MA, USA) to calculate the drug concentrations. MTO encapsulation
efficiency (EE), MTO load capacity (LCM) and CUR load capacity (LCC) were calculated as follows:

EE% = (the amount of drug in the nanoparticles)/(the amount of totally added drug) × 100%

LC% = (the amount of drug in the nanoparticles)/(the amount of nanoparticles weight) × 100%

2.8. Determination of Drug Release from PCCM NPs In Vitro

The effect of pH on drug release was measured by a dialysis method as previously described [24].
Briefly, PCCM NPs solution (5 mL) was put into a dialysis bag (8–12 kDa MWCO) and dialyzed in
25 mL of PBS (releasing media) with pH 7.4, 6.8 or 4.0 at 37 ◦C under 100 rpm shaking. Free MTO was
dialyzed under the same conditions. Then, 2 mL of releasing medium was collected for sampling and
replaced with an equal volume of the fresh solution at pre-defined time intervals (Tn, n = 0, 0.5, 1, 2, 4,
8, 12, 24 and 48 h). The absorbances of MTO and CUR in the solution were measured by microplate
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spectrophotometer to determine the concentrations of MTO and CUR released. The percentage rate of
drug release (Q%) was calculated as follows:

Q% =

(
Cn × V + Vn

n

∑
t=0

Ci

)
/(WNP × LC%)

where W is NPs weight; Cn is the sample concentration at Tn; V is the total volume of release medium;
Vn is the sample volume (2 mL); and Ci is the sample concentration at Ti(i = 0, 0.5, 1, . . . ,n h, both V0
and C0 are equal to zero).

2.9. Determine PCCM NPs’ Cytotoxicity In Vitro

MTT assay was used to determine the drug cytotoxicity by measuring HepG2 cell viability.
HepG2 was cultured in DMEM medium supplemented with 10% FBS and 100 U of penicillin–streptomycin
in a humidified atmosphere of 95% air and 5% CO2 incubator at 37 ◦C. HepG2 cells were seeded at
20,000 cells/well in 96-well plates and incubated overnight. Then, the drug was added and incubated
for 24 h. The medium was removed and started MTT assay to determine cell viability. MTT assay was
performed according to the manufacturer’s protocol. The percentage of cell viability was calculated based
on the ratio of the absorbance of drug-treated cells to that of untreated cells. The untreated cell was
counted as 100% survival. The dose–effect curves of HepG2 cell viabilities were performed under the
treatments of PCCM1, PCCM2 and PCCM3. The MTO concentration in PCCM NPs was determined by
the absorbance at 608 nm wavelength and the MTO treatment concentration was fixed at 2, 4, 8, 16 and
32 μg/mL for each PCCM. Because the PCCM NPs contained MTO and CUR, and the loading capacity of
CUR and MTO has been determined (Table 1), the CUR concentrations in PCCM NPs were estimated
based on the ratio of MTO/CUR loading capacity (Table 2). The PCCM treatment concentration was the
sum of MTO and CUR.

Table 1. Characterization of mitoxantrone-loaded PCC NPs (PCCM NPs).

Sample
Feed PEG/CS
Molar Ratio

PEG
Molar DS

EE% LCM% LCC%
Zeta

Potential (mV)
Size (nm) PDI

PCCM1 1/5 0.75% 90.5 ± 2.89 7.42 ± 0.16 *,# 12.3 ± 0.52 *,# 12.8 ± 4.02 *,# 250.2 ± 21.5 * 0.153
PCCM2 1/7.5 0.45% 88.6 ± 1.61 8.14 ± 0.14 14.0 ± 0.87 * 21.2 ± 4.27 * 233.1 ± 19.2 * 0.216
PCCM3 1/10 0.33% 87.3 ± 1.74 8.30 ± 0.24 16.1 ± 0.21 34.0 ± 4.52 183.1 ± 15.6 0.225

Data were expressed as mean ± standard deviation (SD) (n = 3). * indicates the significant difference of PCCM1 and
PCCM2 vs. PCCM3 (p < 0.05); # indicates the significant difference between PCCM1 and PCCM2 (p < 0.05). EE%,
encapsulation efficiency of MTO; LCC%, loading capacity of CUR; LCM%, loading capacity of mitoxantrone (MTO);
polydispersity index (PDI).

Table 2. The concentrations of mitoxantrone (MTO) and chemotherapy (CUR) in PCCM NPs on the
treatments of HepG2 cells.

Drugs Concentration (μg/mL)

PCCM NPs-MTO 2.00 4.00 8.00 16.00 32.00
PCCM1-CUR 3.32 6.63 13.26 26.52 53.05
PCCM2-CUR 3.44 6.88 13.70 27.50 55.00
PCCM3-CUR 3.85 7.71 15.40 30.80 61.70

To determine the synergistic effect of MTO and CUR in combination, the dose–effect curves with
the individual treatment of free MTO (2, 4, 8, 16, 32 and 64 μg/mL), free CUR (2, 4, 8, 16, 32 and
64 μg/mL) and the combination of both with MTO:CUR ratios at 1:1, 1:1.5 and 1:2 against HepG2
cell viability were performed. In drug preparations, DMSO was used to dissolve free MTO and free
CUR to make each stock solution of 32 mg/mL that was further diluted with DMEM medium to
achieve the desired concentrations. The percentage of cell viability was calculated based on the ratio
of the absorbance of drug-treated cells to that of cells treated equal volume of DMSO. The maximal
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concentration of DMSO in the experimental medium was less than 0.5% (v/v), which did not affect
cell viability.

2.10. Calculation of the Synergistic Effect of MTO and CUR

According to the Chou-Talalay model [29,30], the combination index (CI) was computed based on
the following equation:

CI =
[

p
(p + q)EC50, MTO

+
q

(p + q)EC50, CUR

]
EC50, combination

where p and q represent the unit of drug MTO and CUR, respectively. EC50 denotes the drug dose
at 50% of cell viability achieved. If CI<1, the combination can be described as synergistic, if CI > 1,
antagonistic, and CI = 1, additive. The data for calculating CI are presented in Table S1.

Isobole analysis is another way to quantitatively assess the synergism and antagonism that
paired drugs produce. According to Tallarida’s dose equivalent principle and Loewe additive model,
an isobole is generated, which is a line to define the additive effect of paired drugs [31,32]. In practice,
we first acquired the dose-effect curves of free MTO and free CUR and transformed the drug dose in
log10 scale, and then applied the following equation to calculate the combined doses of the paired
drugs to give a specified effect.

ln
Px

1 − Px
= α+ βx

where x is the log10 dose of a drug (MTO or CUR); Px is cell viability at log10 dose;(1 − Px) is the cell
death at log10 dose; α is the Y-intercept of linear regression equation and β is the slope. The data for
plotting the isobole are illustrated in Table S2. The points on the isobole set the combined CUR and
MTO at different ratios to produce a 50% of maximum effect. If the EC50 of the paired drug dose is
located below the isobole, it indicates a synergistic effect, whereas, above the isobole indicates an
antagonistic effect.

2.11. Statistical Analysis

All experiments were performed at least three times in vitro. Results are expressed as mean ± standard
deviation (SD), analyzed by Student’s t-test using software SPSS 19.0. p < 0.05 was considered
significantly different.

3. Results

3.1. FTIR, 1H NMR and UV-Vis Spectroscopic Analysis

The successful syntheses of these compounds were confirmed by FTIR spectra, as shown in
Figure 2. In comparison with CUR (A) and CS (B), the spectrum of CCS (C) remained the N-H bond
of amino at 1558 cm−1 and the aromatic C=C bonds of CUR (marked with red circle). The spectrum
of CCS also revealed the particular peak of amide bond at 1650 cm−1 (C=O stretching), and the
peak of ester bond at 1720 cm−1 (C=O stretching). This result indicated the successful conjugation
between CUR and CS. In the spectrum of PCC, peaks at 2887 cm−1 (C−H stretching) and 1113 cm−1

(C−O stretching) corresponded to the characteristic peaks of PEG. The peak of ester bond was shifted
to 1734 cm−1. The FTIR spectra confirmed the chemical structure of PCC.

Figure 3A displayed the 1H NMR spectra of CUR, CS, PEG, PCC1, PCC2 and PCC3. The characteristic
peaks 2.8 to 3.1 ppm were assigned to the monosaccharide residue (CH-NH-) protons. In the spectrum of
PCC conjugates, the highly enhanced peaks at 3.1~4.0 ppm corresponded to the repeated ethyl group
(−CH2−CH2−O−). The peaks at 2.48 ppm corresponded to the methylene (CH2) protons in succinate
linkers between PEG and CS and between CUR and CS. The peaks at 9.4~9.5 ppm were characteristic
peaks of CUR, the other characteristic peaks of CUR were not observed, which might be because PCC
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conjugates’ MW were too high [33]. The results of 1H NMR spectra confirmed the successful synthesis
of PCC conjugates. The degree of substitution (DS) of PEG residues per 100 sugar units for CS could be
calculated by the ratio between the increased integrity at 3.1−4.0 ppm and the monosaccharide residue
(CH−NH−, 2.8−3.1 ppm) and further adjusted with PEG molecular weight to obtain molar substitution
degree [28,34]. The DS of obtained PCC1, PCC2 and PCC3 were determined as 0.75%, 0.45% and 0.33%,
respectively. The UV-Vis spectra were further used to confirm CUR in PCC conjugates’ structure. We used
the same concentration in each PCC (1 mg/mL) and scanned the PCC absorbance from 200 nm to
700 nm wavelength. As depicted in Figure 3B, the characteristic peaks at 297 nm and 415 nm belonged
to chitosan and CUR, respectively. The absorbances of PCC conjugates displayed the following order:
PCC3 > PCC2 > PCC1. Therefore, the UV-Vis spectra demonstrated the presence of CUR and CS in the
conjugates. PCC3 was composed of more CUR and CS as compared with PCC1 and PCC2 with the
same weight.

Figure 2. Fourier transform infrared (FTIR) spectra of: Curcumin (CUR) (A); Chitosan (CS) (B);
CUR-grafted-CS (CCS) (C); polyethylene glycol (PEG) (D); and PEGylated CUR-grafted-CS (PCC) (E).

Figure 3. (A) Nuclear Magnetic Resonance (1H NMR) spectra for CUR, CS, PEG, PCC1, PCC2 and
PCC3; and (B) Ultraviolet (UV-Vis) spectra of CUR, CS, PCC1, PCC2 and PCC3.

3.2. Size Distribution, Zeta Potential and Morphology of PCC NPs

The mean distribution size and polydispersity index (PDI) were, respectively,209.9 nm and 0.076
for PCC1 NP; 177.6 nm and 0.247 for PCC2 NP; and 137.4 nm and 0.267 for PCC3 NP (Figure 4A).
The zeta potentials of PCC1, PCC2 and PCC3 NPs were 12.9 ± 4.02 mV, 21.3 ± 4.27 mV and
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34.4 ± 9.52 mV, respectively (Figure 4B). As the ratio of PEG/CS decreased, the size of PCC decreased
and the zeta potential increased. TEM images show the sphere shape of PCC NPs (Figure 4C–E).

Figure 4. The size distributions (A); and zeta potential (B) of PCC1, PCC2 and PCC3 NPs. Transmission
electron microscopy (TEM) images of: PCC1 NP (C); PCC2 NP (D); and PCC3 NP (E).

3.3. Characterizations of PCCM NPs

Figure 5 schematically illustrates the formation of PCCM NP. As denoted in our design,
the hydrophobic molecule CUR was conjugated to the CS polymer and formed the hydrophobic
core in the self-assembly process. On the external shell, we varied the ratio of PEG/CS to make three
kinds of PCCM NPs and evaluated the properties and biological functions of the NP due to the change
of PEG/CS ratio. Characterizations of all of PCCM NPs confirmed our designs, as summarized in
Table 1. The PEG/CS ratio in the composition of the external shell significantly affected NPs’ properties.
Higher degree of PEG grafted on the external shell rendered alarger size distribution, less positive zeta
potential and lower drug loading capacity of the NPs (e.g., PCCM1). As the PEG/CS ratio was reduced,
all changes of the NPs properties were reversed accordingly (e.g., PCCM2 and PCCM3). The change in
PCCM3 was remarkably optimal. It is reasonable to account for the correlations of the PEG/CS and
the NPs’ characterizations regarding the NPs size, zeta potential and drug loading capacity. The PEG
grafted to amino group of the CS could mask the positive charge. More PEG molecules grafted to the
CS backbone reduced the area of positively charged CS exposed, which resulted in lowering the zeta
potential, or vice versa (Figure 5). In aqueous solution the amphiphilic PCC conjugate formed the
micelle with the PEGylated CS hydrophilic chain facing externally. Solvents can mediate aggregation
of NPs by H-bonding [22,24]. PCCM with low PEG/CS ratio corresponding to highly positive charges
would have more H-bonding connections and result in forming highly compact NPs. As expected,
PCCM3 formed in the smallest size, the largest positive zeta potential, but with the highest drug
loading capacity. Particularly, the PEG/CS ratio had significant impact on the loading capacity for
CUR than that for MTO (Table 1). This was because the assembly of conjugated CUR was directly
correlated to the degree of PEG. Since MTO and CUR are hydrophobic molecules, larger amounts of
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assembled CUR would associate with more MTO being encapsulated. The loading capacities for MTO
were indirectly associated with the PEG/CS ratio.

Figure 5. Schematic diagram illustrated the design and self-assembly of PCCM NPs with different
density of PEG in each of PCCM.

3.4. Mitoxantrone (MTO) and Curcumin (CUR) Drug Release from PCCM NPs In Vitro

Figure 6 shows the MTO (Figure 6A) and CUR (Figure 6B) release from PCCM NPs at pH 7.4,
pH 6.8 and pH 4.0 conditional media. All PCCM NPs exhibited two phases of MTO releasing profile,
a rapid release in 10 h followed by a sustained release in 48 h. Free MTO completely released within
8 h under the same conditions. The rapid releasing MTO in the first 10 h probably related to the
surface-absorbed MTO [35]. The encapsulated MTO sustained release slowly. Larger sizes of NPs
or lower pH conditions were associated with higher percentage of MTO release, displayed in the
following order: PCCM1>PCCM2>PCCM3, and the release at pH 4.0 > pH 6.8 > pH 7.4 (Figure 6A).
At pH 7.4 conditional medium that mimicked extracellular circulation condition, the MTO release
from PCCM3 NP was about 51.54%, which was significantly lower than that from PCCM2 (57.96%)
and PCCM1 (61.64%). We anticipated PCCM3 would have the least MTO loss in systemic circulation.

The release of CUR could only be detected at pH 4.0 (Figure 6B). The cumulative release of
CUR for 48 h from PCCM1, PCCM2 and PCCM3 was 15.36%, 13.55% and 17.02%, respectively.
At pH 6.8 and pH 7.4, the CUR release was close to zero. Therefore, we expect CUR loss was zero in
physiological circulation system as long as the NPs were intact. CUR release required breaking the
chemical bond between CUR and CS and was exclusively pH dependent, as the CUR released only
at pH 4.0 in a time dependent manner. Under the acidic condition such as the microenvironment of
cancer cells, acid catalyzed the hydrolysis of amide bonding between CS and CUR and the free CUR
gradually diffused out of the NPs. The order of the percentage of CUR release in PCCM NPs was:
PCCM3 > PCCM1 > PCCM2. The relatively high level of CUR release in PCCM3 might be related to
its larger amount of CUR loaded.
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Figure 6. In vitro release profiles of Mitoxantrone (MTO) (A) and CUR (CUR) (B) from PCCM NPs in
pH 7.4, 6.8 and 4.0 conditional media.

3.5. Cytotoxicity Test In Vitro

The treatments of PCCM NPs greatly reduced HepG2 cell viability (Figure 7). PCCM3 displayed
the highest level of cytotoxicity while exhibiting the lowest EC50 value (14.57 ± 0.78 μg/mL), and the
lowest percentage of cell viability (10.82% ± 2.32%) as compared to that of PCCM1 and PCCM2.
The biological effects of drugs were dose dependent [36] and correlated with the efficiency of drug
endocytosis [37] and, perhaps, the synergism of the drugs in combination [3,38]. We administered
uniform MTO concentrations across all PCCM NP treatment groups, but varied the CUR concentrations
(Table 2). Among PCCM NPs tested, PCCM3 obtained the highest proportion of CUR (MTO:CUR,
1:1.925), and may partially account for the significantly enhanced cytotoxic effect of PCCM3, as CUR
is known to mediate synergistic effects when co-administered with some chemotherapeutic drugs.
Moreover, the positively charged of NPs can promote cellular uptake through electrostatic interaction
between NPs and cell membrane leading to NPs endocytosis [17,39]. The high positively charged
surface of PCCM3 may facilitate NPs endocytosis.

Next, we addressed whether the combination of CUR with MTO could mediate synergistic effect,
and, if so, whichr atios of MTO and CUR would achieve the synergism. We applied the mass-action
law model proposed by Chou-Talalay to compute the combination index (CI), where CI < 1 indicates
paired drug effects of synergism; CI = 1 indicates additivity; and CI > 1 indicates antagonism [30,31].
We generated dose–effect curves using free MTO and free CUR (without NPs encapsulation) to
determine the CI values of MTO:CUR at 1:1, 1:1.5 and 1:2 (Figure 8A–C). CI < 1 was only observed
when the MTO:CUR was at 1:2 (CIMTO:CUR 1:2 = 0.629), whereas, CIs > 1 were observed at the other
combination ratios (CIMTO:CUR 1:1 = 1.403, CIMTO:CUR 1:1.5 = 1.228). A combination ratio of MTO and
CUR at 1:2 was critical, at which the synergism was likely achieved. We also used isoboles method to
quantitatively assess the synergism and antagonism of the paired drug effects [33]. Based on the doses
of MTO and CUR with different combination ratios to achieve 50% of maximum effect, we plotted
an isobole that indicated the additive effect of the paired drugs, which allowed us to define the area
of super additivity (synergism) or subadditivity (antagonism). Again, only the EC50 dose of MTO
and CUR at 1:2 combination model was localized below the isobole, suggesting combined MTO and
CUR at this ratio would likely produce synergistic effect (Figure 8D). The rationale of the free drug
models could be applied to explain the observed results of PCCM NPs. The EC50 values of PCCM1,
PCCM2 and PCCM3 were 24.39, 21.15 and 14.57 μg/mL and corresponded to the MTO and CUR
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combination ratios of 1:1.66, 1:1.72 to 1:1.925, respectively. Lower EC50 indicates higher the drug
potency. The significant increase in the potency of PCCM3 compared to other PCCMs suggested that
the MTO/CUR combination ratio in PCCM3 played a critical role in enhancing the drug combination
effect toward super additivity.

Figure 7. Dose–effect curves and the regressions of: PCCM1 (A); PCCM2 (B); PCCM3 (C); and all
PCCM NPs for comparison (D). Data represent means ± SD (n = 6). Statistics: * indicates significant
differences between PCCM1 and PCCM3 (p < 0.05); # indicates significant differences between PCCM2
and PCCM3 (p < 0.05). There was no significant difference between PCCM1 and PCCM2.

Figure 8. Dose–effect curves and regressions of: free MTO (A); and free CUR (B); the combination of
MTO and CUR at the combination ratio of 1:1, 1:1.5 and 1:2 (C); and the isobole (D). Data represent
means ± SD (n = 6). Statistics: * indicates significant differences between the models of MTO:CUR at
1:1 and 1:2 (p < 0.05); # indicates significant differences between the models of MTO:CUR at 1:1.5 and
1:2 (p < 0.05).
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4. Discussion

CUR has been widely considered an adjuvant drug for chemotherapy [3,40,41]. Many studies
have reported about the combination of CUR with chemotherapeutic drugs that have demonstrated
the enhancement of antitumor effect by CUR and nanonization of CUR that can improve its
bioavailability [41–43]. By these methods, CUR was adsorbed on surface of nanoparticles or
encapsulated in core of liposomes or micelles. The use of chemically grafting CUR to CS is a novel
design that incorporates CUR into NPs structure and allows CUR to be carried. This method offers
several advantages: first, the quantity of CUR in the nanocarrier can be regulated because the
conjugation of CUR molecules to the CS polymer is a chemical reaction that follows the reaction
stoichiometry principle. Once the quantity of CUR is fixed, the proportional MTO molecules associated
with CUR by hydrophobic interaction are encapsulated. Secondly, the free drug dose–effect models
(Figure 8) suggested that a high proportion of CUR was prerequisite to achieve the synergistic effect
in combination with MTO. Relatively, MTO is a highly potent chemotherapeutic drug with adverse
cytotoxic side effects and should be kept in low concentration. The design of PCCM NPs is desirable
to model CUR and MTO in combination. Using two different approaches to encapsulate two drugs,
we can manipulate the drug ratio and ultimately maximize the drug efficacy and the synergism. Thirdly,
unloaded CUR required breaking the chemical bonding in acidic conditions. Thus, CUR delivery could
be targeted to the tumor cells where the acidic microenvironment was favorable for CUR release.

The strategy of grafting PEG on the NPs surface to escape RES phagocytosis is a sophisticated
method [44]. Recently, Yang et al. demonstrated the impact of PEGylation on characterization of CS
NPs properties, bioactivities and tissue distributions in vitro and in vivo [20]. Our study used similar
methodology for PEGylation and both PEGylated-chitosan NPs displayed comparable results in terms
of sizes, zeta potentials and PEG content. Yang’s study reported that higher molecular weight and
lower grafting rates of PEG resulted in forming smaller and more compact NPs with relatively higher
surface charge, which was consistent with our findings. Yang et al. further revealed that PEGylated-CS
NPs significantly inhibited macrophage phagocytosis and unspecific interaction with red blood cells.
Gref et al. [45] also described that, in PEG concentration above 5%, PEG functioned as a “brush” which
effectively shielded the surface charge of the nanoparticles, thereby prolonging the retention time of
NPs in circulation and stabilizing NPs structure in vivo. These findings suggest that the PEGylated-CS
NPs developed in the current study could be applicable for systemic circulation.

It is well known that synergism or antagonism in a drug pair depends not only on the agonist
drug pair, but also on the ratio of the doses. Often, there is a range of dose combinations that are
synergistic and other ranges that are either additive or antagonistic [32]. We validated that MTO:CUR
at 1:2 is the critical combination ratio to achieve synergistic effect based on the CI values and the
method of isobolo gram (Figure 8). Most importantly, in this study, we elucidated the rationale of
grafted PEG density in the PEGylated CS NPs resulting to alter the drug potency and synergism,
and finally presented PCCM3 as the best nanocarrier model for CUR and MTO. PCCM3 with the
lowest PEG density (PEG/CS 1:10) and the optimal combination ratio of MTO and CUR that close
to 1:2 has demonstrated the best characteristics and the anticancer effects among the three PCCM
NPs examined.

5. Conclusions

We successfully fabricated a new design of a drug carrier for MTO and CUR by chemically
linked CUR and physically loaded MTO. In evaluating three of PCCM NPs that consisted of different
PEG/CS ratio, PCCM NPs with the smallest DS of PEG were determined as the best with regard
to their physical properties and the better anticancer effect. Our results established the relationship
between physical properties and the biological functions of PCC NPs. We further explained a proper
combination ratio of MTO and CUR would achieve synergistic cytotoxicity to cancer cells. Our findings
provide new insights in CUR drug carrier development, particularly CUR in combination with
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the chemotherapeutic drugs for maximizing synergistic effects, thus exhibiting great potential for
applications in the combination of CUR and chemotherapeutic drugs for cancer therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/7/486/s1,
Table S1: Supplemental data for calculating the combination index, Table S2: Data for plotting the isobole.
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Abstract: Infectious diseases pose one of the greatest health challenges in the medical world. Though
numerous antimicrobial drugs are commercially available, they often lack effectiveness against
recently developed multidrug resistant (MDR) microorganisms. This results in high antibiotic dose
administration and a need to develop new antibiotics, which in turn requires time, money, and labor
investments. Recently, biogenic metallic nanoparticles have proven their effectiveness against MDR
microorganisms, individually and in synergy with the current/conventional antibiotics. Importantly,
biogenic nanoparticles are easy to produce, facile, biocompatible, and environmentally friendly in
nature. In addition, biogenic nanoparticles are surrounded by capping layers, which provide them
with biocompatibility and long-term stability. Moreover, these capping layers provide an active
surface for interaction with biological components, facilitated by free active surface functional
groups. These groups are available for modification, such as conjugation with antimicrobial drugs,
genes, and peptides, in order to enhance their efficacy and delivery. This review summarizes the
conventional antibiotic treatments and highlights the benefits of using nanoparticles in combating
infectious diseases.

Keywords: antibiotics; nanoparticles; biogenic nanoparticles; antimicrobial; antibiotic resistance;
multidrug resistant (MDR) microorganisms

1. Introduction

The term ‘antibiotic’ hails from the word ‘antibiosis’ (meaning against life). Antibiotics are
chemical compounds, which can either kill or inhibit the growth of microorganisms. Antibiotics can
be classified as antibacterial, antifungal, and antiviral, depending on their target group. However,
generally speaking, the term antibiotic is most commonly used to describe antibacterial compounds [1].
For decades, antibiotics have been used to treat diseases, as well as for providing support in various
medical procedures ranging from organ transplant to chemotherapy. Various classes or generations
of antibiotics have been developed depending upon developing MDR and their mode of resistance.
The widely known antimicrobial mechanism of antibiotics includes, inhibition of enzymes, interference
in DNA, RNA and protein synthesis, and disruption of membrane structure [2]. A world without
antibiotics is difficult to imagine. However, this could turn into a reality owing to the emergence
of antibiotic resistance in microorganisms [3]. As aptly described by González-Candelas et al.,
‘Antibiotic resistance represents one of the best examples of natural selection in action; and also
one of the major hurdles in humankind’s fight against infectious diseases’ [4]. The development
of drug resistance in microorganisms leads to usage of high drug doses, higher toxicity treatments,
longer stays in hospitals, and an increase in mortality [5]. There are various factors which contribute
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towards antibiotic resistance in microorganisms, such as misuse and overuse of antibiotics, their
extensive agricultural use, and availability of fewer new antibiotics [6]. Furthermore, the ease of
transportation (of affected individuals and food commodities) in today’s era helps spreading of
pathogenic microorganisms farther and faster around the globe [7].

Apart from the negative social and economic effects on society, antibiotic resistance poses
a serious threat of spread of epidemic infections [7]. The World Health Organization (WHO) has
declared antimicrobial resistance (AMR) as one of the ‘biggest threats to global health’ [8]. Around
25,000 deaths per annum have been estimated in the European Union because of AMR [3]. Globally,
the estimated number of deaths due to multidrug resistant microorganisms is around 700,000 per
year [9]. The possible known mechanisms of antibiotic resistance in bacteria are; (1) reduced
uptake of antimicrobial drugs and/or increased efflux of drugs, (2) alterations of antibiotic target,
(3) development of drug degrading/modifying enzymes in microorganisms, and (4) formation of
biofilm layer which surrounds the bacteria and avoids its exposure to antibiotics [10]. These possibilities
ultimately result in either less accumulation of drugs in microbial cells or short intracellular residence
of drugs, due to which the therapeutic levels of drugs cannot be easily achieved [11]. Consequently,
a higher amount and repeated administration of drugs is required, leading to adverse side effects on
human beings and animals.

Pathogenic microorganisms have developed resistance against almost all the types of antibiotics
currently being used [12]. Most importantly, there have been no reports on the development of any
new antibiotics class in the past few decades. In addition, antibiotics innovation and commercialization
is an expensive and long process, which includes discovery of new antibiotics, several clinical trials,
and licensing [13]. This situation is compounded by the fact that bacterial resistance can emerge quickly
to any new antibiotics, resulting in a reduction in antibiotic use and a decline in sales. Thus, lack of
antibiotics development will ultimately result in an increased risk of death from infections following
surgeries such as organ transplants or chemotherapy [14]. Therefore, there is an imperative need to
develop new drugs to tackle these problems.

To answer these problems, scientists became interested in achieving a rapid diagnostic and
targeted therapy by either completely avoiding or modifying the use of conventional antibiotics.
This search led to investigating the metals such as silver, copper, zinc, and titanium, which are
originally antimicrobial in nature. Metals have been used as antimicrobial agents from centuries.
Unlike antibiotics, metals act against microorganisms through several different mechanisms such
as membrane disintegration, damage of cellular components (DNA, protein and electron transport
chain), and reactive oxygen species (ROS) generation [15]. The emergence of nanotechnology helped in
understanding and exploring the unique properties of these metals. Conversion of bulk metal-to-metal
nanoparticles demonstrated the enhancement of all the properties of parent metal at nano scale [16].
Transformation of bulk element to nano level, not only reduces its size, but also leads to the
formation of different shapes at nano level, such as spherical, triangular, truncated triangle, octahedral,
rod, and flower-shaped [17,18]. This variation in geometry facilitates applications in various fields.
Especially, it is very advantageous for antimicrobial applications, since the antimicrobial action of
nanoparticles is directly proportional to the surface area available for interaction with biological
components. Thus, the metallic nanoparticles became one of the most promising choices to overcome
the microbial resistance and fight MDR microorganisms [11].

To produce the metallic nanoparticles, several conventional methods have been in use for decades.
For instance, physical methods such as melt mixing, laser ablation, physical vapor deposition,
sputtering, and chemical methods like thermolysis, photoreduction, microemulsion and sol-gel.
These methodologies often result in instability of nanoparticles, attachment of toxic substances
on nanoparticle surface, and production of hazardous byproducts. For instance, to produce silver
nanoparticles (AgNPs) chemically, a reducing agent (borohydrite), capping agent (starch, polyethyl
glycol), and other stabilizing agents are required. By contrast, “green” methodologies have overcome
all these limitations [19]. Green methodologies involve biogenic synthesis of metallic nanoparticles
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by using biological resources such as microorganisms and plants [20–22]. Microorganisms usually
exhibit a process called bioreduction, which involves the accumulation of metallic ions in order to
reduce their toxicity. Microorganisms bioreduce intracellularly with the help of various reducing
species present either inside the cell and on the cell wall, or extracellularly by different metabolites.
Plants also possess the reducing capability because of various flavonoids, proteins, and water-soluble
biomolecules. The advantages of green synthesis include: (1) production of stable nanoparticles,
(2) biocompatible coating on the nanoparticles’ surface which provides additional active surface area
for interaction in the biological environment, (3) no hazardous byproduct formation, (4) additional
reduction or stabilizing agents are not required, which ultimately makes the process economical
(Figure 1) [23,24]. The stability and biocompatibility of green nanoparticles corresponds to their
capping layer, which usually form during synthesis of biogenic nanoparticles, and originates from
the corresponding biological extracts used for synthesis. This layer affects the biological activity of
nanoparticles and is useful in long-term stability. Huang et al. demonstrated that nanoparticles formed
from microorganisms through nucleation and surface growth could be entrapped by the additional
surface (capping layer), often exhibiting excellent stability [25]. Despite the fact that biogenic metallic
nanoparticles are biocompatible in nature with high stability and amenable for biomedical applications,
a balance between price, process, and scalability is still a considerable challenge. Especially for
microorganisms involved in biogenic nanoparticles production, there is a requirement of sophisticated
instruments throughout the process for the maintenance, production, and purification of nanoparticles.
For instance, freezers are required for microorganisms’ preservation, incubators with temperature and
shaking control are required for nanoparticle production, and centrifuges are required for purification
of nanoparticles. All these heavy instruments required for the complete process of nanoparticle
production and purification make the methodology comparatively expensive [26,27]. In the case
of plants, the requirement of natural resource management, which includes plant culturing and
maintenance, is an important issue that needs to be addressed [28,29]. However, the advantages of
biogenic metallic nanoparticles over physiochemically-obtained nanoparticles cannot be over looked
for future research and commercialization in the field of antimicrobial applications.

Figure 1. Green synthesis of metallic nanoparticle, their advantages and biological applications.

In this review, we focused on conventional antibiotics, developing drug resistance, nanoparticle
development, and overcoming drug resistance problems. We also focused on the biogenicity of metallic
nanoparticles and their future perspectives.
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2. Microbial Resistance to Antimicrobial Drugs

2.1. Conventional Antibiotics

Penicillin was the first antibiotic to be discovered in 1928, which marked the beginning of the
modern era of antibiotics [6]. Antibiotics can be classified on the basis of their mode of action, spectrum
of action, or their chemical structure. For example, antibiotics can either be bactericidal (lethal to
bacteria) or bacteriostatic (causing growth inhibition of bacteria). The broad-spectrum antibiotics
target both the Gram-negative and Gram-positive bacteria, while the narrow spectrum antibiotics
target only one of them [30]. Based on their molecular structures, antibiotics can be classified as
β-lactams, macrolides, tetracyclines, quinolones, aminoglycosides, sulphonamides, glycopeptides,
and oxazolidinones [1].

The β-lactam antibiotics interfere with the cell wall synthesis in bacteria by binding to penicillin
binding protein (PBP). The function of PBPs is to cross-link the peptide units in the peptidoglycan
layer. Binding of β-lactams to PBPs leads to the inhibition of the latter, and subsequently cell
lysis. The β-lactam antibiotics are further divided into penicillins, cephalosporins, monobactams,
and carbapenems. In the late 1960s, the emergence of penicillin-resistant bacteria was observed.
These bacteria were able to synthesize β-lactamases, enzymes that could degrade β-lactam antibiotics.
The discovery of carbapenems circumvented this problem, as this new class of β-lactams was
insensitive to the β-lactamases. Amongst all the known β-lactams, carbapenems exhibit the broadest
spectrum of activity [1]. Unfortunately, the emergence of carbapenem resistance was also reported
in bacteria [31]. Glycopeptides also target the bacterial cell wall synthesis, but in addition to
blocking the PBPs, they also inhibit peptidoglycan synthesis [1]. A detailed account of recent
developments in glycopeptide antibiotics has been published elsewhere [32]. The macrolides,
tetracyclines, aminoglycosides, and oxazolidinones inhibit the bacterial growth by targeting protein
synthesis in the cells. Macrolides bind to the 50S ribosomal subunit and inhibit the elongation of
mRNA during translation, thus halting protein synthesis [1]. Oxazolidinones also bind to the 50S
ribosomal subunit, but unlike the macrolides, inhibit protein synthesis by impeding the formation
of 70S translation initiation complex [33]. Together, these two classes form the 50S inhibitors group.
Tetracyclines and aminoglycosides, the 30S inhibitors group, bind to the 30S ribosomal subunit
denying aminoacyl-tRNAs access to the ribosome and subsequently inhibiting protein synthesis.
While macrolides and tetracyclines are typically bacteriostatic, aminoglycosides are broadly bactericidal
in their mode of action [1]. Nucleic acid (DNA and RNA) synthesis is fundamental to a cell’s survival.
Quinolones inhibit bacterial growth by blocking the action of DNA helicases, which are indispensable
for unwinding the double helical structure of DNA prior to DNA replication or repair. Additionally,
quinolones also interfere with the functions of topoisomerase II and topoisomerase IV in bacteria
leading to a negative effect on RNA polymerase, thereby inhibiting RNA synthesis [1]. Sulfonamides
structurally mimic para-aminobenzoic acid (PABA), a substrate for the synthesis of folic acid in
bacterial cells. Folic acid is indispensable for nucleic acid (DNA) synthesis, thus by competing with
PABA and blocking folic acid synthesis; sulfonamides inhibit cell division and cause growth inhibition
in bacteria. Unfortunately, resistance to these conventional antibiotics has been reported in bacteria,
making it difficult to treat the infections caused by these bacteria [34].

2.2. Developing Resistance to Antimicrobials

Recently-developed multidrug resistant (MDR) microorganisms includes: vancomycin resistant
Staphylococcus aureus and Enterococcus sp. such as E. faecalis and E. faecium [35], penicillin resistant
Streptococcus pneumonia, multidrug resistant Mycobacterium tuberculosis, Salmonella enterica, Pseudomonas
aeruginosa, Vibrio cholera, Acinetobacter baumannii, and carbapenem resistant Enterobacteriaceae [9].
Broadly speaking, bacteria develop drug resistance by acquiring the drug resistance genes, which
is followed by the expression of these resistance genes, and selection of the cells expressing the
resistance genes. The acquisition of resistance genes can occur via horizontal gene transfer (HGT) by
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transduction, transformation, or conjugation [36]. Another possibility of acquiring the resistance genes
is by spontaneous mutation in the existing genes [37]. When a microbe, which already has a drug
resistance gene, acquires another type of drug resistance gene, such microbes then become multi drug
resistant (MDR). Next, the acquired resistance genes are expressed when the microbes possessing them
are exposed to antimicrobial drugs. Finally, a selection pressure for microbes expressing a resistance
gene leads to a widespread resistance towards that antimicrobial. This could happen when the
microbes are not eliminated completely upon exposure to the drug, resulting in a positive selection
pressure for the drug resistant microbes. For example, a positive selection pressure for microbes
expressing resistance genes occurs when a patient misses a scheduled dose of the antimicrobial or takes
an insufficient number of doses (poor patient compliance). Consequently, the microbes get exposed to
the drug but are not completely eliminated. Poor patient compliance plays an even more significant
role in developing drug resistance against drugs with short elimination half-lives. Because the time
required for removal of these drugs from the host body is short, it is necessary to replenish the drug in
short intervals accompanied by a higher number of doses for complete eradication of the microbe [12].

However, administration of an appropriate number of doses at appropriate intervals does not
eliminate the positive selection pressure for drug resistance. The clinical outcomes of time-dependent
antibiotics are measured as a function of t > MIC (minimum inhibitory concentration), which is defined
as the time duration, between the doses, for which the drug concentration in plasma is more than its
MIC. Thus, persistent plasma concentration of a time-dependent antibiotic between zero and its MIC
for a long time can lead to the development of resistance against the drug. This especially concerns
antibiotics with long elimination half-lives such as β-lactams, tetracyclines, and clindamycin [5].
The clinical outcomes of concentration dependent antibiotics are measured as a function of Cmax/MIC,
which is defined as the ratio of maximum drug concentration in plasma to its MIC, per dosing interval.
Thus, a drop in Cmax/MIC value below a target threshold during a dosing interval can lead to the
development of resistance against the drug, independent of its elimination half-life. Vancomycin,
aminoglycosides, and quinolones are some examples of the concentration-dependent antibiotics [5].

2.3. Mechanisms of Drug Resistance to Antimicrobials

2.3.1. Decreased Uptake and Efflux Pumps

Decreased uptake and increased efflux of a drug does not allow for accumulation of the drug
inside the cell to a concentration that is lethal to cells. For this purpose, various bacteria possess
resistance genes for specific types of antibiotics. For example, both Gram-positive and Gram-negative
bacteria possess the genes for tetracycline efflux pumps TetA, TetB, and TetK. The tetA gene is not
expressed under native conditions owing to its repression by the repressor protein TetR. Tetracycline
binds to TetR, thus inactivating it, which in turn leads to the expression of the tetA gene. The TetA efflux
pump then flushes out tetracycline, thereby conferring resistance to the bacteria against tetracycline.
Other examples of resistance due to increased efflux include resistance against fluoroquinolones in
Gram-negative bacteria and resistance against macrolide in Gram-positive bacteria [5]. Examples of
decreased uptake of antibiotics include aminoglycoside resistance in Gram-negative bacteria. One of
the known vancomycin resistance mechanisms is a thickening of the cell wall [5].

2.3.2. Alteration of Antimicrobial Target

Bacteria can also develop resistance by expressing genes that code for an alternate version of
the antibiotic target. These altered substrates usually have lower binding affinity to the antibiotic
as compared to the wild type versions, thus decreasing the activity of the antibiotic. For example,
resistance against β-lactams in methicillin resistant Staphylococcus aureus (MRSA) conferred by mecA,
which codes for an altered PBP known as PBP2A. The β-lactams have lower binding affinities
towards PBP2A than PBP, and therefore, mecA confers resistance against all the β-lactams [5,38,39].
Another example is resistance against glycopeptides conferred by the resistance gene vanA expressing
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the enzyme D-alanine-D-lactate ligase. This enzyme modifies the terminal D-ala-D-ala domain of
peptidoglycan precursor (target of vancomycin) to D-ala-D-lactate. The affinity of vancomycin towards
this modified precursor is about 1000 times lower than the wild type version, thus making the cells
expressing vanA resistant towards vancomycin [5,40]. Other examples that use this mechanism
to develop drug resistance include resistance to sulfonamides in Escherichia coli, Streptococcus
pneumoniae, Neisseria meningitidis, resistance to quinolones in Gram-positive and Gram-negative
bacteria, and resistance to macrolides, aminoglycosides, and tetracyclines [5,41].

2.3.3. Modification of Antimicrobial Drugs

Bacteria have also been observed to express resistance genes coding for antibiotic modifying
enzymes. For example, ACT N-acetyltransferase which catalyzes the acetylation of an NH2 group
of aminoglycoside, the APH O-phosphotransferase which catalyzes the phosphorylation of an OH
group of aminoglycoside, and ANT O-adenyltransferase which catalyzes the adenylation of an OH
group of aminoglycoside. In all these cases, modification of the antibiotic leads to its decreased
binding affinity towards its target, the 30S ribosomal subunit, consequently reducing its antimicrobial
activity. Modification and inactivation of chloramphenicol by acetyltransferases is the most common
mechanism of developing chloramphenicol resistance. Other antibiotics for which such mechanisms
of developing drug resistance are observed include β-lactams, tetracyclines, macrolides, quinolones,
and streptogramins [5,42].

2.3.4. Production of Competitive Inhibitor

Antibiotic resistance is also acquired by producing a competitive inhibitor of the drug.
For example, S. aureus and N. meningitides produce an increased amount of PABA that competes
with sulfonamide for its target, dihydropteroate synthetase, and thus conferring resistance against
sulfonamide drugs [5].

2.3.5. Persister Cells

When a small fraction in bacterial population randomly stops or slows down their metabolic
activity by expressing the toxin-antitoxin (TA) genes, they become more tolerant to the antimicrobial
drug. These cells are known as persisters. Upon exposure to antibiotics, most of the bacterial population
is wiped out, leaving behind the persisters. These persistors can cause recurrence of the infection when
they resume their metabolic activity [5,36].

2.3.6. Biofilm Formation

Biofilms are formed when bacterial cells immobilize themselves by attaching to a surface such as
human tissues and medical implants. It is very difficult to treat the infections associated with biofilms
because of the extracellular polymeric substance (EPS) matrix present around the bacterial cells.
The EPS matrix is extremely tolerant towards various antibiotics, thus leading to chronic infections
in humans [5,43]. The EPS matrix forms a barrier between antibiotics and bacterial cells. The EPS
matrix acts a sieve and molecules above a certain size, including antibiotics, cannot pass through it.
The antibiotics also get trapped in the EPS matrix because of its negative charge. Furthermore, the EPS
matrix contains enzymes that can modify antibiotics and rip them off their antimicrobial activity. It has
also been suggested that by reducing the antibiotic concentration below their MIC (and above 0),
the EPS matrix could help in development of antibiotic resistance in the bacterial cells [5,44]. Although
some antibiotics, such as rifampicin and vancomycin, have been shown to penetrate the EPS matrix,
they could not eradicate the slow growing bacterial cells, especially the persister cells [43].
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2.3.7. Swarming

Swarming is a type of multicellularity observed in many bacterial species. It happens when
groups of highly differentiated cells (swarm cells) come together as a single unit on semisolid surfaces.
The planktonic cells become elongated and develop multiple flagella. These swarm cells remain in
each other’s vicinity and migrate together, like a raft. The swarm cells have been shown to be highly
resistant to multiple antibiotics. However, sub culturing the swarm cells in liquid medium causes
them to revert back to planktonic cells, as well as restoring their antibiotic susceptibility [5,38].

2.3.8. Intracellular Microbes

Being inside the host cell, the intracellular microbes are shielded from the antimicrobial drugs
because of the limited capacity of the drugs to enter the host cell [5].

In recently published reviews, a more detailed account on the mode of action of antibiotics and
different mechanisms of resistance against antibiotics is available [34,45].

3. Promising Biogenic Metallic Nanoparticles for Antibacterial Applications

As discussed above, metallic nanoparticles due to their shape-and-size-dependent tunable
properties became central focus for many biomedical applications including antimicrobial. Metallic
nanoparticles such as silver, copper, titanium, zinc, and iron can be used against MDR microorganisms
due to their antimicrobial nature [11,46]. Importantly, biogenic nanoparticles are mainly utilized for
antimicrobial applications due to their long-term stability and biocompatibility. The mechanisms
behind the antimicrobial effect of these nanoparticles are oxidative stress, metal ion release,
and non-oxidative stress occurring simultaneously (Figure 2) [47]. There are several examples where
green metallic nanoparticles obtained from microorganisms have been explored for antimicrobial
applications against many pathogenic microorganisms. For instance, biogenic AgNPs obtained from
Brevibacterium frigoritolerans DC2 [48], Sporosarcina koreensis DC4 [49], and Bhargavaea indica DC1 [18],
showed antimicrobial activity against Vibrio parahaemolyticus, Salmonella enterica, Bacillus anthracis,
Bacillus cereus, Escherichia coli, and Candida albicans. Copper nanoparticles (CuNPs) obtained from
Sida acuta showed antimicrobial activity against Escherichia coli, Proteus vulgaris, and Staphylococcus
aureus [50]. In addition, these nanoparticles showed enhancement in the antimicrobial efficacy of
conventional antibiotics such as lincomycin, oleandomycin, vancomycin, novobiocin, penicillin G,
and rifampicin, when applied together. Research on zinc oxide also revealed its antibacterial
activity against S. aureus, E. coli, and P. aeruginosa [51]. Thus, the findings suggest that combining
the current antibiotics with green metallic nanoparticles can be further helpful for enhancing
their antimicrobial activity. Moreover, a comparative study between biological and chemical
nanoparticles demonstrated that the biological nanoparticles exert higher antimicrobial effect than
the chemically synthesized nanoparticles. For example, Sudhasree et al. proposed that the biological
synthesized nickel nanoparticles from Desmodium gangeticum are more monodispersed and have
higher antioxidant, antibacterial, and biocompatible activities in LLC PK1 (epithelial cell lines) than
chemically synthesized nanoparticles. Specifically, in terms of antibacterial activity, they tested
both the nanoparticles against S. aureus, K. pneumonia, P. aeruginosa, V. cholerae, and Proteus vulgaris,
and found that chemically synthesized nickel nanoparticles were not at all active against K. pneumonia,
P. aeruginosa and P. vulgaris, whereas biological nanoparticles showed antimicrobial activity against
these microorganisms. For S. aureus, chemical nanoparticles were less active than the biological ones.
However, in the case of V. cholerae, chemical nanoparticles were more effective [52]. Mohammed et al.
also described how biologically synthesized zinc nanoparticles have more antimicrobial potential
against Salmonella typhimurium ATCC 14028, B. subtilis ATCC 6633, and Micrococcus luteus ATCC 9341
compared with chemically synthesized zinc nanoparticles [23]. Table 1 provides an overview of several
types of biogenic nanoparticles, their source, and any reported antimicrobial activity.
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Figure 2. Various mechanism of antimicrobial activity of biogenic metallic nanoparticles. ROS: reactive
oxygen species.

However, this list is not exhaustive, and only a few seminal studies are mentioned here. From past
few decades, nanoparticles, especially coating of nanosilver, are being used in bone prostheses,
dental implants and surgical instruments as an antibacterial preventive measure and as coating
on wound dressing to combat the microorganisms in wounds [53,54]. These nanoparticles target
the bacterial cells and disturb the crucial function of cell membrane such as membrane respiration
and membrane permeability [55,56]. Furthermore, they react with intracellular components such as
proteins and nucleic acids, and inhibit cell division and gene transfer [55,56]. There are many reports
showing the antimicrobial activity of various nanoparticles, mainly silver, zinc, copper, titanium,
magnesium, and gold [57,58]. The mechanism of action of nanoparticles and antibiotics seems to be
similar in the case of interference in the synthesis of DNA, RNA, and protein, as well as membrane
disruption [2,53,55]. However, most of these metallic nanoparticles exhibit antimicrobial activity
through multiple mechanisms, which decrease the possibility of development of resistance against
them in microorganisms [56]. To develop resistance towards such nanoparticles, microbial cells would
need to acquire multiple simultaneous gene mutations, which is not very probable. Furthermore,
synthesizing such nanoparticles by using the green way would result into proteins, polysaccharides,
and small bioactive compounds binding to the nanoparticles, which further enhance their antimicrobial
activity towards the MDR microorganisms. In this section, we discuss a few metallic nanoparticles
that are synthesized by green method(s) and their effect on different pathogenic microorganisms.

3.1. Gold Nanoparticles (AuNPs)

One of the most widely studied biogenic nanoparticles are gold nanoparticles (AuNPs).
Predominantly, the shape of the AuNPs is spherical [59], triangular [60], and hexagonal [61], though
rod-shaped nanoparticles were also reported in various studies. AuNPs are synthesized either
from the whole plant or by the combination of various components that act as reducing agents.
Interestingly, the type of extracts that are used as bioreductants defines the size and shape of
synthesized nanoparticles. AuNPs synthesized from Galaxaura elongate is one important example
where a wide range of size (4–77 nm) and shapes (spherical, rod, triangular, hexagonal) of nanoparticles
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were obtained [62]. Another important discovery is the effect of pH on the size of AuNPs. It was
reported that nanoparticles with core size 6 nm and 18 nm were obtained at pH 9 and pH 2 respectively,
from mango peel extract [63]. AuNPs are known for their biocompatibility to microbial cells with
no bacteriostatic or bactericidal activity. However, antibiotics integrated AuNPs are shown to have
strong bactericidal effect against the drug resistant bacteria. The ampicillin bound AuNPs has been
shown to damage ampicillin resistant bacteria, including MRSA, P. aeruginosa, Enterobacter aerogenes,
and E. coli K-12 sub-strain DH5-alpha [64] by multiple mechanisms. AuNPs-AMP can overwhelm
the high concentrations of beta-lactamase expressed by these bacteria and in addition, AuNP-AMP
inhibits the transmembrane pump that catalyzes drug efflux from the bacterial cell [64].

3.2. Silver Nanoparticles (AgNPs)

AgNPs have remarkable bactericidal and fungicidal properties, that have been exploited in
pharmaceutical industry, paints, ointments, food, fabrics, and packaging industries [65]. Large-scale
green synthesis of different shapes and sizes of AgNPs from plants, bacteria, fungi, and yeast has
been studied extensively [23]. The basic antibacterial mechanism of AgNPs has been shown to be
either due to the release of silver ions or due to the intracellular deposition of nanoparticles [58,66].
The detailed mechanism mainly involves cell membrane damage, disruption of energy metabolism,
generation of oxidative stress due to ROS formation, and inhibition of transcription. Silver ions
released from AgNPs have been shown to interact with sulfur- and phosphorus-containing groups of
proteins in the cell wall and plasma membrane of bacteria [67]. The initial interaction of silver ions
with microbial cells starts with the binding of cationic silver with the negatively charged microbial cell,
which leads to the formation of multiple pores in the cell membrane and outflow of the intracellular
contents. This also causes an electrochemical imbalance in the cells and allows the silver ions to
pass through the plasma membrane into the cytoplasm of the bacterial cell and interact with the
intracellular components resulting in permanent cell damage [55]. Silver ions also have been shown to
inhibit the activity of proteins and enzymes that are essential for ATP production, inhibit respiratory
enzymes leading to the production of ROS, damage RNA and DNA, and destabilize and disrupt
the outer membrane. Nanoparticles, owing to their small size with large surface area, have a high
possibility to cross the peptidoglycan and cell membrane [10,68]. This phenomenon has been described
as a rationale for the higher sensitivity of the Gram-negative bacteria towards nanoparticles, as
compared to the Gram-positive bacteria having a thicker peptidoglycan layer [19]. The thickness and
crosslinking of peptidoglycan in the Gram-positive bacterial cell wall provide more resistance against
the penetration of nanoparticles. Many reports with antibacterial activity of AgNPs have correlated
their toxicity with size and shape of the particles [69]. The nanoparticles with more surface area have
been shown to release silver ions at a higher rate, which is an important factor for high antibacterial
activity [70]. Antibacterial activity of AgNPs have been studied against the multidrug resistant bacteria
such as P. aeruginosa, E. coli, Streptococcus pyogenes, S. aureus, Klebsiella pneumoniae, Salmonella species,
and Enterococcus species [71,72]. This bactericidal effect, mostly, is attributed to the inhibition of cell
wall synthesis, protein synthesis mediated by the 30S ribosomal subunit, and nucleic acid synthesis.
Furthermore, AgNPs have also been shown to enhance the antimicrobial activity of antibiotics such
as penicillin G, amoxicillin, vancomycin, clindamycin, and especially erythromycin, against S. aureus
and E. coli [73]. In addition to that, silver carbene complexes encapsulated in nanoparticles have
been shown to be effective against multidrug resistant bacteria, including MRSA, multidrug resistant
A. baumannii (MRAB), P. aeruginosa, Burkholderia cepacia, and K. pneumoniae [74]. The strong bactericidal
effect of AgNPs against the multidrug resistant bacteria is mostly due to their multiple mechanisms
to disrupt microbial cells. Despite having multiple mechanisms for antibacterial effects, a recent
study involving a pretreatment of bacterial cells with sublethal concentration of AgNPs showed lesser
membrane damage, lowered levels of intracellular ROS and higher amount of intracellular ATP when
bacterial cells were further exposed to ampicillin. This suggests that the pretreatment of bacterial cells
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with sub-lethal concentrations of AgNPs leads to long-lasting responses that enhance the antibiotic
stress resistance in bacteria at multiple levels [75].

3.3. Zinc Oxide Nanoparticles (ZnO-NPs)

Zinc oxide nanoparticles (ZnO-NPs) are synthesized using different biological resources as
reducing agents [76]. They are nontoxic, semiconducting material with good photocatalysis and
high transparency. ZnO-NPs are synthesized from different parts of plants such as leaves, roots,
rhizomes, fruits, flowers, and bark [77]. ZnONPs show a potential antibacterial activity [78] and
good photo degradation and have applications in drug delivery [79] and anticancer therapy [80].
ZnO-NPs are also widely tested metallic nanoparticles for their antimicrobial purpose. The wide range
of both Gram-positive and Gram-negative bacteria such as E. coli, Listeria monocytogenes, Salmonella,
and S. aureus have demonstrated sensitivity towards ZnO-NPs [81,82]. ZnO-NPs treatment of bacterial
cells leads to ROS generation, lipid peroxidation, membrane leakage of reducing sugars, proteins,
DNA, and cell viability [83]. ZnO-NPs has been shown to produce ROS such as super oxide anion and
hydrogen peroxide in cells [84,85]. ROS causes membrane leakage of proteins and nucleic acids by
enhancing lipid peroxidation on membrane. Additionally, Zn+2 ions released from the nanoparticles
also damage the cell membrane and interact with intracellular components [86,87]. Recently, ZnO-NPs
were shown to inhibit the growth of carbapenem-resistant A. baumannii by producing ROS and causing
membrane damage, suggesting that ZnO-NPs might be developed as an alternative to carbapenems
(beta-lactam) [83].

3.4. Copper Nanoparticles (CuO-NPs)

Cupric oxide nanoparticles (CuO-NPs) gained critical importance due to their applications in
anti-microbial activity, pharmaceutical industry, cosmetics, transport, power, and farming [88]. It is
relatively easy to produce CuO-NPs by chemical means, but with many disadvantages like low
potency, high toxicity, environmentally unfriendliness, and high expense. CuO-NPs are synthesized
from various biogenic means like polysaccharides such as pectin, chitosan, alginate, leaf extracts,
bacteria and so on. Unlike gold, silver, and other nanoparticles, it has been a challenge to produce
stable CuO-NPs due to their proneness to oxidation when exposed to an aqueous medium [89].
Though there are a few reports on CuO-NPs production under inert conditions [90] from copper salts,
there are very limited reports that suggest the synthesis of metallic CuO-NPs in noninert conditions.
Compared to other nanoparticles, the biogenic synthesis of CuO-NPs is relatively new and ways are
being explored to make it with ease and ecofriendly. The mechanism behind the antibacterial activity
of CuO-NPs is believed that electrostatic attraction between Cu+2 and plasma membrane helps in
damaging the membrane and killing cells [91,92]. The Cu+2 ions are energetically easier to move
across a lipid bilayer and upon being taken up by the cell, lead to ROS production, lipid peroxidation,
and protein oxidation [92]. CuO-NPs were shown to have strong antimicrobial activity against both
Gram-positive and Gram-negative bacteria [92,93]. The broad-spectrum antimicrobial efficacy of
CuO-NPs suggested the possible use in wound healing treatment, such as in bactericidal plasters
and bandages, due to its strong bactericidal effect and illegible sensibility of human tissues to copper
compounds [94,95].

3.5. Titanium Dioxide Nanoparticles (TiO2-NPs)

Titanium dioxide nanoparticles (TiO2-NPs) possess interesting optical, dielectric, antibacterial,
and catalytic properties that makes them interesting for their usage in various catalyst industry [96],
sensors [97], biosensors [98], solar cells [99], and as image-contrast agents in medical diagnostics [100].
TiO2-NPs with different morphologies like nanorods and nanotubes are commonly synthesized using
different reducing and stabilizing agents [101]. Hydrothermal processing is another approach due to
its cost effectiveness and simplicity [102], nevertheless, green routes need to be developed to have
a reliable supply in sufficient quantities without any harmful effects on the environment. TiO2-NPs
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are synthesized from plants [103], fungus [104], and piper betel leaf [105]. TiO2-NPs also exhibit
antimicrobial activity by multiple mechanisms suggesting that the possibility of development of
resistance by microbial cells against these nanoparticles is very low [10]. TiO2-NPs have been well
demonstrated to have bactericidal effect against E. coli, P. aeruginosa, S. aureus, and E. faecium [106,107].
One of the mechanisms by which TiO2-NPs kills microorganisms is by generating ROS with the
exposure of near to ultra-violet radiation [107]. The generated ROS disrupt the cell membrane
interfering with the oxidative phosphorylation, which leads to cell death. A recent report suggested
that exposing cells to TiO2 photocatalysis rapidly inactivates the regulatory signaling level, efficiently
decreases the coenzyme-independent respiratory chains, lowers ability to take up and transport iron
and phosphorous, and lowers the capacity for the biosynthesis and degradation of heme (Fe-S cluster)
groups [11,106].

3.6. Magnesium Oxide Nanoparticles

Like other nanoparticles, magnesium oxide nanoparticles (MgO-NPs) also generates the ROS
and is the major mechanism behind its antimicrobial activity [70]. Like other nanoparticles, MgO-NPs
physically interact with the cell’s surface and disrupt the membrane integrity leading to membrane
leakage [10]. In addition, they damage the cells by irreversible oxidation of intracellular biomolecules.
However, another study demonstrated that MgO-NPs exhibit excellent antibacterial activity in the
absence of ROS and lipid peroxidation. The authors suggested that antibacterial activity of MgO-NPs
is correlated with the interaction of nanoparticles with the microbial cell membrane, pH change,
and release of Mg+2 [108]. Furthermore, unlike other nanoparticles, the antimicrobial activity of
MgO-NPs has been demonstrated to be due to adsorbing halogen molecules onto the surface of
the MgO [10].

4. Concluding Remarks and Future Perspectives

In summary, we would like to conclude that due to poor diagnostics and overdose and incapability
of drugs, microorganisms are commonly able to develop resistance against antibiotics. The infections
caused by MDR microorganisms are a serious global healthcare issue. To address these problems,
biogenic metallic nanoparticles were developed and had proven strong efficacy against various
MDR pathogens, either individually or in combination with antibiotics. However, in order to use
these nanoparticles for therapeutic applications, some important facts that need to be considered are
nanoparticles distribution, their bioavailability, active targeting, and nanoparticles excretion from the
body if taken as drug carrier for treating site-specific infections [109].

Owing to the antimicrobial nature of metallic nanoparticles, the applications are not only
limited to the biomedical area, but can also be extended to water treatment, textiles, food packaging,
cosmetics, agriculture (nanopesticides and nanofertilizers), self-cleaning coatings on mobiles phones,
washing machines, and computer keyboards. However, the biogenic nanoparticles have not yet
been commercialized for these applications. The true challenge for biogenic nanoparticles is finding
the right balance between the production cost, scalability, and their applicability. Hence, in this
respect, a great deal of research will be required to focus on economical ways of biogenic nanoparticles
development which will make them easily available for all kinds of future applications relevant to
either antimicrobial era or other.
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Abstract: The objective of the present study was one step extracellular biosynthesis of silver
nanoparticles (AgNPs) using supernatant of Candida glabrata isolated from oropharyngeal mucosa of
human immunodeficiency virus (HIV) patients and evaluation of their antibacterial and antifungal
potential against human pathogenic bacteria and fungi. The mycosynthesized AgNPs were
characterized by color visualization, ultraviolet-visible (UV) spectroscopy, fourier transform infrared
spectroscopy (FTIR), and transmission electron microscopy (TEM). The FTIR spectra revealed the
binding and stabilization of nanoparticles with protein. The TEM analysis showed that nanoparticles
were well dispersed and predominantly spherical in shape within the size range of 2–15 nm.
The antibacterial and antifungal potential of AgNPs were characterized by determining minimum
inhibitory concentration (MIC), minimum bactericidal concentration (MBC)/ minimum fungicidal
concentration (MFC), and well diffusion methods. The MBC and MFC were found in the range of
62.5–250 μg/mL and 125–500 μg/mL, which revealed that bacterial strains were more susceptible
to AgNPs than fungal strains. These differences in bactericidal and fungicidal concentrations of the
AgNPs were due to the differences in the cell structure and organization of bacteria and yeast cells.
The interaction of AgNPs with C. albicans analyzed by TEM showed the penetration of nanoparticles
inside the Candida cells, which led the formation of “pits” and “pores” that result from the rupturing
of the cell wall and membrane. Further, TEM analysis showed that Candida cells treated with AgNPs
were highly deformed and the cells had shrunken to a greater extent because of their interaction with
the fungal cell wall and membrane, which disrupted the structure of the cell membrane and inhibited
the normal budding process due to the destruction and loss of membrane integrity and formation of
pores that may led to the cell death.

Keywords: Candida glabrata; extracellular; mycosynthesis; MIC; MBC; MFC; membrane integrity;
TEM; FTIR
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1. Introduction

It is worthy to state that the 21st century is the golden era of silver nanotechnology because
silver-based materials and silver nanoparticles (AgNPs) are used in textile engineering, waste water
treatment and purification, optics, electronics, pharmaceutical industry, as catalysts, optical sensors,
and in the medical field as bactericidal, fungicidal, larvicidal, therapeutic, diagnostic, and anticancer
agents, in wound dressings, and imaging, etc. [1]. Silver-based materials and AgNPs are also used in the
coatings of medical devices, formulation of dental resin composites, coating on water filters, as topical
creams to prevent wound infections, as a microbiocidal agent in air sanitizer sprays, respirators,
pillows, soaps, laundry detergents, shampoos, socks, wet wipes, washing machines, wall paints,
toothpastes, etc. [1–3].

Due to the broad application of AgNPs in various fields, as mentioned above, the demand for
large-scale, eco-friendly, non-hazardous, faster, and biocompatible production of AgNPs with specific
size, shape, and properties have also been increased. AgNPs can be prepared either by physical,
chemical, or biological approaches. The synthesis of AgNPs by physical and chemical methods usually
requires expensive equipment, high pressure and temperature, stabilizers, and toxic reducing reagents.

The green routes of synthesis of AgNPs by exploring plant parts and microorganisms, such as
bacteria, fungi, algae, etc., has advantages over physical and chemical methods as green approaches
are environmentally-friendly, cost-effective, fast, pollution-free, and most importantly, provides
non-toxic and biocompatible natural reducing and stabilizing agents. Biosynthesis of AgNPs using
various species of filamentous fungi, such as species of Aspergillus, Penicillium, Fusarium, Trichoderma,
Verticillium, Rhizopus, Colletotrichum, and Neurospora, have been well studied and documented [4,5].
Nevertheless, reports on biosynthesis of AgNPs using single-celled yeasts remains limited and
a few yeast species, such as yeast strain MKY3 [6], Saccharomyces boulardii [7], S. cerevisiae [8],
Candida albicans [9,10], Candida utilis [11], and Candida lusitaniae [5] have been reported.

Yeast has been chosen for the extracellular biosynthesis of AgNPs because of their better
tolerance and metal bioaccumulation property, large scale production, economic viability, convenient
downstream processing, and most importantly, fungi produces huge amounts of proteins and enzymes
that acts as reducing and stabilizing agents [3,12–14].

The aims of the present work was to achieve: (i) extracellular mycosynthesis of AgNPs
using the supernatant of Candida glabrata for the first time as reducing and stabilizing
agents; (ii) the characterization of mycosynthesized AgNPs using a ultraviolet- visible (UV-Vis)
spectrophotometer, fourier transform infrared (FTIR), and transmission electron microscopy
(TEM); (iii) the assessment of antibacterial and anticandidal activity of mycosynthesized AgNPs
against Escherichia coli, Salmonella typhimurium, Klebsiella pneomonaie, Shigella flexneri, Pseudomonas
aeruginosa, Staphylococcus aureus, C. albicans, C. dubliniensis, C. parapsilosis, C. tropicalis, C. krusei,
and C. glabrata using agar well diffusion and standard microdilution methods by determining minimum
inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and minimum fungicidal
concentration (MFC); and (iv) the investigation of a mode of action of AgNPs against C. albicans using
transmission lectron microscopy (TEM).

2. Materials and Method

2.1. Preparation of Candida Glabrata Supernatant for the Synthesis of Silver Nanoparticles

Candida glabrata were isolated from the oropharyngeal mucosa of patients having oral candidiasis
by using a sterile cotton swab. The swabs were then dipped into 5 mL of Sabouraud dextrose
broth (SDB) (HiMedia, Mumbai, India) and then 0.1 mL of culture was spread homogenously onto
the HiCHROM differential agar (HiMedia, Mumbai India) plates at 37 ◦C for 48 h. Candida spp.
were identified by morphology on corn meal agar (CMA), sugar assimilation (SAT), HiCrome agar,
and a germ tube test [15]. C. glabrata isolates developed characteristic cream to white colonies,
whereas C. albicans isolates formed light-green colonies. Further, trehalase and maltase tests were
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performed to confirm the C. glabrata isolates [16]. One to two pure colonies of fresh C. glabrata cultures
were again suspended into 500 mL SDB and incubated for 48–72 h at 28 ◦C. After incubation, the culture
was centrifuged at 12,000 rpm for 10 min and the supernatant was collected and stored at 4 ◦C for the
synthesis of AgNPs. All media was purchased from HiMedia, Mumbai, India.

2.2. Extracellular Mycosynthesis, Sepration and Purification of AgNPs

For the biosynthesis of AgNPs, 20 mL of collected supernatant was added in 1 mM of silver
nitrate and then the solution was kept at room temperature overnight. The reduction of silver
nitrate into AgNPs showed a change in color of silver nitrate from colorless to brown, which is an
indication of the formation of AgNPs. Further, the synthesized AgNPs were separated and isolated
by ultracentrifugation as previously described with slight modification [17,18]. To remove excess,
unreduced silver ions and other possible impurities from the supernatant, the reaction mixture
containing NPs were centrifuged at 14,000 rpm for 20 min with Milli-Q water. The process of
centrifugation was repeated at least four times to ensure a better separation of NPs [17]. The particles
separated were then resuspended again in ethanol and then centrifugation was further repeated three
times [19]. A dark sediment was formed at the bottom of the centrifugal tube. After that, a dried
powder of the AgNPs was obtained by freeze-drying [18], and their characterization was performed.

2.3. Characterization of Silver Nanoparticles

The biosynthesized AgNPs were preliminarily characterized by visual observation of the color
change of the reaction mixture and then by measuring the absorbance of the colloidal suspension
before and after the isolation NPs from the supernatant using UV-Vis spectrophotometer (Perkin-Elmer
Lambda 25, Shelton, CT, USA). The preparation of samples for absorbance was accomplished as
described in our previous work [20]. Briefly, AgNPs were subjected to mild sonication for 20 min,
after which the UV-Vis spectra of AgNPs was monitored in the range of 270–700 nm. Distilled water
was used to adjust the baseline [20]. Further, to confirm the presence of protein in the supernatant
and their possible role in synthesis and reduction of AgNO3 was carried out by a simple protein-dye
binding assay, i.e., Bradford assay (Figure A1). The functional group present in the supernatant that
was responsible for the synthesis of AgNPs was analyzed by FTIR (SHIMADZU-8400 spectrometer,
Tokyo, Japan) in the range of 400 to 4000/cm. Further, the surface morphology, shape, and size of
synthesized AgNPs were characterized by transmission electron microscopy (Joel 2100, Tokyo, Japan).

2.4. Tested Microorganisms

The clinical isolates of fungal and bacterial species, i.e., C. albicans, C. tropicalis, C. parapsilosis,
C. dubliniensis, C. krusei, C. glabrata, S. aureus, E. coli, P. aeruginosa, K. pneomonaie, S. typhimurium,
and S. flexneri isolated from the oropharyngeal mucosa of the patients used in this study were
obtained from the Department of Microbiology, Jawaharlal Nehru Medical College and Hospital,
Aligarh Muslim University, India.

2.5. Evaluation of Antimicrobial Activity of Mycosynthesized AgNPs Using a Diffusion Method

The antimicrobial activity of as-synthesized AgNPs against various bacterial isolates, e.g., S. aureus,
E. coli, S. typhimurium, S. flexneri, K. pneomonaie, P. aeruginosa, and Candida spp., e.g., C. albicans,
C. dubliniensis, C. parapsilosis, C. tropicalis, C. krusei, and C. glabrata were examined using a well
diffusion method as previously reported [17]. Briefly, a 6 mm diameter well was made on Nutrient
and Sabouraud dextrose agar plates previously inoculated with 100 μL of 1 × 106 bacterial and
fungal suspension, and then varying concentrations of AgNPs were aseptically filled in the well.
The plates were subsequently incubated at 37 ◦C (Bacteria) and 28 ◦C (Candida spp.) for 24 h, and the
antimicrobial activity was analyzed by measuring the diameter of the inhibition zone (mm) around
the well.
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2.6. Assessment of Antimicrobial Activity of AgNPs by Determining MIC and MBC/MFC

Minimal inhibitory concentration (MIC): The MIC values of mycosynthesized AgNPs against
bacterial and Candida isolates were assessed using the method described by Ansari et al. [21].

Minimal bactericidal and fungicidal concentration (MBC/MFC): Further, MBC and MFC values
of AgNPs against all tested bacteria and Candida spp. was examined using a method described in
References [17,21].

2.7. Ultrastructural Morphological Changes Caused by AgNPs in C. albicans: TEM Analysis

The morphological and ultrastructure alteration caused by AgNPs in C. albicans cells were
examined by using transmission electron microscope. The sample preparation and analysis procedures
were similar to those described in our previous research work [17].

3. Results and Discussion

3.1. Characterization of Biosynthesized AgNPs

In the present study, C. glabrata supernatant was used for the synthesis of AgNPs. After the
addition of C. glabrata supernatant with 1 mM aqueous solution of silver nitrate, a brownish color was
observed, which indicated the extracellular biosynthesis of AgNPs (Figure 1). Previously, it has been
reported that the reduction of Ag+ into AgNPs can be seen very clearly when the color of the solution
changes from colorless to brown due to the surface plasmon resonance [6]. Figure 2 shows the UV-Vis
spectroscopy of the as-prepared AgNPs in the range of 270–700 nm and a single strong peak was observed
at 460.64 nm, which is the characteristic of AgNPs. Bhat et al. [10] reported that the absorption line of
biosynthesized AgNPs was 430 nm when the silver nitrate solution was challenged with C. albicans.

 

Figure 1. Biosynthesis of AgNPs using an extracellular filtrate of C. glabrata after 12 h at room
temperature in dark conditions. (a) Sterile Sabouraud dextrose broth with AgNO3; (b) Cell filtrate
without AgNO3; (c) Cell filtrate with AgNO3.

FTIR analysis was performed to identify the potential biomolecules and functional groups
responsible for the reduction of silver ions to Ag0 and stabilization of AgNPs [22]. Figure 3 shows
a strong absorption line at 3436.03 cm−1, which corresponds to the –OH groups that could arise
from carbohydrates present in the supernatant, and the peak at 1636.17 cm−1 is due to amides
(C–O stretch), i.e., characteristic of the presence of protein and enzymes in the supernatant that confirm
the extracellular formation of AgNPs [23]. The peak at 661 cm−1 corresponds to C–H (alkane) and
C=H bonding (alkene). In a previous study, Bhat et al. [10] found that the protein biomolecules present
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in the extract of C. albicans bind to the synthesized nanoparticles either by free amino or carboxyl
groups, and the released extracellular proteins could possibility stabilize the biosynthesized AgNPs.

Figure 2. (A) UV-visible spectra of 1 mM AgNO3; (B) C. glabrata supernatant before the addition of
AgNO3; (C) after addition AgNO3 (biosynthesized AgNPs); and (D) commercially available spectra of
AgNPs of known size, i.e., 5–16 nm [20].

 

Figure 3. FTIR spectra of AgNPs synthesized by the C. glabrata supernatant.

The mechanism of biosynthesis of AgNPs using microorganisms are well understood. It was
reported that the biomass or supernatant of microorganisms possibly act as bioreductant and capping
agents due to the presence of biomolecules such as proteins, amino acids, enzymes, vitamins,
and polysaccharides [10,23]. However, the most widely accepted mechanism for the biosynthesis of
AgNPs and other nanoparticles using microbes is mainly due to the presence of enzyme Nicotinamide
adenine dinucleotide (NADH) and NADH-dependent nitrate reductase [24–26]. The role of nitrate
reductase in the synthesis of AgNPs has been demonstrated by exploring the purified nitrate reductase
in vitro for the synthesis of AgNPs and it was found that the reduction of silver ions happens by means of
the transfer of electrons from NADH where enzyme NADH-dependent reductase acts as a carrier [24–26].

The TEM micrograph of as-prepared AgNPs exhibited that the synthesized AgNPs were
predominantly spherical and oval, well-dispersed, and uniform with a size range of 2–15 nm (Figure 4).
Niknejad et al. [8] reported biosynthesis of AgNPs using the yeast S. cerevisiae and they found that AgNPs
were mainly spherical and polydispersed within the size of 5–20 nm. The size of AgNPs obtained in our
study was much smaller than AgNPs synthesized from Candida utilis, where the size was 20–80 nm [11].
The image shows both individual and aggregated AgNPs (Figure 4). The particles were well-dispersed
and not in direct contact due to capping and stabilization of AgNPs by the proteins around the periphery
of the nanoparticles (Figure 4), which further confer the involvement of extracellular proteins and enzymes
secreted by C. glabrata in the supernatant that acted as reducing and capping agents [22].
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Figure 4. TEM images of AgNPs synthesized by C. glabrata supernatant. (A): At lower magnification
(60,000×); (B): at higher magnification (100,000×).

3.2. Antimicrobial Activity of Biosynthesized AgNPs

Antimicrobial activity of biosynthesized AgNPs against human pathogenic microorganisms, i.e.,
Candidal spp. and bacterial spp. was evaluated by agar well diffusion and two-fold microdilution
methods. A zone of inhibition test of mycosynthesized AgNPs against tested bacteria and Candida spp.
at different concentrations are shown in Figures 5 and 6, and it was very clear that AgNPs had an
excellent inhibition zone against all strains. The inhibition zone diameter showed that AgNPs were more
effective against bacterial strains in comparison to fungi (Figures 5 and 6). No antimicrobial activity
has been observed by the C. glabrata supernatant. Further, the antimicrobial properties of AgNPs
against various bacterial and fungal strains were examined by determining the MIC, MBC, and MFC.
The MIC and MBC values for all tested bacterial strains were found in the range of 31.25–125 μg/mL
and 62.5–250 μg/mL, respectively (Table 1), whereas the MIC and MFC values for fungal strain
was in the range of 62.5–250 μg/mL and 125–500 μg/mL, respectively (Table 2). It was found that
AgNPs were bactericidal at low concentration (62.5–250 μg/mL) and fungicidal at high concentration
(125–500 μg/mL), which revealed that bacterial strains were more susceptible to AgNPs than fungal
strains. In general, it was found that gram-negative and gram-positive bacterial strains showed better
antimicrobial activity when compared to fungi Candida spp. (Tables 1 and 2). These differences in
bactericidal and fungicidal concentrations of the AgNPs were due to the differences in the cell structure
and organization of the bacteria and yeast cells. The bacterial cell structure is less complex and they
are evolutionarily prokaryotic types, and were therefore unable to fight the toxic effects of AgNPs as
effectively as the eukaryotic yeast cells that can resist higher concentrations of AgNPs because of their
better cell organization and much more complex structure, and superior detoxification system [27].

Table 1. MIC and MBC values of biosynthesized AgNPs against bacterial strains.

Bacterial Isolates MIC (μg/mL) MBC (μg/mL)

Staphylococcus aureus 31 62
Escherichia coli 31 62

Pseudomonas aeruginosa 62 125
Klebsiella pneomonaie 62 125

Salmonella typhimurium 125 250
Shigella flexneri 62 125
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Table 2. MIC and MFC values of biosynthesized AgNPs against Candida strains.

Fungal Isolates MIC (μg/mL) MFC (μg/mL)

Candia albicans 62 125
Candida tropicalis 250 500

Candida parapsilosis 250 500
Candida dubliniensis 125 250

Candida krusei 125 250
Candida glabrata 250 500

 

Figure 5. Anticandidal activity of mycosynthesized AgNPs at different concentrations evaluated
by agar well diffusion method against different Candida spp.: (a) C. albicans, (b) C. tropicalis,
(c) C. dubliniensis, (d) C. glabrata, (e) C. parapsilosis, and (f) C. krusei. Panel (g) represents the zone
of inhibition (in mm) at different concentrations of AgNPs.
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Figure 6. Antibacterial activity of mycosynthesized AgNPs at different concentrations evaluated
by agar well diffusion method against different pathogenic bacteria: (a) E. coli, (b) K. pneomonaie,
(c) P. aeruginosa, (d) S. typhimurium, (e) S. flexneri, and (f) S. aureus. Panel (g) represents the zone of
inhibition (in mm) at different concentrations of AgNPs.

3.3. Ultrastructural Changes in C. albicans after Exposure to AgNPs: TEM Analysis

The morphological alteration after exposure to biosynthesized AgNPs in C. albicans was
investigated using a transmission electron microscope. TEM analysis clearly showed that the untreated
C. albicans exhibited a normal and well-conserved cell wall that was mainly composed of an outer
layer, an intermediate space, and a thin innermost layer of the cell membrane (Figure 7a). However,
the Candida cells after the AgNP treatment showed an aberrant morphological structure and severe
damage that was characterized by the formation of “pits” and “pores” that result in the rupturing of
the cell wall and membrane (Figure 7b,c). Candida cells treated with AgNPs were highly deformed
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and the cells had shrunken to a great extent (Figure 7b,c). Further, it was observed that the damaged
cells exhibited either complete or localized separation of the membrane from the cell wall (Figure 7b,c).
Nasrollahi et al. [28] reported that the antifungal activity of AgNPs was due to the formation of “pits”
and “pores” on the surfaces of C. albicans and S. cerevisiae cells that led to the cell death. It has been
observed that AgNPs not only anchor to cells at several sites (Figure 7b,c; black arrows), but they
penetrate inside the cells (Figure 7c; red arrows), which could result in cell lysis. In their study,
Vazquez-Muñoz et al. found that AgNPs were non-specifically distributed in different regions of the
cytoplasm and cell wall, and the mode of action of AgNPs was due to the releasing of silver ions
that induced cell death [29]. In the present study, it was observed that the rupturing, disintegration,
and detachment of the cell wall and membrane from the cells led to the death of C. albicans (Figure 7b,c).
Kim et al. found that AgNPs exert an antifungal activity because of their interaction with the fungal
cell wall and membrane, which disrupts the structure of the cell membrane and inhibits the normal
budding process due to the destruction and loss of membrane integrity, and due to the formation of
pores that may led to the cell death [30]. Ishida et al. [31] also reported a similar mode of action of
AgNPs against yeast Cryptococcus neoformans where they found that the antifungal activity of AgNPs
was due to the disruption of the cell wall and cytoplasmic membrane [31]. Hwang et al. [32] found
that AgNPs exert an antifungal activity against C. albicans due to the production and accumulation
of reactive oxygen species (ROS) and free hydroxyl radicals (•OH) inside the cells, which regulates
and induces the cell death through mitochondrial dysfunctional apoptosis, release of cytochrome c,
nuclear fragmentation, DNA damage, and the activation of metacaspases [32].

 

Figure 7. TEM images of C. albicans. (a) Untreated control cells; (b,c) Cells treated with 250 μg/mL and
500 μg/mL of AgNPs showing the attachment (black arrows) and penetration of AgNPs inside the
cells (red arrows), degradation, destruction, and separation of the outer-most layers of the cell wall and
cytoplasmic membrane (white arrows).
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4. Conclusions

In this present study, a simple, one-step, safe, rapid, pollutant free, cost-effective, and ecofriendly
extracellular silver nanoparticles were prepared using the supernatant of yeast C. glabrata as reducing
and stabilizing agents for the first time. The synthesized nanoparticles were characterized by
UV-visible, TEM, and FTIR spectra. Extracellular synthesis of AgNPs by yeast, i.e., C. glabrate,
has advantages over mycelium fungi because separation of the particles is much easier and simpler,
takes less time without much sophistication, and therefore, extracellular synthesis of AgNPs has
importance from the point of view of large-scale production in an environmentally-friendly approach.
The extracellular mycosynthesized AgNPs showed excellent antibacterial and antifungal activity
against gram-negative and gram-positive pathogenic bacteria and Candida spp., respectively. Further,
the interaction of AgNPs with C. albicans studied by TEM showed the primary attachment and
penetration of nanoparticles inside the Candida cell that caused the rupturing, disintegration,
and detachment of the cell wall and membrane from the cells that led to the death of C. albicans.
Thus, these mycosynthesized AgNPs may lead to the development of appropriate pharmaceuticals
and represent an alternative remedy for the treatment of bacterial and fungal infections, but this needs
further in vivo cytotoxic studies before being brought into the market.
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Appendix A

Figure A1. A simple protein-dye binding assay to assess the presence of protein in the supernatant.
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Abstract: In this paper, we report a fast and easy method to detect histamine dihydrochloride
using gold nanostars in colloidal aqueous solution as a highly active SERS platform with potential
applications in biomedicine and food science. This colloid was characterized with SEM and UV–Vis
spectroscopy. Also, numerical calculations were performed to estimate the plasmonic resonance and
electric field amplification of the gold nanoparticles to compare the difference between nanospheres
and nanostars. Finally, aqueous solutions of histamine dihydrochloride were prepared in a wide
range of concentrations and the colloid was added to carry out SERS. We found SERS amplified the
Raman signal of histamine by an enhancement factor of 1.0 × 107, demonstrating the capability of the
method to detect low concentrations of this amine molecule.

Keywords: SERS; histamine; nanostars; nanophotonics; computational electromagnetism

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a useful technique for the characterization
of small groups of molecules near or bound to plasmonic surfaces. It is powerful,
non-destructive, and provides information about the chemical structure and identity of materials [1–5].
These capabilities make possible the wide use of SERS in biosensors for the detection of substances
of biological interest and pathogens [5–11], being gold and silver two of the metals that offer better
results for this kind of applications [12–15]. The above-mentioned metals in the form of nanoparticles
have the advantage that can be used directly, as colloidal solutions, acting as tridimensional plasmonic
systems with customized resonances that can be tuned with the size and shape of the dispersed
nanoparticles [4,16,17]. Au nanostars have been proven useful for SERS, they also present unique
optical and electric properties. Previous groups have reported the synthesis of Au nanostar with
a good degree of symmetry control by using a robust solution-phase method [18], or by increasing the
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seed concentration in the growth solution [19]. Also, the potential of these nanostructures has been
evaluated in biomedical applications by functionalizing its surface using a biocompatible polymer [20].
Among many existing anisotropic gold nanostructures star-shaped nanoparticles (gold nanostars) have
achieved a huge interest, mainly due their high biocompatibility, chemical stability and unique optical
properties, which makes them useful in a wide range of applications in fields such as plasmonics,
spectroscopy, biological applications (bioimaging, biosensing, drug delivery), and catalysis [21,22]

Histamine is a relevant biological substance in medicine and food science. It is a biogenic
amine that transmits signals from cell to cell in the skin, intestines, and organs of the immune
system. Structural differences in the receptor cell membranes are responsible for different responses to
histamine among individuals [23,24].

For example, the interaction between histamine and H1 receptors causes a drop in the blood
pressure and muscle contractions, and the interaction with H2 receptors is associated with acidic
stomach secretions [25,26]. The consumption of food with a high concentration of histamine may
result in intoxication with symptoms such as nausea, diarrhea, headache, asthma, angioedema,
urticaria, and itch. These reactions are part of the histamine poisoning, or scombroid poisoning [27–30].
The concentration of histamine in food should be less than 10 mg/100 g, while the average
concentration in human plasma is around 7.2 nmol/L [27,31] . Hence, the determination of histamine
concentration that may be present in certain food products is a safety issue of public concern [32].

Conventional methods for determining the presence and concentration of histamine are
high-performance liquid chromatography (HPLC), fluorometry, and detection by enzymes
(e.g., enzyme linked immunosorbent assay, ELISA) [31]. HPLC and fluorometry involve slow protocols
for derivatizing with o-phtalaldehyde or dansyl chloride. Another drawback of the fluorometric
assays is that they require methanol extraction and purification with an anion exchange column as
a pretreatment. Furthermore, due to the similarity between the structures of histamine and histidine,
the measurement tends to have a low selectivity for histamine [8], even when separated previously by
HPLC. In contrast, enzyme-based methods provide rapid detection but require the use of unstable
enzymes and very expensive test kits, also they may overestimate the amount of histamine [8].

The detection of histamine in food using SERS techniques has been proved recently and opens the
way to improved and more reliable detection techniques [33,34]. Our study describes an alternative
approach using gold nanoparticles in colloidal suspension which strongly amplifies the Raman signal
of extermely low concentrations of histamine dihydrochloride, which corresponds with the dication
of the molecule. Previous results using gold and silver nanoparticles for the detection of biological
samples have demonstrated the capabilities of the method when using colloids of nanoprisms [11]
or surface bounded nanostars [35]. However, the use of colloids with gold nanostars has not been
reported so far. In this contribution, results show that the SERS signal of histamine dihydrochloride can
be obtained in a fast and accurate way in an aqueous solution, so the results obtained here contribute
to the establishment of a useful and valid method for the detection of this biochemical compound.

2. Methods

2.1. Synthesis of Nanoparticles

The first step to fabricate the gold nanostar colloid is to synthesize gold nanospheres with the
Turkevich method [36] and subsequently a second reduction with pH control using a Good’s buffer and
hidroxilammonium chloride respectively. An aqueous solution of chloroauric acid 2.5 mM is heated
to 95 ◦C, and an aqueous solution of trisodium citrate 2.5 mM (Na3C6H5O7) is added as a reducing
agent. This produces a red solution which indicates the formation of gold nanospheres. The second
stage of the synthesis consists in growing spikes on the surface of the nanoparticles. The nanospheres
solution is added to a 50 mM aqueous solution of 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic
acid (HEPES), to control and maintain the pH at a physiological value, and hence the morphology of
the nanostructure, and with a 0.1 M aqueous solution of hydroxylammonium chloride (HONH3Cl) as
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a reducing agent. Finally, the solution is washed with deionized water. The colloid changes from red
to blue, signaling the formation of gold nanostars. As Figure 1 shows, generated peaks are distributed
on the surface of the nanospheres, generating nanostars measuring around 160 nm in diameter.

2.2. Numerical Simulation

In this work, we have performed numerical simulations of the plasmonic optical response
using COMSOL Multiphysics. To simplify the calculations, nanostars with a diameter of 150 nm
were considered, the peaks were homogenously distributed on the surface of the sphere as conic
protuberances, with a height of 25 nm and a maximum diameter of 31 nm, in accordance with the mean
values obtained by the SEM images. For an improved study of the optical response of the nanostar,
the initial nanospheres 75 nm in radius have been simulated. We evaluate of the optical response
through the extinction efficiency, Qext, which is calculated as:

Qext =

∫
V
�J�Edv +

∫
S�n�Sds

I0πD2/4
, (1)

The first part of the numerator is the power loss related with the Joule effect, where�J and �E are
the induced current density and the electric field along the structure, respectively; and the integration
is evaluated within the nanostructure. The second part of the numerator is related to the scattered
power, where �n is the normal vector pointing outwards and �S is the Poynting vector. In this case,
the integration surface is a sphere located in the far field region. Finally, I0 and D are the incident
irradiance and the diameter of the particle, respectively.

2.3. Spectroscopic Measurements

To complete this analysis, the optical responses of both types of nanoparticles were measured
through UV–Vis spectroscopy to compare them with the calculated extinction coefficients. We used
a Ocean Optics spectrometer (model USB650) (Largo, FL, USA). To perform SERS, histamine
dihydrochloride serial 1:10 successive dilutions were prepared from an initial 3 M stock solution
until a 3 × 10−7 M one was obtained. From these solutions of histamine, new dilutions were made
1:3 with the nanostars colloid, mixed with deionized water, to give the final mixture of histamine
and nanoparticles from 1 M to 1 × 10−7 M. The pH range was maintained in the range of 7.1 to
7.9. The Raman measurements were performed on a Horiba Jobin Ybon XplorRA ONE Raman
spectrometer (Irvine, CA, USA) coupled to an Olympus BX41 optical microscope (Ciudad de México,
México), using a near-infrared (λ = 785 nm) Raman laser source with an average power of 20 mW at
the sample location. This laser line has the advantage that strongly minimizes the huge fluorescence
background typical of biological samples.

3. Results

The synthesis of gold nanostars was successful and 160-nm-diameter structures showing
triangular peaks were obtained from gold nanospheres. Figure 1a shows a SEM image of one of
the fabricated nanostars. When prepared in colloid form, nanostars coalesce in clusters of several units
(see Figure 1b). This is of importance from a spectroscopic point of view because these clusters may
distort the maximum peaks of the spectral response.

Through numerical simulations, the spectral response of the nanoparticles used in this work was
calculated. The fabrication of gold nanostars uses gold nanospheres as a precursor nanostructure,
the plasmonic response of the synthesized nanostructures varied either by increasing the radius of the
spheres or by generating small random peaks on its surface. As it happens with the synthesized gold
nanoparticles, the spherical geometry is the starting point of the numerical simulations. The nanostar
geometry is obtained after adding spikes over the nanosphere surface to resemble the actual shape of
gold nanostars.
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Figure 1. (a) Scanning electron micrograph of a gold nanostar with a diameter of about 160 nm.
The diameter distribution shows a median value of 159 nm with a standard deviation of 3 nm.
(b) Clustering of gold nanostar that will be present in the colloid. (c) Extinction coefficient evaluated
through numerical simulations of both nanospheres (blue) and nanostars (red). (d) Measured spectral
absorbance of colloids of nanospheres (blue) and nanostars (red) at a concentration of 2.5 mM.

The numerically calculated optical response of the studied nanostructures is shown in Figure 1c
and expressed in terms of the extinction coefficient of the structure. According to Mie theory,
gold nanospheres (blue line) show a plasmonic resonance located at 530 nm. This response is
red-shifted towards 550 nm for the nanostar, but now the importance of this resonance is smaller than
the main peak at 675 nm related with the presence of the protuberances. This main response depends
on the height and maximum diameter values of the peaks of the nanostars. To complete this analysis,
the optical responses of both types of nanoparticles were measured through UV–Vis spectroscopy to
compare them with the calculated extinction coefficients. The absorption spectra are given in Figure 1d.
The nanosphere colloid (blue line) presents the expected plasmonic resonance at 530 nm, according
to the simulation shown in Figure 1c. As predicted by computational electromagnetism, the optical
response of the nanostar (red line) has a resonance centered at 675 nm, and shows broader bandwidth.
This effect can be explained considering the morphology variation of the generated nanostars, as well
as their size distribution in the sample, and the presence of clusters (see Figure 1b). It is shown
that the nanostars have a resonance closer to the wavelength of the incident laser (785 nm), hence,
the amplification will be larger for nanostars.

The signal obtained from Raman spectroscopy is proportional to the fourth power of the
modulus of the electric field. Therefore, moderate field enhancements, although spatially confined,
provide large amplification factors of the Raman response. Figure 2 shows the spectral field
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enhancement factor for nanostars. We may see that the maximum of it appears at a wavelength
λmax = 675 nm. Our experimental setup excites the Raman spectra using an excitation laser operating
at λexc = 780 nm, where the field enhancement is about ×80, that is good enough to generate a Raman
signal amplification of around 4 × 107. Through computational electromagnetism we have evaluated
the near field distribution around nanostars when the incidence is having an amplitude of 1 V/m.
Therefore, the obtained electric field also represents the field enhancement map of the structure.
The results for λmax, and λexc are shown in Figures 2b and 2c respectively. As expected, the electric
field is located near the tip of the peaks, achieving a strong enhancement. For comparison, we have
evaluated the electric field map generated by a nanosphere (see Figure 2d). In this case, the electric
near field has a dipolar distribution, resulting in a field enhancement factor of ×7.4. These results
express the goodness of nanostars with respect to nanospheres, because higher field enhancement will
strongly increases the capability to detect a Raman shift.

Figure 2. (a) Spectral field enhancement for the nanostar geometry. Our fabricated structures shows
its maximum of the field enhancement(λmax = 675 nm) slightly shifted from the wavelength of the
excitation source of our Raman spectrometer (λexc = 785 nm). (b–d) Near field maps for the nanostar
and nanosphere geometries at different wavelengths. (b,d) are evaluated at the maximum response
wavelength for each geometry, and (c) is for the excitation wavelength. As far as the input plane wave
is having an electric field amplitude of 1 V/m, the near field map also represents the field enhancement.

Using the model described in the supplementary material in [37] we calculated a SERS
enhancement factor (EF) of 1.0 × 107 for the band at 1260 cm−1. This result is somewhat larger than
those obtained for a silver film over nanosphere (AgFON) from Wen-Chi Lin et al. (4.3 × 106) [38] and
far larger than that obtained from molecularly imprinted polymers by Fang Gao et al. (1.0 × 104) [27].
This also applies even for the values reported in refs. [39,40], being our EF value closer to 1.91 × 107,
recently reported [41]. As the spectral positions of the bands in Raman and SERS measurements
are nearly unchanged, it is reasonable to conclude that the EF produced by the nanostructure is
predominantly responsible for the high SERS signal intensity.

Raman spectrum of powder histamine dihydrochloride is shown in Figure 3a as a reference.
The Raman shift spectra of most of the vibrational modules of the histamine in solid state and the
histamine dihydrochloride coincide. The Raman peaks are compared with Raman vibrational modules
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of histamine of previous works (Table 1) [38,42,43], and the vibrational modules are found at the same
Raman shifts, detecting peaks related to histamine.

Figure 3. (a) Raman spectrum of powder histamine after baseline correction using Vancouver algorithm,
where the modes observed correspond with the work reported by Collado et al. [42]. (b) Raman spectra
of histamine 1 M with (red) and without AuNPs (black).

Once the nanostars were added to the different solutions of histamine dihydrochloride an increase
in the intensity was observed allowing the identification of the characteristic Raman peaks of the
histamine molecule that correspond to the vibrational modes of the imidazole ring. Figure 3b and
Table 1 allows the identification of these vibrations at low concentrations. For example, the 846 cm−1

corresponds to a bending in the plane of the imidazole ring or in the side chain of the molecule (ring
A, wagging C), the peak at 985 cm−1 corresponds to a flexion of the plane of the imidazole ring
(ν(N1-H), ν(C2-H)), some other peaks around 1260 cm−1 correspond to flexions in the plane of the NH,
and bending in the plane of CH respectively: Sy(N3-H), Sy(C4-H), ν(C2-H), and ν(N1-H) [38,42,43].
These results show how, even at very low concentrations (10−7 M), it is still possible to identify
histamine thanks to the SERS technique using gold nanostar colloids (see top spectrum at Figure 4).
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Figure 4. Raman spectra of the vibrational resonances of the histamine dication molecule at several
concentrations. All the solutions include gold nanoparticles. Dashed vertical lines corresponde with
characteristic peaks of the histamine molecule. Figure 5 will focus our attention on the f 4 resonance
around κ = 1265 cm−1.

After performing SERS on different solutions of histamine dihydrochloride, it is observed that
the addition of the gold nanostructures increases the intensity of the Raman spectrum (see Figure 3b).
This is due to the surface plasmon resonance at the nanostars that produces larger enhancement
of the electric fields that subsequently amplify the emitted light from irregular points (gaps,
sharp edges, etc.) [1]. Figure 4 shows the Raman spectra for several concentrations of histamine,
from 1 M to 10−7 M. A lower concentration means weaker signal. However, the characteristic peaks
of the histamine spectrum are revealed allowing its identification. To prove this result, we have
made an analysis of the resonance around κ = 1265 cm−1 (see Figure 5). This Raman shift is
representative of the histamine spectra. Around this wavenumber, the phonon modes in the collected
Raman spectra were decomposed into Lorentzian lineshapes. Raman spectra were analyzed by first
removing the background contribution using a linear function, then, the Lorentzian curves profiles
have been used for the fitting procedure of the experimental Raman spectra. This fitting applies
a Levenberg–Marquardt least-squares-based iterative algorithm to optimize the parameters of the
Lorentzian functions (center, height, and FWHM). These obtained spectra and Lorentzian components
are shown in Figure 5a, and the importance of the Lorentzian component centered at κ = 1265 cm−1

is presented in Figure 5 as a function of the molarity of the sample. We may see how the Lorentzian
at κ = 1265 cm−1 remains relevant at every concentration, revealing the presence of histamine in
the sample.
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Table 1. Comparison in wavenumber, κ (cm−1) of our measurements (first column) with previously
published works: Lin et al. [38] (second column), and Torreggiani et al. [43]. Mode notation:
ν = stretching; sy = symmetric; τ = twisting

κ (cm−1) κ (cm−1) [38] κ (cm−1) [43] Assignment

846 ring A, wagging C

895 ν (N3-H)

950 ring A

985 980 ν (N1-H), ν (c2-H)

1028 1024.73 1005 sy (C5-H), τ (C2-H), ν (C1-H)

1090 1084.05 1088 sy (N3-H), sy (C5-H)

1188 wagging C, ν (C2-H)

1260 1270 ring breathing

1340 τ (C1-H), ν (N1-H)

1356 1358.07 translation C, ν (C1-H), ν (N1-H)

1438 1435

1460 1455.46 ν (C4-H), sy (N3-H)

1480 sy (C5-H), sy (N3-H)

1570 1567.61 1579 ν (N3-H)

1629 1618

Figure 5. (a) Detail of the Raman spectra around κ = 1265 cm−1 (represented as a dashed vertical
line). The gray lines under the curve correspond with the Lorentzian lineshapes obtanied after fitting.
The red line represents the results obtained from this decomposition. This fitting has been done for
several molarity values from 1 M to 10−7 M. The case of M = 10−6 has not been prepared nor measured.
(b) Relative intensity of the κ = 1265 cm−1 Lorentzian peak as a function of molarity. The error bars
represent the variability between samples.
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4. Conclusions

As result of the comparison between the extinction coefficient evaluated from simulation and the
measured optical response of nanoparticles, we positively demonstrated the capability of numerical
simulations to deal with nanostructures intended to interact with molecules. Because of their reliability,
these tools can help speed-up the selection of geometries of nanoparticles in biochemical applications.

The detection and identification of histamine being a serious concern in safety regulations of
the food industry, and some other areas of biomedicine, requires the availability of reliable analytical
tools. In this contribution, we have demonstrated that Raman spectroscopy amplified by surface
plasmon resonance allows qualitative analysis of histamine at extremely low concentrations (as low as
10−7 M) in aqueous dilutions. The resonance takes place at the field-enhancement location of gold
nanoparticules having a nanostars geometry and prepared as a colloid. This colloid was added to
solutions of histamine dihydrochloride at various concentrations. A simulation was performed with
a finite element method to calculate the spectral extinction coefficient, and the field-enhancement due
to the nanoparticles. Spectroscopic measurements have proved that spectral absorption fits well with
the numerically obtained results supporting the reliability of the simulations. According with the
computational evaluation of the field enhancement, an increase was observed in the spectral intensity,
as well as an amplification of the characteristic Raman peaks of the histamine molecule. The SERS
enhancement factor is 1 × 107, which indicates the potential application of the proposed method,
allowing lower limits of detection of the molecule.

In summary, this work proposes a reliable method for the detection of histamine in concentrations
as low as 10−7 M, which is a concentration suitable for food quality control applications (concentrations
of ≈ 10−4 M). Further work and refinement of the technique are needed to detect histamine at even
lower physiological concentration (≈ 10−9 M) using the above-mentioned method.
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Abstract: Heavy metal pollution has long been the focus of attention because of its serious threat
to human health and the environment. Surface enhanced Raman spectroscopy (SERS) has shown
great potential for metal detection owing to many advantages, including, requiring fewer samples,
its minimal damage to specimen, and its high sensitivity. In this work, we proposed a simple and
distinctive method, based on SERS, using facile silver film (Ag-film) combined with a DNA molecular
switch, which allowed for the highly specific detection of heavy metal mercury ions (Hg2+). When in
the presence of Hg2+ ions, the signals from Raman probes attach to single-stranded DNA, which will
be dramatically enhanced due to the specific structural change of DNA strands—resulting from the
interaction between Hg2+ ions and DNA bases. This SERS sensor could achieve an ultralow limit
of detection (1.35 × 10−15 M) for Hg2+ detection. In addition, we applied this SERS sensor to detect
Hg2+ in real blood samples. The results suggested that this SERS platform could be a promising
alternative tool for Hg2+ detection in clinical, environmental, and food inspection.

Keywords: surface-enhanced Raman spectroscopy (SERS); Ag-film; Hg2+ ions detection; SERS sensor

1. Introduction

Great attention has been paid to heavy metal pollution in our living environment, especially
from mercury ions, which can accumulate in the human body [1,2], thus endangering human health.
In general, heavy metal can accumulate through food and water, and is easily enriched via the skin
and digestive tract, which can lead to damages to the nervous system, cardiovascular system, and
the liver [3,4]. The clinical manifestations of chronic mercury poisoning were mainly neurological
symptoms, such as headaches, dizziness, and ataxia [5,6]. Therefore, it is of great significance to
develop a highly specific and ultrasensitive sensor for detecting the content of Hg2+ ions in blood,
water, and food samples. At present, there are many traditional methods used to analyze Hg2+ ions in
samples, such as cold-vapor atomic absorption spectrometry (CV-AAS) [7], the dithizone colorimetric
method [8], atomic emission spectrometry [9], and inductively coupled plasma mass spectrometry
(ICP-MS) [10]. However, these methods have some deficiencies, such as expensive instruments,
complex sample preprocessing, high cost, and vulnerability to the interference of other metal ions.
Therefore, it is necessary to develop a more simple, convenient, and sensitive method for the detection
of Hg2+ ions.
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Surface enhanced Raman spectroscopy (SERS) technology is a very powerful trace detection tool
that not only has most of the advantages of Raman spectroscopy, which can provide abundant structural
information of chemical molecules, real-time and in-situ detection, but also has high sensitivity, simple
sample treatment, and high accuracy [11,12]. Fleischmann and Van Duyne et al. found that the
Raman signals of the pyrimidine molecules adsorbed on the rough surface of the silver electrode was
greatly enhanced [13,14]. With the use of SERS, the Raman signal can be dramatically enhanced by
up to 1014 times, as compared to normal Raman spectroscopy [15], because of its electronic resonance
between optical fields and surface plasmons [16]. Many noble metals, for example, Au, Ag, or
Cu can engender strong electromagnetic enhancements [17]. Subsequently, on this basis, a variety
of enhanced substrates were developed, such as nanoparticles of different shapes that included
nanospheres [18], nanorods [19], nanowires [20], and so on. SERS could overcome the shortcoming
of Raman spectra’s low sensitivity and achieve rich structural information that is hard to obtain by
conventional Raman spectroscopy. What is more, it can effectively analyze and represent the adsorption
orientation, the variation of adsorption state, and the interface information of the compound at the
interface [21,22]. With the rapid development of laser technology, nanotechnology, and computer
technology, SERS has been widely applied in the material analysis, biomedicine [23], food safety,
and in environmental monitoring [11,24]. It should be noted that although mercury, showing a
high toxicity to the human body, has been definitively prohibited, it was still widely distributed
in water, soil, ambient air, and even food and cosmetics [25,26]. Through breathing, the skin, and
the digestive system, it is accumulated and enriched in the organs, especially in the lung, liver, and
brain [27,28]. In recent years, the trace detection of heavy metal ions has attracted more and more
attention. Several groups have proposed various methods for detecting Hg2+, which is based on
different SERS substrates. Liu’s group has developed a one-step, room temperature, and colorimetric
method by using oligonucleotide-tethered AuNPs probes and a linker oligonucleotide with a number of
T-T mismatches, resulting in the formation of particle aggregates accompanied colorimetric responses
with the addition of Hg2+ into the solution [29]. Yang et al. have provided an approach for the
visual and fluorescent sensing of Hg2+ in aqueous solution, which is based on the Hg2+-induced
conformational change of a thymine (T)-rich single-stranded DNA (ssDNA), and the difference in
electrostatic affinity between ssDNA and double stranded (dsDNA) with gold nanoparticles [30].
His group used the resultant Ag–Au NPs@Si as a substrate for detecting Hg2+ ions with a low detection
limit of 100 fM, and had a good linear relationship [31]. Herein, we developed a new method with
more power to detect Hg2+ ions with a low detection limit of 1.35 × 10−15 M in human blood samples.

Since mercury ions (Hg2+) can specifically form a strong and stable thymine-Hg2+-thymine
complex (T-Hg2+-T) with thymine bases (T) [29,30], the oligonucleotide probes can be designed based
on this principle to detect mercury ions. For the first time, the functionalized silver film was used as a
SERS substrate for Hg2+ ions detection. Herein, a facile SERS substrate was prepared for Hg2+ detection
by silver mirror reaction (SMR), which was one of the most effective technologies for preparing
micro-nanometallic materials, and has the features of cost-effectiveness, high uniformity, simplicity of
operator, and so on [32,33]. By taking the advantages of the specific binding of oligonucleotides and
silver-based Raman-active substrate, in this work, we proposed a simple and highly specific method
to detect the content of Hg2+ ions in complex biomatrices, and aim to overcome the drawbacks of
traditional detection methods of Hg2+ ions, such as poor specificity and sensitivity.

2. Materials and Methods

2.1. Materials and Reagents

Silver nitrate (AgNO3), ammonium hydroxide (NH3·H2O), glucose (C6H12O6), absolute ethyl
alcohol (C2H6O), Rhodamine 6G (R6G), glass slides (0.5 cm × 0.5 cm), sodium chloride (NaCl),
Phosphate-buffered solution (PBS, PH = 7), and DNA probe (Cy5-TTCTTTCTTGGGGTTGTTTGTT-SH)
were purchased from the Sangon Biotech (Shanghai, China). CaCl2, CuCl2, MnCl2, AlCl3, ZnCl2,
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NiCl2, CdCl2, FeCl3, MgSO4, and HgCl2, were analytical reagents and had not been further purified.
The standard solutions of Hg2+ ions were diluted by deionized water. The blood samples were obtained
from the Fujian Province Tumor Hospital, Fuzhou, China. All of the chemical regents were analytical
grade, and all solutions were prepared with ultrapure water.

2.2. Instrumentation

The SERS spectra was obtained using a confocal Raman micro-spectrometer (Renishaw, London,
UK) under the excitation of a 785 nm laser in the range of 400–1800 cm−1, which was performed
by using the software package WIRE 2.0 (Renishaw, London, UK). The laser power that we chose
was about 5 mW, employing typically 10 s exposure time, and a 2 cm−1 resolution of the Raman
spectra. We used a microscope with a Leica ×20 objective to obtain the spectral signal in posterior
scattering geometry. The wavelength was calibrated by using the 520 cm−1 vibration band of the
silicon wafer. Scanning electron microscopy (SEM) images were taken with a JSM-6380LV scanning
electron microscope (JEOL, Tokyo, Japan).

2.3. Preparation of Samples

2.3.1. The Preparation of Silver Ammonium Solution

The concrete steps were as follows. The ammonia solution was added in the 3 mL 2 wt% silver
nitrate solution, drop by drop, to prepare the silver ammonia solution. A brown precipitate was
first produced, and ammonia was continuously added dropwise until the precipitate completely
dissolved [34]. Then, a drop of 6 wt% glucose solution was added and shaken.

2.3.2. The Preparation of Standard Solutions of DNA Probe (Cy5-α-SH) and Rhodamine 6G (R6G)

Firstly, the PBS buffer solution was used as a solvent to dissolve the DNA probe (Cy5-α-SH) and
prepared the solution with a concentration of 100 μM. Then, the initial concentration was diluted to
the concentration of 1 μM and was used in this experiment.

In addition, weighing R6G powder was dissolved in deionized water and was transferred to a
volumetric flask, setting to a constant volume and shaking. The concentration of the solution was
10−4 M and was stored for later use.

2.3.3. The Formulation of Standard Solutions of Hg2+

Briefly, Hg2+ solution was prepared with ultrapure water at an initial concentration of 10−3 M.
The solution was then shaken completely to form a highly dispersed solution. Following this,
the solution was diluted to a concentration from 10−6 to 10−15 M.

2.3.4. Preparation of Human Plasma Samples

After 12 h of overnight fasting, a single 3 mL peripheral blood sample was obtained from the
study subjects between 7:00 a.m.–8:00 a.m. with the use of coagulant. Blood cells were removed by
centrifugation at 2000 rpm for 15 min to obtain the blood plasma.

2.4. Preparation of SERS Substrate

2.4.1. Cutting and Cleaning of the Slides

First of all, sheet glass was cut into small pieces of 0.5 cm in length and width (0.5 × 0.5 cm).
The prepared small pieces of glass were degreased, soaked with chromic acid for more than 2 h, and
then washed with ultrapure water, followed by an ultrasound for 30 min in anhydrous ethanol and
washed with ultrapure water 5–6 times.
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2.4.2. Synthesis of the Silver Film

The treated small glass flakes were put into the prepared silver ammonium solution. The reaction
time was 15 min and the temperature was 70 ◦C, which was the most significant aspect of accurately
controlling the reduction reaction time and temperature. As a result, a layer of silver was deposited on
the slide. It was taken out of the glass, washed 4–5 times with ultrapure water, and dried in a slow
nitrogen flow to prepare for the next modification with the DNA probes.

2.5. Reproducibility Detection of SERS Substrate

Firstly, R6G was used as the target molecules, and the prepared standard solution, was randomly
dripped on the substrate of Ag-film. After drying, it was placed under a microscope to collect the
Raman spectrum by a ×20 objective.

In addition, the reproducibility of the substrate of Ag-film was verified by using the DNA probe
as the target molecules, and the SERS substrates of the assembled probe chain, were immersed in the
standard solution of Hg2+ with a concentration of 10−8 M. After drying in a gentle nitrogen flow, a ×20
objective was used to collect the corresponding SERS spectra.

2.6. Construction of Probes for Detection of Mercury Ions (Hg2+)

The prepared substrate constructed the SERS sensor that specifically responded to Hg2+

by conjugating with single-stranded DNA (Cy5-α-SH). The assembly process was as follows.
The prepared SERS substrates were immersed in the assembly buffer (PH = 7.0) for 12 h, which
contained 1 μM DNA probes (Cy5-α-SH) with a double labeling of dye molecules Cy5 and thiol
molecules, and 10 mM phosphoric acid solution. Then, the substrates were placed in phosphate
buffered saline solution, including 0.1 M NaCl, overnight to ensure that sufficient stem-loop DNA
self-assembled with the silver film via Ag-S bonds. Next, the substrates were again washed five times
with phosphate buffered solution (PBS) and dried with a gentle nitrogen flow.

2.7. Detection of Mercury Ions (Hg2+)

The assembled substrates were immersed in the standard solution with different concentrations
of Hg2+ for 120 min, and taken out and washed 3 times. After drying, a SERS measure was performed
to obtain the corresponding Raman spectra by using a 785 nm laser with a power of 5 mW, and the
control baseplates were also observed and detected by a Leica ×20 objective.

2.8. Detection of Hg2+ Ions in Blood Samples

The blood samples were collected from the Fujian Province Tumor Hospital. Firstly, the blood
was taken from healthy volunteers, and the blood plasma was obtained by centrifugation. The main
components of plasma include 90–92% of water, and the other 10% are mainly solute plasma proteins.
The obtained plasma interacted with the assembled substrate for 2 h, taken out and washed 3 times,
and then dried under nitrogen to perform SERS detection. Next, we added the standard solution of
Hg2+, with the concentration of 50 nM and 100 nM, to the plasma samples by the standard addition
method. Finally, the assembled substrates were immersed in the prepared plasma samples, and then a
SERS measurement was performed. Each sample was measured 3 times to obtain an average.

3. Results and Discussion

The proposed SERS sensor was based on the specific binding feature of the T-Hg2+-T coordination,
and the Cy5-labeled DNA strands (Cy5-α-SH) can be self-assembled on the silver film substrate via
Ag-S bonds [6,29]. In this study, DNA strands were used as a switch for the Raman signal, which
indirectly indicated whether there were mercury ions (Hg2+) in the analyte, as shown in Figure 1.
The SERS substrate of the Hg2+ sensor was the Ag film with a uniform surface via silver mirror reaction.
Next, the probe chains were modified on the substrate. Briefly, the substrates were immersed in the
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solution of the probe chains, then removed and dried. Here, the principle of the probe molecule chains,
as a signal switch to detect Hg2+ ions, was that, in the absence of Hg2+ ions, the DNA probes showed
an “open” conformation (signal-off), and Cy5-tagged enzyme strands were far away from the substrate,
thus producing a weak Raman signal. However, in the presence of the Hg2+ ions, the former “open”
structural conformation would change into a “hairpin” structure, which was formed by Hg2+ ions
bonding with thymine bases (T) [30,35]. This conformational change resulted in a shorter distance
between Cy5 labeled molecules and the surface of the Ag-film, leading to a strong Raman signal
(signal-on). We also investigated the effect of the concentration of single-stranded DAN and the space
occupied by the probes of the stem-loop structure on the experiment. He’s group [36,37] employed
gold nanoparticles (AuNPs), decorated with a silicon nanowire array (SiNWAr), for surface-enhanced
Raman scattering (SERS) substrates to detect Hg2+. By comparing the relationship between fluorescence
intensity and the corresponding concentration of Cy5-ssDNA, we can observe that, with the increase
of Cy5 modified single-stranded DNA from 0 to 1 μM, fluorescence intensity gradually enhances and
tends to be a saturated value. Similarly, the size range of the synthesized Ag-film substrate in our
experiment was at the micro-nanometer level and obviously exhibited a three-dimensional spatial
configuration, which was formed by silver clusters in the shape of a polyhedron at the top. In addition,
the size of the substrate they used was the same as ours (0.5 × 0.5 cm), and therefore, the concentration
of ss-DNA was 1 μM in our experiment when assembling DNA molecules on an Ag-film substrate.
We predicted that there was enough space for the ss-DNA to form a “hairpin” structure on a SERS
substrate. In the experiment, the sensitivity of the analysis system would be affected by the length
of the DNA strands and the number of T-T mismatched bases. Yang’s group proposed a method for
visual and fluorescence sensing of Hg2+ in aqueous solution, and also made a corresponding study of
the length of single-stranded DNA and the number of T-T mismatched bases with the interaction of
Hg2+ ions [30]. By comparing the fluorescence response of a different number of the T-T mismatch sites
to the different concentrations of Hg2+, the DNA chains of the 7 mer T-T mismatch sites had the most
significant responses to the fluorescence of Hg2+. In addition, comparing the fluorescence response of
single-stranded DNA with different chain lengths to different concentrations of Hg2+, it was found that
the corresponding fluorescence of Hg2+ was decreased with the increase of chain length. Importantly,
the greatest advantage of the DNA strand of the 7 mer T-T mismatch sites was that they were more
sensitive to the low concentration of Hg2+ ions—so, the DNA strand currently used is optimal.

Figure 1. Schematic illustration of the mechanism of the surface-enhanced Raman scattering (SERS)
sensor for the detection of mercury ions (Hg2+), based on the T-Hg2+-T coordination.

In our experiment, the Ag film was synthesized by silver mirror reaction and was used as a
SERS substrate. The Ag film formed was analogous to a 3-D spatial structure, which was evidently
demonstrated in the scanning electronic microscopy (SEM) image (Figure 2a). Close examination
revealed that there were many nano-cavities and nano-gaps formed by the stacking of closely adjacent
nanoparticles. Many papers have shown an extremely strong local field enhancement in the gap
between two closely spaced silver nanoparticles [38,39]. Therefore, the 3-D Ag-film substrates may
generate a lot of effective hot spots and a strong SERS response for DNA detection. In addition to
this, our method is characterized by the features of cost-effectiveness and facile synthesis, as well as
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being easy to repeat. The spatial morphology is evidently demonstrated in the scanning electronic
microscopy (SEM) image (Figure 2a).

 

Figure 2. (a) The SEM image demonstrating the morphology of the Ag-film substrate. (b) SERS spectra
of R6G with a concentration of 10−4 M were collected from 40 random points on the resultant substrates.
(c) The spectral signal of plasma detected on a silver-film substrate (red), SERS spectra of R6G (10−4 M)
distributed on silver film substrate (blue), spectrum of the Cy5 reporter (green), and background signal
of the synthesized Ag film substrate (black).

The SERS technology has the advantages of high accuracy, easy operation, and simple sample
pretreatment [11,12]. Therefore, SERS detection plays an active role in the rapid detection of trace
level and heavy metal ions. However, the reproducibility of SERS detection is a common problem
that has plagued researchers. In order to evaluate and verify the Ag film-based substrate used in our
experiments, we used R6G as target molecules on the synthesized substrates, and SERS measurements
were performed from 40 random spots. The resulting SERS spectra are shown in Figure 2b, which
clearly presents a relatively uniform Raman spectrum, and the Relative standard deviation (RSD) value
of the Raman spectrum of R6G was 15.1%—by selecting a Raman peak of R6G at 1362 cm−1. Typically,
the SERS spectra of R6G, with a concentration of 10−4 M, was measured on a prepared silver film
substrate (the blue line), as shown in Figure 2c, the red line is the spectral signal of plasma detected
on an Ag-film substrate showing that the plasma has a lesser background interference signal on the
silver film, and the green line was the spectrum of SERS reporter Cy5. The background signal of this
substrate is the black line, showing that the synthesized Ag film had little background interference,
enabling a reliable SERS detection using this substrate.

By utilizing this Cy5 labeled, single-stranded DNA, with SERS sensor as a signal switch, we
measured different concentrations of Hg2+ ions in the standard solution; a series of SERS spectra of Hg2+

ions with concentrations from 1.0 × 10−14 to 1.0 × 10−6 M could be obtained. Importantly, we were
able to clearly observe the characteristic peaks of Cy5 reporters (Figure 3a). According to the principle
of T-Hg2+-T coordination [29,35], when there was no mercury ions, the signal switch was in the “closed
state”, so the SERS signal of the Cy5 reporters was very weak—as shown by the black line in Figure 3a.
However, when the Hg2+ ions were presented, in the measured solution, the signal switch was “turned
on” and the SERS signal of the Cy5 was immensely enhanced. Furthermore, with the concentration of
the Hg2+ ions increasing gradually, the SERS intensity of Cy5 was increased simultaneously, which can
thus be used as an indicator for the concentration of the Hg2+ ions. In order to accurately demonstrate
the effect of concentrations of Hg2+ ions on the SERS intensity, we monitored the intensity of the SERS
peak at 1595 cm−1 (assigned to C=N stretching modes). As shown in Figure 3b, the SERS intensity of
Cy5 at 1595 cm−1 was increased from 2153.6 to 14,478.8 (a.u.), and the concentration of Hg2+ gradually
increased from 10 fM to 1 μM. The standard curve was achieved as y = 1575.7x + 24,019, it should be
noted that the calculated correlation coefficient was R2 = 0.9991, indicating that it exhibited a good
linear relationship between the logarithm of concentration of Hg2+ and SERS intensity of the probe,
and the limit of detection (LOD) for Hg2+ was 1.35 × 10−15 M. We adopted a method of signal-to-noise
ratio (S/N) of approximately 3:1, which was generally considered to be acceptable for estimating the
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limit of detection (LOD). Taking the standard solution of Hg2+ with a concentration of 10−14 M as an
example, the SERS intensity of the 1595 cm−1 peak, and the background baseline, were selected to
calculate, and the LOD was 1.35 × 10−15 M. Compared with other reports based on the mechanism
of T-Hg2+-T coordination [30,40], a much lower LOD for mercury ions using SERS measurement can
be obtained using this novel sensor with single-stranded DNA as a signal switch. The LOD obtained
was seven orders of magnitude lower, as compared to the defined limit (10 nM) in drinkable water
by the United States Environmental Protection Agency (USEPA). At a higher magnification of the
SEM image, as shown in Figure 2a, we can clearly observe that the size range of the synthesized silver
film substrate was at the micro-nanometer level and obviously exhibited a three-dimensional spatial
configuration that was formed by silver nanoparticles and silver clusters in the shape of a polyhedron
at the top [41,42]. It is well known that a powerful and effective SERS substrate was attributed to the
huge amount of micro-/nanoscale structures of polyhedral and nanoscale junctions [38,39], which
thereby formed a great deal of SERS “hot spots” that enhanced the intensity of the electromagnetic
field, resulting in the tremendous enhancement of the SERS signal. It was precisely for this reason
that the limit of detection (LOD) for Hg2+ ions in our experiments can be as low as 1.35 × 10−15 M.
In addition, we also made a standard curve of the SERS intensity of Cy5 at 1362 cm−1 (attributed to the
methine chain deformation of Cy5) with logarithmic Hg2+ concentrations from 10−14 to 10−6 M, and
the correlation coefficient was R2 = 0.9990. By comparing the correlation coefficients of the two peak
positions, we can draw a conclusion that the values of R2 were almost the same, and it also proved
that the correlation between the SERS intensity and concentrations of Hg2+ ions is good.

Figure 3. (a) SERS spectra of Cy5 with different concentrations of Hg2+ in distilled water ranging from
1.0 × 10−14 to 1.0 × 10−6 M (BG = blank control), (b) standard curve of Raman intensity of Cy5 at 1595
cm−1 with logarithmic Hg2+ concentrations from 10−14 to 10−6 M.

To evaluate the reproducibility of the Hg2+ sensor, after modifying the DNA probes on the Ag-film
substrates, we used the standard solution of Hg2+ with a concentration of 10−8 M to immerse the
substrate, and then measured the SERS spectrum at ten randomly selected spots. The RSD value was
7.5%, from a comparison of the intensity of the Raman peaks at 1362 cm−1 in Figure 4a, which bring
reliable SERS detection. In addition, in order to verify the stability of the sensor, we placed the substrate
in the air for three days where it interacted with a standard solution of Hg2+ at a concentration of
10−8 M. Figure 4b shows the SERS signals of the labeled molecule from substrates, exposed to the
common air environment for zero days and three days, and we can clearly see that the Raman signals
did not significantly attenuate. Consequently, we can conclude that the SERS sensor exposed to air
over a short time could not lead to an obvious attenuation of SERS signals. This can be explained as
follows. Under mild oxidizing conditions, the formation of a silver oxide layer after 20 h of exposure
time was not detected by X-ray photoelectron spectroscopy (XPS). Then, by using UV to detect again,
the relevant data showed no significant shift in the surface plasmon bands of immobilized Ag NPs
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after three days of exposure to environmental air [43,44]. Sukhishvili’s group followed the idea that
molecular oxygen does not oxidize silver under ambient conditions, and the ozone is considered to
be the main oxidant for starting the oxidation process of silver. In addition, studies on the change of
plasma absorption bands show that chemical enhancement was the main reason for the attenuation
of SERS signals by exposure to ambient air. However, in our experiment, since there was no direct
contact between the labeling molecule and the SERS substrate after the formation of the “hairpin”
structure [31,45], the enhancement effect of the SERS signals mainly depend on the electromagnetic
enhancement, and not the chemical enhancement. Therefore, in the mild environment of the laboratory,
silver oxidation has little effect on the detection results within a short time.

Figure 4. (a) Relative standard deviation (RSD) of specific Raman modes at 1362 cm−1 of the 10 random
points; and, (b) SERS signals of the labeled molecule (Cy5) on the functionalized Ag-film substrates
under the exposure to the common air environment for 0 days and 3 days.

To verify the high selectivity and specificity of this SERS sensor, we also measured other metal
ions using this sensor. By comparing the SERS intensity of the 1362 cm−1 peaks for the Cy5-labeled
molecules, as shown in Figure 5, the strong Raman signal can only be observed in the presence of Hg2+

ions, rather than any other metal ions. The mixture of ions showed a smaller Raman intensity than
the Hg2+ only. This is explainable. In the experiment, when Hg2+ ions were detected separately, the
concentration was 10 nM and the volume was 200 μL, and the amount of Hg2+ ions substance (n) was
2 × 10−10 mol. However, the concentration of Hg2+ used in the preparation of the mixed solution was
10 nM and the volume was 60 μL, the n of Hg2+ was 6 × 10−11 mol. The n of Hg2+ ions in the mixed
solution was only one third of the original. The less amount of Hg2+ ions, the less Raman-labeled
molecules can be detected, thus the intensity of the Raman spectrum will be reduced. It should be
noticed that the spectral intensity of Hg2+ was still distinctly stronger than in other metal ions, even
though the concentration of other interference metal ions was 100 times higher than the Hg2+ ions.
This demonstrated that this sensor was highly selective for Hg2+ ions because Hg2+, and probe chains,
had considerable binding affinity to form the stable T-Hg2+-T complexes.

To evaluate the practicability of this method, we used it to detect the Hg2+ ions in real human
blood samples. The method we used was the standard addition method. We measured the content
of Hg2+ ions in the blood of a healthy person, and the prepared blood samples added the standard
solutions of Hg2+ ions with different concentrations. The SERS measurement for each specimen was
repeated three times. The related statistics are shown in Table 1. The resulting recovery rate for Hg2+

ions was 91–104%, showing a remarkable recovery rate. The results showed that this method has good
prospects and applicability for the detection of Hg2+ in body fluid.
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Figure 5. Specificity of the SERS sensor for Hg2+ detection. The concentration of Hg2+ was 10 nM and
other interference metal ions were 1 μM. Additionally, all metal ions were mixed together, including
the Hg2+ ions (mix).

Table 1. Determination results of Hg2+ in human blood samples.

Sample
Spiked Concentration

(nM)
Detected Concentration
(Mean ± SD, nM, n = 3)

Recovery (%)

Original blood 0 (2.0 × 10−4) ± 1.67
blood sample 1 50 48.89 ± 1.37 91–104
blood sample 2 100 97.66 ± 6.6 95–101

4. Conclusions

In summary, an ultra-sensitive, highly specific SERS sensor was developed for detecting Hg2+

ions in solution, and in complex human body fluids, using single-stranded DNA as the signal switch.
In the presence of Hg2+ ions, there was a transformation from an “open” single-strand of DNA, to a
“hairpin” configuration via the T-Hg2+-T coordination. Additionally, using the silver mirror reaction,
we prepared a highly efficient SERS substrate, which was characterized with a homogeneous 3D
micro-nano structure, thus achieving enormous “hotspots”. Results show that this sensor has both
high sensitivity (a limit of detection of 1.35 × 10−15 M) and specificity for Hg2+ detection. Even for
real blood samples, this sensor still presented a high performance for Hg2+ detection, demonstrating
the great potential of this senor for heavy metal ions detection in real human biofluids.
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Abstract: The aim of this work was to investigate of biocompatibility of polymeric implants modified
with silver nanoparticles (AgNPs). Middle ear prostheses (otoimplants) made of the (poly)acrylonitrile
butadiene styrene (ABS) and ABS modified with silver nanoparticles were prepared through extrusion
and injection moulding process. The obtained prostheses were characterized by SEM-EDX, micro-CT
and mechanical tests, confirming their proper shape, good AgNPs homogenization and mechanical
parameters stability. The biocompatibility of the implants was evaluated in vivo on rats, after 4, 12,
24 and 48 weeks of implantation. The tissue-healing process and cytotoxicity of the implants were
evaluated on the basis of microscopic observations of the materials morphology after histochemical
staining with cytochrome c oxidase (OCC) and acid phosphatase (AP), as well as via micro-tomography
(ex vivo). The in vivo studies confirmed biocompatibility of the implants in the surrounding tissue
environment. Both the pure ABS and nanosilver-modified ABS implants exhibited a distinct decrease
in the area of granulation tissue which was replaced with the regenerating muscle tissue. Moreover,
a slightly smaller area of granulation tissue was observed in the surroundings of the silver-doped
prosthesis than in the case of pure ABS prosthesis. The kinetics of silver ions releasing from implants
was investigated by ICP-MS spectrometry. The measurement confirmed that concentration of the silver
ions increased within the implant’s immersion period. Our results showed that middle ear implant
with the nanoscale modification is biocompatible and might be used in ossicular reconstruction.

Keywords: nanocomposites; medical devices; middle ear prosthesis; silver nanoparticles; biocompatibility;
thermoplastic polymer

1. Introduction

The need to replace or reconstruct ossicles has led to the development of surgical techniques
enabling innovative prostheses implantation. New structural and material possibilities have improved
the design and preparation of prostheses so as to make them vary in size, shape and the applied
material. Nowadays, it is common knowledge that a well-designed material may result in a more
advantageous postoperative response. Moreover, proper modifications of the chemical composition
change the parameters and functions of mechanical prostheses.

The ossicular chain reconstruction may be carried out with either partial ossicular replacement
prosthesis (PORP) or total ossicular replacement prosthesis (TORP). Unfortunately, many ossicular
chain reconstructions—using either PORPs or TORPs—still fail. There are various factors determining
the success of the operations, such as the proper length of the prosthesis, stability of implantation,
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recurring illnesses, risk of inflammation, and reaming out the ear to provide passage of air [1,2].
Another important factor is the presence of either anatomic incus or stapes that facilitate the stability
of the prosthesis fixation. Despite the possible difficulties and complications, both partial [3–5] and
total prostheses [6] are effective in ossicular chain reconstructions.

The research conducted for the last 40 years has thoroughly described the requirements set for
materials used in laryngological surgeries. The most important issue is the optimal quality of sound
transmission that is influenced by various biological, acoustic and mechanical factors. As far as
the biomechanical functions of the device are concerned, the mechanical properties of the implant
material are key factors. Still, it is possible to tailor the material to specific needs depending on the
implantation site, the size of the implant and the manner of manufacturing. The materials for middle
ear prostheses do not face precise strength requirements. Yet it is common knowledge that the implant
material should have such mechanical properties so as to best resemble the tissue it is supposed to
substitute. It is a challenge to design a perfect material, considering the complex structure and the
chain of auditory ossicles, as well as the wide spectrum of Young’s modulus for particular elements
(e.g., ligaments, muscles, joint and bones) which ranges from 0.049 MPa (for ligaments) to 14 GPa
(for bones) [7]. The transmission of high-frequency sound depends on such parameters as the surface
of the prosthesis, its stiffness (rigidity), Young modulus, Kirchhoff modulus, friction and the implant’s
density and weight (mass) [8–10]. Although the lightness of the structure is connected with the type
and size of the implant, the essential factor is the material of the prosthesis. In order to provide the
best quality of high-frequency transmission, the implants ought to be as light as possible—the higher
specific gravity of the implant, the lower its high-frequency sensitivity [11]. Apart from the sound
transmission of the middle ear implant, the biological functions of the material are a key requirement
in medical applications.

The mechanical properties of the material dedicated for ear implants are also clearly defined.
The biomaterial is supposed to sustain its shape, constant measurements, proper elasticity and rigidness
for the longest possible period of time. The material should be also resistant to changing loads and
prove its high resilience in fatigue tests. Additionally, middle ear prostheses must be capable of making
micro movements between the eardrum and middle-ear chamber.

Polymeric/(poly)acrylonitrile butadiene styrene (ABS) materials play a significant role in bone
surgery and laryngology [12]. There were a few reasons for selecting high ABS as a material for
prototype implants. First of all, it is very convenient to obtain complex shapes by means of injection
moulding. ABS polymers can be modified with silver nanoparticles, obtaining the following advantages:
bactericidal efficacy against Staphylococcus aureus and Escherichia coli, slight but visible cytotoxicity
against fibroblasts (ensuring better implant-bone fixation without scarring), no cytotoxic activity against
osteoblasts, advantageous mechanical properties, fatigue stability, high homogenization of nanosilver in
the polymer matrix and a high level of silver ions released into the environment [13]. All the previously
mentioned factors proved Ag-modified ABS to be a very promising material for a prototype of the
middle ear implant.

The potential for the use of nanoparticles in surgery is huge. Antibacterial properties of silver
nanoparticles are used in urology, implantology and dentistry, as well as to treat burns or other
chronic wounds [14,15]. For instance, catheters can be coated with silver nanoparticles to endow
them with antibacterial properties and prevent surface biofilm formation [16]. In the surgery of ossicular
replacement prosthesis, none of the implants possess bactericidal properties. Nowadays, the range of
commercially available materials used for bone reconstruction is impressive. On the market, the most
popular group of materials used for such prostheses are metals (titanium), ceramic (hydroxyapatite),
polymers (PTFE-teflon) and some composites (HAPEX) [17]. According to the literature reports, the
titanium prostheses display better biostability and biocompatibility in comparison to allogenic grafts. The
titanium implants sustain proper stiffness and they are efficient in sound transmission and lightweight,
which is a vital factor in the postoperative assessment [18]. The ossicular chain reconstructions are
often performed with hydroxyapatite prostheses, as an alternative to auto- and homografts. They are
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popular mainly due to the biological aspect. It is one of the main components of bones and teeth and it
forms a stable implant/tissue bonding without the fibrous layer around the prosthesis. Hydroxyapatite
also stimulates the cell proliferation and is highly biocompatible [19]. The negative feature, however,
is the formation of a big mass in the relatively small middle ear cavity [20]. Teflon is used to obtain
partial ossicular replacement prosthesis, ventilation tubes and drains, incus and stapes prostheses
(piston type) usually with a platinum wire. Due to its hydrophobicity and low surface energy teflon is
especially popular for the stapes prostheses [21]. One of the most popular materials for the ossicle chain
reconstruction is HAPEX. It is composed of 40% synthetic hydroxyapatite (HAp) and 60% high-density
polyethylene (HDPE). In the stress tests, HAPEX has proven to be a stable implant/bone bonding.
Fibrous tissue formation was observed on the implant surface and the implant/bone border, in some
cases a thin epithelium layer outside was also observed [22].

In our case, the whole prosthesis is made of a thermoplastic polymer (ABS), which makes it
lightweight. It is also possible to adjust the implant’s length. The round shape of the head plate
minimizes the risk of tympanic membrane damage. The openwork construction of prosthesis (antenna)
allows its easy placement in the middle ear and creates an opportunity to manually form a desired
shape, according to the particular ossicular chain damages. Moreover, the mechanical properties, such
as Young’s modulus, are similar to the bone. Additionally, the cheap manufacturing method makes
the product competitive in the scope of general costs of treatment. The novelty is also the antibacterial
function of the plastic prosthesis. This medical device is similar to the titanium prosthesis in shape
but, up to now, it has never been manufactured by injection moulding and extrusion. Therefore,
antimicrobial polymers are highly demanded as a strategy to avoid otitis media infections.

The perfect prosthesis material should be biocompatible with the surrounding tissues, it cannot
result in acute immunological, toxic, or allergic reactions [23]. Moreover, it should not display
mutagenic or carcinogenic effects. From the biological point of view, especially in the case of chronic
middle ear infection, the material’s stability in the environment is an essential quality too. The material
should neither degrade nor facilitate the further inflammation process [24,25]. It should be endowed
with proper wettability value to facilitate the epithelial cells proliferation, which guarantees the
successful adaptation of the implant.

According to the correct sequence of biological research, the implant material should first undergo
the in vitro cytotoxicity testing procedures. Then it should be tested on animals to describe an
interaction with the soft tissue and, preferably, also in the environment corresponding to the one of the
middle ear [26].

In this work, the medical devices made of nanocomposite with antibacterial silver nanoparticles
have been described as valid tools for otolaryngology. The biocompatibility of these devices has
been tested in vivo. Our results showed that this micro-device with the nanoscale modification is
biocompatible and very promising as a novel middle ear prosthesis.

2. Materials and Methods

2.1. Material Manufacturing

The otoimplants were manufactured by means of extrusion and injection moulding method, using
the Multiplas machine (Multiplas Enginery Co., LTD, Taiwan) fitted with a special steel moulding form.
The two types of the implants were injected: (poly)acrylonitrile butadiene styrene (ABS) and ABS with
the addition of 0.1 wt. % silver nanoparticles (AgNPs). The silver was developed at the Intercollegiate
Faculty of Biotechnology, University of Gdansk and Medical University of Gdansk manufacture
according to Banasiuk et al. 2016 [27]. The size and shape of nanoparticles were estimated via SEM and
TEM [27]—they were characterized as spherical and measuring below 50 nm in diameter (Figure 1).
The AgNPs were agglomerated as an aqueous environment evaporated during the procedure of
sample preparation for SEM and nanoparticles started to aggregate.
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Figure 1. SEM images showing the silver nanoparticles, (A) silver nanoparticles (AgNPs), scale 500 nm,
(B) AgNPs with visible diameter, scale 300 nm.

The procedure of obtaining the prostheses according to Ziąbka et al. 2017 [28] consisted of a few
steps. First, the granulate was prepared and dried in the laboratory dryer at 80 ◦C for 6 h. Next,
the nanosilver particles were incorporated and homogenized with polymer granules in the plasticizing
chamber using a 0.8 m-long screw. Subsequently, the material was injected into the steel moulding
form, cooled and extracted. The injection parameters were selected and adapted for the process
according to the characteristic data sheet of the polymer manufacturer (injection temperature in three
zones—240 ◦C, injection pressure—80 kg cm−2, flow—70%).

The shape of our otoimplant (Figure 2) does not vary significantly from the other prostheses, as it
has to replace ossicular chain bones and easily fit in the middle ear. However, we have enhanced some
of its parts to simplify the surgical procedure. The shape we developed is surgically handy, ensuring
the precise implantation in the middle ear.

Figure 2. The middle ear implant—otoimplant.

The prosthesis consists of the three elements: A “cup” which is placed on the head of the stapes,
a “piston”—joining the cup and an “antenna”—the implant base which bends on the tympanic
membrane. The openwork construction of the antenna determines the implant weight and expedites
the implantation.
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2.2. Material Evaluation

Scanning Electron Microscopy

The SEM-Quanta FEG-250 scanning electron microscope (FEI, Eindhoven, The Netherlands) was
used to perform a detailed examination of the otoimplants microstructure. The measurements and
observations were conducted in high vacuum conditions, with a back scattered electron detector
(BSE), with the accelerated voltage of 10–18 kV. The microstructure observations were conducted on
two kinds of the implants—one was made of pure ABS and the other of ABS modified with silver
nanoparticles. All the samples were coated with a carbon layer.

Additionally, the microstructure of these implants was investigated using the Nova Nano SEM
200 scanning electron microscope (FEI, Eindhoven, The Netherlands) coupled with a Genesis XMX-ray
microanalysis system (EDAX, Tilburg, The Netherlands). The measurements and observations were
conducted in low vacuum conditions with a secondary electron detector (SE), the accelerated voltage
was 10–18 kV. The samples were coated with a carbon layer.

2.3. Implantation Procedure

The procedure of implantation was performed at the Animal Facility of the Faculty of Pharmacy
CM UJ Krakow (the consent no 251/2015 issued by the 1st Local Ethical Committee on Animal Testing
in Krakow). The experiment was performed according to the PN ISO 10993-6 guidelines [29]. The male
adult Wistar rat (Rattus norvegicus) was chosen as a research model. The animals were kept in standard
conditions at the stable temperature of about 20 ◦C and the 12:12 h light cycle.

The middle ear prostheses made of pure ABS and silver-doped ABS were sterilized at a low
temperature gas plasma (the Sterrad 120 apparatus) using hydrogen peroxide vapour in the double-cycle
(2 × 45 min) and implanted into the rats’ gluteus muscles. The animals were divided into four groups
for 30, 90, 180 and 360-day cycles, 5 rats in each batch. Prior to the surgery, the animals were sedated
with the intraperitoneal injection (Ketamine + Xylazine: 100 mg/kg + 10 mg/kg animal body weight)
and the implantation area was shaved and disinfected with iodine. Next, a small incision was made
in the skin and the underlying muscle to create a small pouch (3–4 mm deep) where the implant was
inserted. Then the double stitching was applied (degradable PDS II Johnson & Johnson Intl) to complete
the surgery. The implantation procedure is presented in Figure 3.

Figure 3. Implantation procedure of middle ear prosthesis into the rats’ gluteus muscle.
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2.4. In Vivo Examination

After a set period of time (30, 90, 180 or 360 days) the rats were decapitated, then the tissue
samples were extracted and prepared (frozen in liquid nitrogen, cut into 9 μm-thick slices with
a cryostat microtome—Shandon, Thermo Sci., GB) for histoenzymic and microstructural assessment.
Additionally, the lymph glands adjacent to the implant site were extracted for further examinations.
The histoenzymic reactions such as cytochrome c oxidase (OCC) and acid phosphatase (AP) were
performed to identify the response to a foreign body and to assess the healing process. Slides performed
for the AP activity were also stained with Mayer’s hematoxylin for better visualization of tissue
structure. The observations were conducted using an optical microscope (Olympus BH2, Tokyo, Japan,
objective 4–20×) and images were taken with a digital camera. In each series, the tissue samples
containing the pure ABS implant and the ABS/AgNPs implant were extracted and immersed into
formalin for the further micro-CT study. The samples of blood were harvested for CRP (C Reactive
Protein) examination as well.

2.5. C Reactive Protein Measurement

Blood was collected directly from the heart of 5 rats decapitated after 30 days of implantation.
The C reactive protein (CRP) concentration in blood serum was measured by an immunoturbidimetric
method using the Cobas 8000 machine (Roche Hitachi, Mannheim, Germany).

2.6. Micro-CT Observation

The rats’ muscle tissues containing the implants of the two kinds (pure ABS and ABS/AgNPs)
were harvested and fixed in 4% buffered formalin to perform the Micro-CT observations. The tests
were performed 30, 90, 180 and 360 days after the implantation. All the samples were scanned in wet
conditions at room temperature using a Nanotom 180N device (GE Sensing & Inspection Technologies
Phoenix X-ray Gmbh, Grasbrunn, Germany). The micro-CT system provided a unique spatial and
contrast resolution due to the installed ultra-high performance nanofocus X-ray tube (180 kV/57 W)
and the tungsten target with a diamond window. The working parameters of the X-ray tube were
I = 200 μA and V = 70 kV. The magnification was set to 6.7, which corresponds to 7.5 μm resolution.
Each projection was averaged from five expositions taking 500 ms for each. The total number of
projections was 1800. The reconstruction of the scanned implants was performed with the aid of
proprietary GE software datos X ver. 2.1.0 using the Feldkamp algorithm for cone beam X-ray CT.
The post-reconstruction data treatments, such as denoising, thresholding and visualization, were run
in VG Studio Max.

2.7. ICP-MS

The pure polymer otoimplants and silver-doped otoimplants were incubated at 37 ◦C in 50 mL of
UHQ water for one year. The ions release observations were also carried out on bigger samples (10 mm
in diameter) due to the low concentration. The silver ions concentration was also examined in the
blood harvested from the rats’ hearts one month after the implantation. The in vitro release of silver
ions was studied by means of inductively coupled plasma mass spectrometry (ICP-MS), using the
ICP-MS Perkin-Elmer Plasma 6100 spectrometer. Prior to performing ICP-MS analysis, so as to prohibit
the silver ions (Ag+) reduction into metallic silver, the filtered samples were acidified with nitric acid,
up to the final concentration of 0.1 mol/L. The silver concentration values of the investigated samples
were determined using ICP-MS at m/z 107, applying the external standard calibration procedure.

2.8. Mechanical Tests

The mechanical parameters were established during the uniaxial stretching, using the universal
testing machine Inspekt Table Blue 5 kN (Hegewald & Peschke GmbH, Nossen, Germany) and the
intelligent testing software LabMaster. The tested samples were shaped as paddles made of ABS
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polymer and the silver-modified composite. Their measurements are compliant with PN-EN ISO 527-1
norm [30]. In order to perform the tensile strength test, the paddles were placed in the grips of the testing
machine and the tensile force F was applied. The measuring speed of the upper grip of the machine was
50 mm/min and the measuring length of the paddles was 40 mm. The measuring accuracy of elongation
was 0.01 mm, and of the force—0.5 N with the nominal range of the cylinder—5000 N. The obtained
force-deformation graph made it possible to establish such parameters as Young’s modulus E, tensile
strength σ and elongation at the maximum εFmax force.

2.9. Statistical Analysis

The results were analyzed using the one-way analysis of variance (ANOVA) with Duncan post
hoc tests, performed with Statistica 13.1 (Dell Inc., Round Rock, TX, USA) software. The results were
considered statistically significant when p < 0.05.

3. Results and Discussion

3.1. Microstructure Observation of Middle Ear Prosthesis

The observations of the implants’ microstructure using the SEM method and micro-CT reconstruction
confirmed the proper prosthesis shape obtained in the injection moulding process (Figure 4B–D). All
the prostheses elements (the cup, the piston and the antenna) were of a homogeneous and consistent
structure in comparison to the 3D model prepared in the Solidworks (Figure 4A).

Figure 4. Middle ear prosthesis, (A) 3D model, (B,C) SEM images showing the implant from different
sides, (D) prosthesis 3D reconstruction after micro-CT scanning.

An innovative solution is the openwork construction of the antenna that allows easier implantation
and determines the weight of the implant. Initially, the complex mould shape and the small size
of the medical device caused many difficulties. However, the well-thought-out injection moulding
conditions and the efficient silver nanoparticles dispersion in the polymer matrix resulted in developing
laryngological implants. Moreover, the implants were obtained in accordance with the design
assumptions and the connection of the individual elements was proper. It is common knowledge
that good dispersion and strong interfacial interactions between the nanoparticles and the polymer
matrix are critical to engineering a strong composite. Therefore, it is a challenge to obtain the sufficient
dispersion of hydrophobic fillers in a polymer matrix. Although various surfactants are widely used
as they enhance dispersion, their cytotoxicity limits the biomedical applications [31]. Therefore, in our
research, we decided against using any surfactants or toxic chemicals.

3.2. Ex Vivo Investigations of Tissue-Implants Samples

All the rats not only survived the procedure but the in vivo tests did not reveal any postoperative
complications or external symptoms of inflammation, e.g., reddening and irritation in both types
of implants. After the 30-day postoperative period, the fur was growing back on the implantation
site, whereas after 3 months the spot was fully covered in hair (Figure 5). There were no signs of
scars or stitching left. Having removed the skin, the tissue with the area of surgery was visible. After
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30 days a so-called “lens”—the place where the tissue collapsed—was easy to identify. From 90 days of
implantation, the tissue looked absolutely ordinary. No macroscopic differences were to be observed
between the two types of implants.

The internal organs of the rats were examined too. No changes in morphology were noted in
kidneys, spleen, liver or intestines. The tissue samples were extracted for further microscopic and
histochemical observations.

Figure 5. Implantation site after 30 days (left), 90 days (center) and 180 days for otoimplant/AgNPs.

3.3. Histochemical Analysis

The in vivo histochemical tests (OCC and AP) conducted on the animals answered the questions
concerning the cytotoxicity of the implanted material. OCC is an enzyme with high sensitivity to
xenobiotics and its normal activity shows that the presence of an implant or ions released from its
surface does not inhibit the metabolism of surrounding tissues. AP activity tests were carried out
to demonstrate the intensity of inflammation caused by the presence of the implant in the tissue.
The surgical insertion of the material resulted in an immunological response—first, it was the reaction
to the surgery itself, then to the implanted material. In our study, moderate inflammation was observed
around both types of implants (Figure 6). The presence of immune cells (granulocytes, macrophages
and lymphocytes) involved in healing processes and the rejection of a foreign body was observed.
As a result, the granulation phenomenon took place. The granulation tissue was being gradually
replaced by the regenerating muscles and—subsequently—with the mature fully-developed muscles.
The scar tissue formed only in the place of surgical incisions.

In some cases, there was an acute inflammatory infiltration. It is worth noting that both kinds of
implants (ABS and ABS/AgNPs) led to similar immunological reactions, i.e., a lownumber of mast
cells and eosinophiles. The observed inflammation resulted from the tissue damage and was the
natural response to a foreign body. The local inflammation was observed around the prosthesis in the
tissue samples obtained a month after the surgery and sectioned for histochemical analysis (Figure 6).
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Figure 6. Cross-sections of tissues with otoimplant (on the left) and otoimplant/AgNPs (on the right)
after 30, 90, 180 and 360 days of implantation in the rats’ muscles, acid phosphatase (AP) and cytochrome
c oxidase (OCC) staining, objective 4, 20×. NOTE: The following symbols are used to describe
the tissue cross-sections: M—muscle tissue, G—granulation tissue, IN—inflammatory infiltration,
MR—regenerating muscle.

The C Reactive Protein tests (CRP) did not show any local inflammatory findings, as the AgNPs
prostheses were too small to cause a negative response in blood. No inflammation or toxic effect was
observed, which means that the concentration level of bioactive particles was safe. The mean value of
CRP acute protein concentration was below the lower reference value in all the five investigated cases.
CRP values in the investigated group were determined to be below 1 (reference value < 5.0). These values
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proved the lack of inflammation signals in the tested blood after 30 days of the implantation, which
confirmed that the low concentration of silver ions could not affect the metabolic parameters of the blood.
Therefore, no more CRP tests were conducted for longer experimental series. The elevated CRP, beyond
being a biomarker of inflammation, may reflect the molecular disease mechanisms. For example, the
CRP production by hepatocytes—the main source of the acute-phase reactant—appears to be regulated
primarily by the proinflammatory cytokines interleukin (IL)-6 and IL-1. Furthermore, CRP itself has the
ability to activate the complement system and enhance phagocytosis via opsonization [32].

During the studies, it became evident that the tissue response to the implant is largely dependent
on the prosthesis shape. The acute inflammatory infiltration was observed more frequently in the
antenna part than in the cup part of the implant. It seemed that the elaborate antenna design constricted
the flow of juvenile tissues into its interior, thus the proper tissue growth was hindered in the inner
part of the implant (Figure 7).

 

Figure 7. Exemplary images of the tissue around otoimplant after 360 days after the implantation. AP
staining, magnification 10×. The images show the differences in the reconstruction of tissues around
the implant parts: the antenna (A) and the cup (B).

During the first month, the inflammation occurred mainly due to the surgical procedures and
the implant presence. The implant instability—as it could still move inside the pouch in the rat
muscle—might have been another reason for the inflammation. During the recovery the muscles
were active and their constrictions would push the prosthesis outwards. The irritation of the muscle
tissue was also caused by the obvious firmness and rigidness of the foreign body as well as the
diversified shape of the implant. Still, despite the complex and gossamer design of the antenna, after
90 postoperative days, the granulation cells emerged in the spaces between the antenna elements.

The microscopic observations led to the conclusion that the inflammatory reaction was weaker for
the samples extracted after the 3-month implantation than for samples after 30 days of implantation.
There was a significant decrease in the granulation tissue area for otoimplant/AgNPs prosthesis.
(Figure 8). The regenerating muscle tissue was present at the implantation site and the first visible
differences were noted between the two implant types after three months. The continuing inflammation
was connected with the surgery and the presence of the foreign body, regardless of the material
properties. The tissues far from the implantation site were a properly ordered mosaic, typical for
skeletal muscles.

The implants were surrounded by the granulation tissuebut in some places were in close contact
with the regenerating muscle tissue. However, in the case of the AgNPs-modified otoimplant the
granulation tissue area was visibly smaller and it was getting replaced by the regenerating muscle
tissue, thus suggesting that the presence of silver nanoparticles facilitated the healing process.

The inflammation diminished significantly around the implant after 180 days of the implantation. In
the case of both the otoimplant and the silver-doped otoimplant, the granulation tissue areas diminished.
However, the area of granulation tissue seemed to be slightly smaller for the Ag-modified prosthesis.
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Figure 8. Granulation area for otoimplant and otoimplant/AgNPs measured after 30, 90,180 and
360 days of the implantation. Statistically significant differences (p < 0.05) between otoimplant and
otoimplant/AgNPs after specific implantation time are indicated by *; between different implantation
times for otoimplant and otoimplant/AgNPs—by a–b and A–C, respectively.

After 360 days of the implantation, the granulation remained on a constant level in comparison to
the measurement after 180 days. To prove that silver nanoparticles may accelerate healing processes
the area of granulation was measured in the Image J program and presented in a diagram as the results
of the average values (Figure 8).

The in vitro tests revealed more numerous population of living cells and thus—lower cytotoxicity
of the Ag-modified implants. The results indicated that the small number of nanosilver particles
released into the surrounding tissue not only had a bactericidal effect but also stimulated the osteoblast
proliferation, promoting better osteointegration [33–35].

A remarkable number of regenerating muscle fibres emerged in close proximity to the implant
during the postoperative month. Such a phenomenon proved the healing process to be in progress, as
the granulation tissues were being gradually replaced by the regenerating muscle fibres. Moreover,
the presence of a small amount of the granulation tissue and the regenerating fibres adhering to the
prosthesis confirmed not only the better muscle reconstruction but also more promising eventual
osteointegration. The observed high OCC enzyme activity in the tissue directly around the implant
proved the lack of biomaterial cytotoxicity. The regenerating muscle tissue was characterized by the
proper morphology and the mature muscles displayed the desired mosaic arrangement.

During the experiment a small capsule of the connective tissue was revealed close to the implant,
resulting from the fast proliferation of fibroblasts. It was an adverse phenomenon, possibly leading to
the implant encapsulation and constriction. It is worth noting that the connective tissue overgrowth
influences the proper bone/implant fixation; thus, it should be limited or eliminated in the middle ear
implantations where the surrounding environment are bone structures [36,37]. Although the tested
prostheses are supposed to reconstruct the bones, it was purposeful to conduct the experiments on the
muscles, as soft tissues reveal more severe immunological reaction to a foreign body [38].

3.4. Micro-CT Observations

The micro-CT results confirmed that the muscle tissue regeneration was faster for the implants
modified with silver nanoparticles (Figure 9). It was particularly evident in the course of time, after
longer implantation periods. Thirty days after the operation there was definitely more granulation
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tissue around the Ag-doped implant than around the pure polymer implant. In both types of prostheses,
the muscles were damaged during the surgery so they did not resemble the proper mosaic. However,
after 90 days the correct reconstruction of the muscles was noticeable for both types of implants.
The micro-CT after 30 days revealed the bigger granulation area of the otoimplant/AgNPs samples,
which confirmed the results of histochemical observations obtained at the same time (Figure 8). Three
months after the operation it was observed that the area of granulation tissue was decreasing rapidly for
the silver-modified implant. In the case of the non-modified implant, the area of granulation tissue was
also higher in comparison to the results taken after 30 days. After 180 days, the micro-CT reconstruction
revealed that tissue rebuilding was less evident for the otoimplant/AgNPs. However, having analyzed
histochemical results along with the Image J evaluation and the micro-CT reconstruction, it may be
assumed that after 360 days of the implantation the tissue area around AgNPs enriched implant was
comparable to the one after 180 days. The micro-CT showed granulation tissue together with other
tissues, therefore, it was necessary to compare the micro-CT results to the histochemical reactions. The
CT results were less specific than the histochemical tests. The micro-computed tomography offered
more comprehensive and accurate information than traditional methods [39,40]. The 3D visualization
based on micro-CT allowed us to observe the implant behaviour in the tissue via the ex vivo imaging.
Therefore, the ex vivo observations clearly showed how the muscles surrounding the implants were
regenerating with time and both the composition of the implant material and the prosthesis shape
facilitated the muscle tissue regeneration. Silver nanoparticles accelerated the healing process. Both
the micro-CT imaging and microscopic observations confirmed that the regeneration around the cup
was much faster than around the antenna whose complex structure hindered the process. The natural
reaction of the muscles to the foreign object also made the implant unstable. The prosthesis of an
unusual shape and certain density and stiffness irritated the surrounding tissue.

The histochemical tests and micro-CT proved the AgNPs-modified implant to be better integrated
with the regenerated muscle tissue than the pure ABS prosthesis. The images of otoimplant/AgNPs
in subsequent time intervals showed that tissue around the implant was growing with the passage
of time.

3.5. Silver Ions Release by Modified Implants

The results obtained by the observation of implant tissue samples (Figures 6–9) were then
compared to the release of silver from AgNPs-implants over one year of incubation in water. Figure 10
shows that the Ag+ release depended on the immersion time, increasing as a function of time. However,
the highest increase was observed during the first month of incubation. The gradual silver ions
decrease was observed from the 3rd month on, whereas between the 6th and 12th month the release
was only marginal.

The similar behaviour was expected in the in vivo studies. The gradual release of silver seemed
to be an advantageous phenomenon, since the Ag-modified implant was surrounded by the juvenile
muscle tissue without the separating granulation layer. The research also proved that the amount of
silver released into the tissue was safe and probably advantageous for the faster muscle regeneration.
The literature has reported silver nanoparticles to be nontoxic to humans and very effective against
bacteria, viruses, and other eukaryotic micro-organisms at very low concentrations and without side
effects. Jeong S.H. et.al. [41] proved that for the silver nanoparticles in the content of 0.1% materials
exhibit excellent antibacterial effect (bacterial reduction of 99.9%), but for the micron-sized silver in
the content above > 0.5 the antibacterial activity was determined as good. A variety of dressings that
contain and release silver ions at the wound surface provide controlled release of ions through a slow
but sustained release mechanism, which prevents toxicity yet ensures delivery of a therapeutic dose of
silver ions to the wound [42].
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Figure 9. Volume reconstructions showing otoimplant (A,B—different orientation of prosthesis) and
otoimplant/AgNPs (C,D—different orientation of prosthesis) after 30, 90, 180 and 360 days of the
implantation in rats muscles, surrounding granulation tissue visible.

Figure 10. Kinetics of silver ions release during one-year incubation in UHQ water.

There was no strong polymer—filler interactions between AgNPs and the polymer matrix in the
nanocomposite networks. This phenomenon loosened the molecular packing of polymeric chains near
the nanoparticles and caused an increase in free volume in the nanocomposite networks [43]. The aqueous
medium easily diffused into the empty areas and led to the Ag oxidation. Therefore, the water diffusion
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in the composite sample was expected to result in the higher Ag+ release [44]. The long-term release
seemed to be an important factor in regard to practical applications. The subsequent release of silver
ions occurred in the interior part of the specimen where water had to cross the diffusion barrier, which
inhibited the oxidation process. Conversely, in some cases, polymers could be porous enough to allow
water to pass through the polymer and, subsequently, the silver nanoparticles could diffuse out of the
polymer [45]. Such a mechanism could be responsible for the prolonged antibacterial efficiency. On the
other hand, Helttunen et al. [46] as well as McShan et al. [47] proved that the extensive release of silver
from the Ag+ or AgNPs-doped materials was environmentally hazardous and toxic to humans. On the
contrary, our long-time observations revealed no toxicity. The research proved that using nanoparticles
as active components in composite materials instead of conventional chemical products, e.g., ethanol or
bleach, provided the long-lasting bactericidal efficiency with no toxic effect [48]. Therefore, the assumed
level of silver concentration in our implant revealed antibacterial efficacy, yet it was not toxic to animals
and humans.

3.6. Physicochemical Properties of Prostheses

The scanning electron microscopy observation showed that the surface of both otoimplant and
otoimplant/AgNPs was smooth (Figure 11). Silver nanoparticles observed as a light area on SEM
images were homogenously distributed in the polymer matrix. The double-cycle injection moulding
and extrusion were applied to limit the aggregation of silver nanoparticles. Therefore, the size of
nanoparticles remained the same after their integration into polymer. However, even such a precise
technology could lead to the prevalence of small aggregates (red square on SEM images proved by EDX
spectrum). The observations performed after one year of incubating the samples in deionized water
(36 ◦C) revealed no changes on the surface and in the cross-section. SEM images of the cross-section of
polymeric and composite implants showed some porous microstructure (marked with arrows), which
could facilitate the silver ions release.

Figure 11. SEM images showing the otoimplant and otoimplant/AgNPs before and after 12 months
incubation, surface and cross-section were collected alternately from left to right. On the right—the
EDX spectrum collected in the point of the thick red square indicated the presence of AgNPs.

As it was proved in our previous work [28], the long-term bactericidal effect was sustained
by the gradual release of silver due to the efficient dispersion of its nanoparticles in the polymer
matrix. On the other hand, the surfaces of both the pure implant and implant modified with AgNPs
were smooth, which inhibited the bacteria colonization. It is well-known from the literature that the
increased roughness facilitates adhesion of osteoblasts to the material surface [49,50]. Higher roughness
parameters promote adhesion of bacteria, microbial proliferation and formation of biofilms, which may
lead to inflammatory processes, cell necrosis and even rejection of the implanted material [51]. Our
assumption was to minimize the bacteria colonization thanks to a remarkably smooth surface. Even if
bacteria attached to the porous surface, the gradual silver ions release would guarantee antibacterial
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efficacy. The conducted mechanical tests proved that the force-elongation curves were similar for
both groups of materials—the pure polymers and the composites. Such results suggested that the
proposed technology of obtaining polymeric paddles by means of extrusion and injection moulding
did not impoverish the mechanical properties of the tested materials. Young’s modulus and tensile
strength (Figure 12) remained at the same level both for the samples before and after the incubation
in deionized water. The addition of 0.1 wt. % of AgNPs did not change tensile strength but slightly
decreased Young’s modulus of the composite samples. Therefore, AgNPs had no negative effects
on the mechanical properties of ABS. In addition, low concentrations of nanoparticles eliminated
agglomeration adversely affecting the material’s properties. Moreover, the mechanical properties
of composites depended on the amount and size of incorporated nanoparticles. Namely, smaller
nanoparticles were more effective against bacteria [52]. However, when the AgNPs were smaller than
3 nm, they were more cytotoxic than larger particles—25 nm [15]. On the other hand, the particles
measuring 50 nm or more increased the flexural strength of the composite containing 0.2 wt. % of
AgNPs. The 40 nm particles did not affect the mechanical parameters of these composites [53].
The findings proved that the mechanical properties of the otoimplant did not change after the
incorporation of AgNPs even after the 12-month incubation. Such results suggested that our prosthesis
would be stable in clinical performance.

Figure 12. Young’s modulus (A) and tensile strength (B) of otoimplant and otoimplant/AgNPs before
and after 12-month incubation in deionized water.

4. Conclusions

Nanotechnology offers great opportunities to improve properties of medical devices. Our in vivo
research has proven that the prosthesis made of ABS enriched with silver nanoparticles is biocompatible
with the surrounding tissue. Moreover, the AgNPs incorporated into the polymer medical devices
ensure a long-lasting antibacterial effect combined with the lack of inflammation or toxic reaction.
The addition of silver nanoparticles accelerates the healing process, which is crucial to the length
of convalescence after the ossicle chain reconstruction. The microstructural observations as well as
mechanical tests have proven the biostability of both prostheses. The low concentration addition of
AgNPs to the polymer matrix does not alter the material’s mechanical and microstructure properties.
The obtained results are the promising basis for further research on the implant prototype that may
become an alternative to the devices already available on the medical market.
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Abstract: Lignin has interesting functionalities to be exploited in adhesives for medicine, foods and
textiles. Nanoparticles (NPs) < 100 nm coated with poly (L-lysine), PL and poly(L-glutamic acid)
PGA were prepared from the laccase treated lignin to coat nanocellulose fibrils (CNF) with heat.
NPs ca. 300 nm were prepared, β-casein coated and cross-linked with transglutaminase (Tgase) to
agglutinate chamois. Size exclusion chromatography (SEC) and Fourier-transform infrared (FTIR)
spectroscopy were used to characterize polymerized lignin, while zeta potential and dynamic light
scattering (DLS) to ensure coating of colloidal lignin particles (CLPs). Protein adsorption on lignin
was studied by quartz crystal microbalance (QCM). Atomic force microscopy (AFM) was exploited
to examine interactions between different polymers and to image NPs with transmission electron
microscopy (TEM). Tensile testing showed, when using CLPs for the adhesion, the stress improved ca.
10 and strain ca. 6 times compared to unmodified Kraft. For the β-casein NPs, the values were 20 and
8, respectively, and for the β-casein coated CLPs between these two cases. When NPs were dispersed
in adhesive formulation, the increased Young’s moduli confirmed significant improvement in the
stiffness of the joints over the adhesive alone. Exploitation of lignin in nanoparticulate morphology is
a potential method to prepare bionanomaterials for advanced applications.

Keywords: lignin; nanoparticle; protein; nanocellulose; fibril; enzyme; heat; self-assembly; cross-link

1. Introduction

Technologies focusing on the preparation of adhesives utilizing natural polymers such as proteins
and cellulosics for medical, textile and food applications are emerging research fields [1–3] However,
biorefinery industry produces also lignin by-product, which is still underutilized, even though this
aromatic, antioxidative and antimicrobial biopolymer could be an interesting raw material for many
value-added applications [4].

Nanocellulose can be produced by several methods [5–8]. It is a lightweight, transparent and
biodegradable polymer. Hence, nanocellulose fibrils (CNF) as well as bacterial nanocellulose (BC)
are excellent raw materials for tissue regeneration and replacement [9–12]. Major challenges for the
exploitation of CNF include the ability to disperse colloidal material with different formulations.
Surface functionalization of the fibrils could be an attractive method to improve stability, functionality
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and compatibility of the nanomaterial with selected matrices. For example, poly (L-lysine, PL) coated
wax particles assembled on CNF surface yield hydrophobic fibrils [13]. Furthermore, capability to
obtain tight bonding between tissue edges to prevent bleeding with excellent gas barrier properties and
to achieve strong mechanical strength for the sealant, are crucial properties for the medical adhesives
to support wound healing and tissue deformation during the recovery [14–16].

Due to excellent solubility and biocompatibility, regenerated silk proteins have been used in
medical applications such as textiles, implants and materials for controlled drug release. Deposition
of silk fibrin on polymeric surfaces is a remarkable challenge [2]. Enzymatic cross-linking with
transglutaminase (Tgase, EC 2.3.1.13) catalyzing cross-links between glutamines and lysines has been
used to stabilize proteins against chemicals and proteases [17]. Furthermore, Tgase has been used
to graft silk proteins onto damaged wool fibers to improve strength of the surfaces and to degrease
felting shrinkage during washing [18].

Foods such as edible coatings are nearby medical applications. Food packages based on
petroleum-based raw materials are not biodegradable. They have poor oxygen barrier properties
possibly leaching harmful compounds into foods. Water-soluble edible coatings based on dairy proteins
could be excellent alternatives for these packages. Protein coatings have good gas barrier properties
and no bad flavor or taste [19–21]. For example, nanospheres prepared from caseins form opaque
films and could be used to coat foods as well as biological tissues [22]. However, poor water resistance
and mechanical strength of the casein coatings needs to be improved to meet full applicability of the
nanomaterial in above applications [19].

Silkworm adhesive is an excellent biomimetic model for the preparation coatings for
nanoparticulate bonding agents [23] since many technologies for tissue engineering and surgery rely
on nanoparticle (NP) based adhesion [24]. Strong and rapid adhesion between hydrogels is feasible at
room temperature by spraying hard NPs on the surfaces and bringing them into contact. Tight adhesion
between the soft materials is based on the NPs’ ability to adsorb tightly onto surfaces, where they act
as connectors between polymer chains dissipating energy under stress [24]. Thus, tailored colloidal
lignin particles (CLPs) prepared from technical lignin could be interesting nanomaterials to be used
as additives in adhesives and coatings. Different CLPs could be produced in the laboratory and
semi-industrial scale [25–36]. Enzymatic cross-linking could be an attractive method to increase
porosity of NPs in addition to stability improvement against organic solvents [37–39]. Including small
molecules in the hydrophobic core of CLPs antioxidant and antimicrobial property of the particles could
be enhanced [40,41]. Specificity of the particles could be tailored via surface modification [34,42–44].

In this contribution, tiny CLPs including bilayer polypeptide modifications were prepared from
Kraft using self-assembling to tailor CNF surfaces with heat treatment. Furthermore, larger protein
coated CLPs were prepared and enzymatically cross-linked for adhering skin tissue (chamois). Finally,
water-soluble adhesive formulation was used to demonstrate effect of various NPs for the adhesion of
soft chamois specimens. It was concluded that nanoparticle architecture could be an interesting general
platform for the preparation technical lignin-based nanobiomaterials for advanced applications.

2. Materials and Methods

2.1. Chemicals

Reagent grade chemicals and solvents for the CLP preparation and modifications were purchased
from Sigma-Aldrich (Steinheim, Germany). Water soluble Pritt adhesive (Henkel AG & Co, Düsseldorf,
Germany) was purchased from a department store in Finland. Throughout the study, Milli-Q water
was used in the aqueous solutions.

2.2. Proteins

Mixture of serum proteins (pI 5.2–7.8), casein from bovine milk (mixture of α-, β-, λ- and
κ-subunits), gelatin (MW 47 kDa, pI 7.0–9.0), bovine serum albumin (BSA, 66 kDa, pI 4.8–5.6)

314



Nanomaterials 2018, 8, 1001

and purified β-casein (MW 24 kDa, pI 4.6–5.1) were purchased from Sigma-Aldrich (Germany).
For analyses, gelatin was dialyzed (cut-off 21 kDa) and freeze-dried. Due to low solubility, β-casein
was first dissolved in H2O and vortexed at room temperature following dilution with H2O (1 mg mL−1)
and pH adjustment (pH 3.0). After 2 h, the solution was vortexed, ultrasonicated and filtrated. Collagen
IV (Col IV) from human placenta (Sigma Aldrich, USA) was treated according to Goffin et al. [45]
PL peptide (0.1 m-% in H2O w/v, MW 150–300 kDa, pI 9.0) and sodium salts of poly(L-glutamic
acid, PGA) peptides (MW 50–100 kDa and 15–50 kDa) diluted with water (1 mg mL−1) were ordered
from Sigma-Aldrich (Germany). Chamois for the adhesion experiments was purchased from Biltema
(Espoo, Finland).

2.3. Enzymes

Low redox Melanocarpus albomyces laccase (MaL, pH-range 5.0–7.5) was overproduced in
Trichoderma reesei. High redox Trametes hirsuta laccase (ThL, pH-range 4.5–5.0) was produced in
its native host following chromatographic purification [46,47]. The reactivities of the enzyme
preparations were determined against 2.2-azinobis-(3-ethylbenzothiazoline)-6-sulfonate (ABTS) at pH
4.5 in 25 mM Na-succinate buffer [46] using Perkin Elmer Lambda 45 spectrophotometer (USA) at
436 nm (ε = 29.300 M−1 cm−1). For ThL (3.5 mg mL−1), the activity was 5270 nkat mL−1 and, for MaL
(8.1 mg mL−1), it was 2050 nkat mL−1. Tgase (pH-range 4–9) [17] was purchased from Activa MP
Ajinomoto (Japan). After further purification, the enzyme activity (8764 nkat mL−1) was determined
as previously described [48].

2.4. Nanocellulose

The preparation of CNF exploited in this study was described by Valle-Delgado et al. [49] CNF was
produced using mechanical fibrillation of never-dried, bleached Kraft hardwood birch pulps obtained
from Finnish pulp mills using a high-pressure fluidizer (Microfluidics M-110Y) from Microfluidics Int.
Co. (Westwood, MA, USA). No pre-treatments were used prior to fibrillation. The number of passes
through the microfluidizer was 12 and the final dry matter content was 1.35 wt-%. The operating
pressure was 2000 bar. The average width of the fibrils was 8–9 nm, length several micrometers and a
zeta potential ca. −3 mV. CNF thin films for the CLP coatings were prepared on the silica plates as
recently described [49].

2.5. Preparation of CLPs

Lignin nanoparticles were prepared from LignoboostTM purchased from Domtar plant (Plymouth,
NC, USA) with minor changes in the procedure [25]. First, lignin (2 g) was dissolved in the mixture
of THF and H2O (3:1, v/v). Then, H2O was added in the filtrated solution, filtrated again and finally
dialyzed (Spectra/Por® 1, RC dry dialysis tube, 6–8 kDa) for removal of THF. Concentration of the
CLP dispersion was ca. 1.5 mg mL−1, average particle size ca. 300 nm and zeta potential ca. −33 mV.

For the preparation of tiny CLPs, lignin was enzymatically oxidized using low and high redox
potential laccases. Powdered lignin (1 g) was dissolved in 0.1 M NaOH (700 mL) under constant
magnetic stirring at pH 12.5. Then HCl (1 M) was slowly added to adjust the pH 6.0 and 8.0 for the
ThL and MaL treatments, respectively. Then, the solution was transferred into a 1 L measuring flask.
Due to low reactivity of ThL in alkaline reaction conditions, pH 8.0 was omitted for this enzyme. Then,
lignin solutions (330 mL) were oxidized with laccases (500 nkat g−1) and magnetically stirred (20 h).
The enzymatic reactions were terminated using acid precipitation (1 M HCl). The supernatant (pH
2) was removed using ultracentrifugation (OptimaTM L Series, rotor type 70 Ti, Beckman Coulter,
Bromma, Sweden) at 6000 rpm (G-force 1000) for 20 min at 25 ◦C. The precipitate was collected with
H2O (pH 5.5) and dried (80 ◦C) prior preparation of tiny CLPs.

After lignin oxidation, the method modified from Lievonen et al. [25] was used to prepare CLPs
below 100 nm. Enzymatically treated lignin (0.5–1 mg mL−1) and the references (2.1 mg mL−1) were
solubilized in THF:H2O (3:7, v/v) and the mixture was stirred (3 h) following filtration with 0.7 μm
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Whatman GF/F (Sigma-Aldrich, Germany). Then, H2O was fast poured into the solution under
constant stirring following vigorous mixing (15 min). THF was removed the solution using dialysis
(cut-off: 6–8 kDa) under constant flux for 3 days. The aqueous CLP dispersion was filtrated and
characterized as previously described [25].

2.6. Adsorption of Proteins on Lignin

Adsorption of model proteins on lignin surface was studied by quartz crystal microbalance
with dissipation (QCM-D, Q-Sense E4, Sweden) at different pHs [42]. For the analysis, golden plates
were oxidized with UV-light (10 min), spin-coated with polystyrene (PS) and lignin (WS 650, Laurell
Technologies Corp., North Wales, PA, USA) [50]. PS was dissolved in toluene (0.5 mg mL−1) applied
twice (50 μL) and dried at 80 ◦C (30 min). Lignin was coated from the dioxane-H2O mixture (85:15
v/v, 0.5 mg mL−1) and applied four times on a plate and dried as above. Spin-coating sequence was
300 rpm (3 s), 1000 rpm (5 s) and finally 2000 rpm (30 s). Protein samples were dissolved in water (10 μg
mL−1) at 40 ◦C and filtrated. For the pH optimization of the β-casein adsorption, it was dissolved in
the buffers (50 mM, 0.1 mg mL−1): pH 3.0 and 5.0 (citrate), 6.5 (phosphate), 7.4 (PBS) and 8.5 (Tris-HCl).
Then, lignin films were stabilized with the buffers (1 h) and exposed to β-casein adsorption (100 μL
min−1, 25 ◦C) until stable baseline was detected following rinsing with the buffer (30 min). Masses
of the adsorbed β-casein were calculated from the frequencies according to Johannsmann et al. [51].
After β-casein adsorption on lignin film at the optimized pH, the protein coating was cross-linked
with Tgase using enzyme dosages 5, 25 and 50 nkat in the measuring cell (40 μL).

2.7. Coating CLPs with Proteins

Surfaces of CLPs (1 mg mL−1) were coated with β-casein at pH 3.0 using β-casein to CLP mass
ratio of 0.00001 to 1. Extent of surface charge modifications and changes in the average particle size of
CLPs were analyzed after stabilization of the samples at room temperature overnight. Bilayer protein
coated CLPs were prepared by modifying only slightly negatively charged particles first with PL and
then with acidic of sodium salts of PGA. In the end of the experiment excess of PGA was added in
the solution to ensure maximal coverage of single PL coated CLPs and presence of large amounts of
carboxylic acid groups for the esterification reaction, crucial for CNF coating.

2.8. Stabilization of Protein Coated CLPs

Surfaces of β-casein coated CLPs were enzymatically stabilized using Tgase. To avoid
cross-linking and aggregation of the particles, the enzyme dosage was optimized. In the reactions,
Tgase activities varied 5–40 nkat g−1. After overnight incubation at room temperature, the enzyme
activity was terminated using ultracentrifugation (5000 rpm, 30 min). Supernatant was removed and
the precipitate, cross-linked β-casein coated CLPs, were redispersed in H2O at pH 3 and pH 7.5 for the
stability studies.

2.9. Physicochemical Characterization of CLPs

Average particle sizes and zeta potential values of CLP dispersions were analyzed using a
Zetasizer (Malvern, Nano-ZS90 instrument, Malvern, UK). The zeta potential values were calculated
from the electrophoretic mobility data using Smoluchowski model. Three scans were collected for
zeta potential and five scans for the average particle size measurement using dynamic light scattering
(DLS) to evaluate the reproducibility of the measurements.

2.10. SEC

Polymerization of lignin by laccases was studied by aqueous high-performance gel permeation
size exclusion chromatography (HP-GPC/SEC). For the analyses, enzymatically polymerized and
cross-linked lignins including molecular weight standards (194 Da to 0.1 kDa) were dissolved in NaOH
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(0.1 M) in two concentrations (0.1 and 0.5 mg mL−1). Weight-average molar mass (MW) of the samples
were analyzed by Agilent 1260 Infinity (Agilent Technologies, Espoo, Finland) equipped with a UV
detector operating at 280 nm as previously [39,52].

2.11. FTIR

Fourier-transform infrared (FTIR) spectra of the lignin samples were recorded using Thermo
Nicolet iS50 FTIR spectrometer with iS50 ATR-crystal (Thermo Fisher Scientific, Vantaa, Finland).
Analysis of the spectral area (3800–600 cm−1) was carried out as duplicate measurements with 32 scans
from each sample and averaged prior normalization, which was based on peak area using Excel
(Microsoft, Espoo, Finland).

2.12. AFM

Atomic force microscopy (AFM) was used to characterize spherical morphology and roughness
of CLP surfaces before and after protein coating and enzymatic cross-linking to evaluate aggregation
between NPs after the treatments. For the imaging, 10 μL of CLP dispersion was pipetted on a freshly
cleaved mica sheet and dried overnight at ambient temperature. All samples were imaged in tapping
mode in ambient air using a Multimode 8 AFM equipped with a Nanoscope V controller from Bruker
Corporation, Santa Barbara, CA, USA). NCHV-A probes with a fundamental resonance frequency of
320–370 kHz, a nominal spring constant of 40 N m−1, and a tip radius below 10 nm were used for
imaging. At least three sample areas were imaged from the same mica sheet without further processing
of the images except flattening using Nanoscope Analysis 8.15 software from Bruker (USA).

Furthermore, AFM was used to measure adhesion energies between Col IV and lignin, Col IV
and gelatin as well as Col IV and casein. For the force measurements the tip less silicon cantilever
(CSC38/No Al coating, MicroMasch, Tallinn, Estonia) with a normal spring constant of 40 N m−1

was used to study the interactions. Prior to force measurements, the nominal spring constant was
determined analyzing the thermal vibration spectra using Sader method [53]. The biomaterial-coated
probe was prepared with same method as previously [54]. Adsorption of Col IV onto the colloidal
probe was performed in several steps. First, the collagen solution (1 mg mL−1) was placed in ice-filled
beaker and thawed by sonication (2 × 10 min). Then, the glass probe was surface modified with 5 vol-%
3-aminopropyl triethoxysilane (APTES) dissolved in ethanol to improve physical adsorption of protein
on the glass probe (45 min). Unreacted APTES was rinsed with ethanol and dried. The APTES-modified
probe was glued with an optical adhesive (Norland Products, Inc., Cranbury, New Jersey, USA) on the
free-end of the cantilever with 3D micromanipulator following UV curing (15 min) at the wavelength
of 365 nm. After gluing, the colloidal probes modified with APTES were mounted on metallic disc
facilitated with double-side tape and few drops of collagen solution were spin-coated (40 s) at 1000 rpm.
The collagen-coated probes were dried overnight and rinsed with Milli-Q water before use. The neat
glass probe was used a reference.

AFM force measurements were performed using a Multimode 8 AFM NanoScope V controller
coupled with a Pico Force (PF) scanner from Bruker (USA) in a liquid mode. The colloidal probe was
mounted on the liquid cell and subsequently inserted into the AFM head. Few drops of PBS buffer
(pH 7.4) were injected onto sample film and equilibrated (10 min) before the force measurements.
The rate of the approach and retraction of the colloidal probe towards the surface was 2 μm s−1. At least
three random locations were probed to ensure the homogeneity of the film surface. The deflection
sensitivity was determined from a freshly cleaved mica surface. The recorded data were converted to
the profiles of normalized force and the separation distances, where D = 0 was adjusted to be at the
maximum applied load [55]. The measured force profiles were compared to the DLVO theory [56,57].
and the adhesion energy was calculated through the integration over the adhesion area. For the
proteins (Col IV), the Hamaker constant for calculation of van der Waals forces was 7.5 × 10−21 J [58].
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2.13. TEM

FEI Tecnai 12 (Hope, CA, USA) operating at 120 kV was used to obtain transmission electron
microscopy (TEM) images from the CLP dispersions. For the imaging, 3 μL of the sample was applied
on a carbon film supported grid and incubated (2 min). The excess of the solvent was removed by
blotting the side of the grid onto paper. Imaging was performed in the brightfield mode with slight
under focus.

2.14. Sample Preparation

Chamois specimens washed with acetone and dried with filter paper were cut to narrow strips
(3.5 cm × 1.0 cm) following stabilization in the standard conditions (25 ◦C, 50% humidity). The area
used for adhesion was 1 cm−2. In addition to aqueous NP dispersions (CLP, β-casein and CLP coated
with β-casein) in 1 mg mL−1 concentration, Tgase (100 nkat cm−2) was used for curing β-casein
coated CLPs joints. Furthermore, NPs (1 mg mL−1) were dispersed in diluted water-soluble adhesive
(10 mg mL−1) to study the effect of the NPs on the adhesion in the agglutinative formulation. Lignin
dissolved in THF (1 mg mL−1) and diluted adhesive formulation (H2O:THF, 99:1, v:v) in 10 mg mL−1

concentration were used as references. After sticking the specimens with NP dispersions (50 μL and
100 μL), the samples where kept under a metal plate (ca. 200 g) in the standard conditions for 3 days
prior to tensile testing (MTS400, MTS Systems Corporation, Eden Prairie, MN, USA).

Tiny and bilayer protein coated CLPs (mass ratio 1 g g−1 lignin) were linked on the CNF surfaces
using esterification reaction between the carboxylic acid groups with hydroxyls of CNF [49,59]. For the
analysis, two drops of modified CLP dispersions were coated (4000 rpm, 1 min) on the CNF surface
using a spin-coater from Laurell Technologies Corp., (North Wales, PA, USA). Heated up to 105 ◦C
(10 min) following 5 min treatment at 155 ◦C. To remove unbound particles, CNF surfaces were rinsed
with H2O and dried under nitrogen flow.

3. Results and Discussion

3.1. Tailoring CLP Surfaces with Proteins

Proteins adsorb on lignin surface. The extent of the interactions depends on the physicochemical
properties of the biomolecule resulting from the three-dimensional (3D) structure and amino acid
composition of the protein [42,50]. To show potential to exploit actual by-product from industry,
purified β-casein, previously used in wood [60] and food [21] adhesives was used a model protein for
the surface functionalization of CLPs.

3.1.1. β-Casein

Adsorption of β-casein on lignin surface was studied at pH 7.4 using QCM-D (Figure S1A). Gelatin,
serum proteins and PL, commonly used to coat tissues to improve cell adhesion [61], were studied
for comparison. Positively charged gelatin (47 kDa, pI 7.0–9.0) at pH 7.4 adsorbed better on lignin
surface than smaller negatively charged β-casein (24 kDa, pI 4.6–5.1). Adsorption of serum proteins
and polypeptide (PL) were weaker. The increase in dissipation was considerably higher at similar
frequency values for the β-casein coating compared to other proteins, indicating that the coating is
softer and contains more water (Figure S1B).

For the coating of individual CLPs with β-casein, protein adsorption on lignin surface was
examined at pH range 3.0–8.5 (Figure 1). It was the highest at pH 3.0 due to positive charge of β-casein
in the acidic reaction conditions. A similar adsorbed mass was observed at pH 8.5, but in this case
negatively charged β-casein formed particles (ca. 300 nm) that adsorbed on the lignin surface together
with the polymeric protein. This is further confirmed when comparing the increase in dissipation
(Figure S1C). The dissipation is much higher for layers adsorbed at alkaline pH compared to pH 3.5,
indicating that these layers are more loosely bound and contain more water due to the nanoparticulate

318



Nanomaterials 2018, 8, 1001

morphology. The formation of β-casein NPs depends on the pH, time, mixing, protein and salt
concentration [20].

 

Figure 1. Adsorption of β-casein on lignin thin film at different pH observed using QCM-D.

Hence, pH 3.0 was selected for the coating CLPs with β-casein for further experiments. Figure 2a
shows the zeta potential of the CLPs varying from negative (ca. −25 mV) to positive (ca. 25 mV)
value when β-casein concentration increased. During the coating, CLPs aggregated when the surface
charge of the particles was close to zero (CLP—protein ratio ca. 0.01), as shown in Figure 2b. On the
other hand, once clearly positively charged, the protein-coated CLP dispersions were stable for weeks.
Large-scale all atom MD simulations [62] have shown that aromatic residues contribute significantly
to the protein adsorption on hydrophobic surfaces via strong π–π stacking interactions between
p2-carbons. The basic residues such as arginine and lysine play equally strong role for the adsorption.
The effect of proline residues has been demonstrated recently [42].

In Figure 2 are shown representative TEM images from single CLPs (Figure 2c) including
β-casein coated CLPs (Figure 2d) confirming that after protein adsorption, and enzymatic cross-linking
(Figure 2e) CLPs remain individual spherical NPs and the aggregation of the particles is minor.
During sample preparation on the carbon grid, some of the particles moved close to each other due
to water evaporation during drying. The corresponding AFM images are shown in Figure 2f–h and
Figure S2A–D. When CLPs were coated with β-casein, very small protein particles could be detected
from the background of TEM (Figure 2d) and AFM (Figure S2B,D) images, not visible in the references
(Figure 2f,i–k and Figure S2A,C). Apparently, some of these particles adsorbed on CLP surface along
with polymeric β-casein since several protruding points (ca. 40 nm) could be imaged from the CLP
surfaces by AFM (Figure S2B,D).

(a) (b) 

Figure 2. Cont.
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Figure 2. Coating CLPs with β-casein (pH 3.0) evidenced using zeta potential (a) and DLC
(b) measurements as a function of time. TEM images measured from unmodified CLPs (c), β-casein
coated CLPs (d) and β-casein coated CLPs cross-linked with Tgase (e). In (f,g,h) are shown
representative AFM images from enzymatically stabilized CLPs and in (i,j,k) are presented the
corresponding references.

3.1.2. Poly(L-glutamic acid)

Feasibility to coat CLP surfaces using selected proteins to maximize specific interactions with the
substrate such as CNF surface was evaluated. Thus, negatively charged CLPs were first coated with
positively charged PL following modification with PGA containing large number of carboxylic acid
groups for the esterification reaction with hydroxyls on nanocellulose surface via fast heat treatment.
It was hypothesized that tiny CLPs below 100 nm in size coat single CNF fibrils better than larger
particles since the typical width for the nanocellulose fibrils is ca. 5–20 nm and the length several
micrometers. The average molecular masses of enzymatically polymerized and cross-linked lignin
used for tiny CLP preparation are shown in Figure 3 and the characterization using FTIR spectroscopy
in Tables S1–S3. In general, the changes in the FTIR spectra between the references and laccase treated
samples were minor due to heterogeneous cross-linking reactions and residual moisture in the samples
slightly interfering the interpretation of the spectra.

The appearance of the CLP dispersions at pH 6.0 are shown in Figure S3. The average particle
sizes for CLPs prepared from enzymatically oxidized lignin were below 100 nm (Table 1). For the
references, the particle size was half of that obtained according to the method of Lievonen at al. [25].
In both cases, the zeta potentials were on the same order of magnitude as previously described [25].
The increased molecular weight, higher hydrophobicity of the polymerized and cross-linked lignin
as well as lower concentration enabled tight packing of enzymatically oxidized lignin fast mixing
promoting tiny NP CLP formation. In the laccase-catalyzed reactions, the cross-links are formed
in lignin via different radical reactions. Enzymatic initiation of the radicalization starts from the
phenolic hydroxyl groups of lignin following condensation of the free radicals to covalent chemical
bonds [37,38,46,47,63]. The representative AFM images of the different CLPs (Figure S4) verify the
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spherical and smooth surface structure of the NPs stable for several weeks (Table S4), as evident from
the TEM images (Figure S5). Solid lignin NPs 10–30 nm in size can be produced using mechanical
shearing [32] and are also potential modifiers for CNF surfaces.

Figure 3. Average molecular masses and standard deviations of the enzymatically oxidized and
polymerized lignins. Molecular masses were analyzed also for the CLPs prepared from the
enzymatically treated lignins. The smaller values of dissolved CLPs are most likely due to slower
solubility of CLPs in alkaline reaction conditions than powdered lignin.

Table 1. Characterization of CLPs prepared from laccase-treated lignin.

Sample Average Size (nm) Zeta Potential (mV) PDI

pH 6.0
Reference 131 ± 1 −30 ± 1 0.27

MaL-treatment 75 ± 1 −25 ± 1 0.40
ThL-treatment 82 ± 2 −33 ± 1 0.40

pH 8.0
Reference 125 ± 1 −22 ± 1 0.25

MaL-treatment 65 ± 1 −30 ± 1 0.25
ThL-treatment - - -

(-) Not determined. The enzyme is not reactive at alkaline reaction conditions.

Bilayer protein coated tiny CLPs (ca. 131 nm) are shown in Figure S6. Significant increase in
the average particle size from ca. 200 nm to ca. 400 nm confirmed coating of the NPs with small
PGA (15–50 kDa). When using larger PGA (150–300 kDa), the effect on the average particle size and
extent of the surface coating was minor. Apparently, shorter polymer chain is more desirable for
the modification of CLP surfaces over large ones. However, in the both cases, zeta potential values
decreased from ca. 40 mV to 30 mV, verifying dual coating of CLPs. In Figure S7A,B are shown
adsorption of PL peptide on the intact CLP surface following adsorption of low and high molecular
weight PGA confirming the above conclusions.

In the body, NP-specific protein coronas are formed on hard inorganic NPs in minutes comprising
hundreds of proteins. Adsorption of serum proteins on lignin (Figure S1A,B) show that CLP surfaces
could be tailored accordingly to increase cellular interaction. Compared to hard NPs, soft CLPs are
presumably safer since undesirable penetration of the elastic NPs through the biological membranes
is minor. Low cytotoxicity [31,64] and resistance for the enzymatic hydrolysis increase potential to
exploit CLPs in value-added applications in medicine and cosmetics [2,20].
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3.2. Stability of β-Casein Coated CLP

3.2.1. Effect of Enzymatic Cross-Linking

Tailoring CLP surfaces with β-casein allows further modification of the particles with cross-linking
enzymes [65]. In vitro studies have shown that Tgase can cross-link proteins in a gel in minutes [17,48].
Hence, to improve stability of β-casein coated CLPs at physiological pHs, for example in stomach
(pH 1.0–3.0), duodenum (pH 4.8–8.2) and blood (pH 7.4), Tgase was used to cross-link the β-casein
coating. Figure S8A shows the increase in the average particle size of CLPs as a function of enzyme
dosage. Particles cross-linked with high enzyme dosage above 20 nkat g−1 aggregated immediately
because covalent bonds were also formed between the individual particles. The zeta potential values
(Figure S8B) decreased after 24-h incubation and, after seven-day treatment, extensive cross-linking of
the NPs was detected by eye. Reasonable enzyme dosage for the cross-linking only β-casein coating
was found to be 15 nkat g−1. Prior to pH stability studies of the enzymatically cross-linked particles,
Tgase activity was removed from the dispersions using ultra-centrifugation (Figure S9). After the
treatment, some of the unbound β-casein adsorbed on CLP surfaces increasing the average particle
size by ca. 40 nm. Then, the particles were stable for several weeks.

Elasticity of the enzymatically cross-linked β-casein coating was studied by QCM-D
(Figure S10A,B). After adsorption of β-casein on lignin film until a stable baseline was observed
(Figure S1), Tgase (2 min) was injected into the chamber following cross-linking (10 min) of the
protein film. When using the low enzyme dosage (5 nkat), loosely bound β-casein was washed away.
However, at the same time, the cross-linking reaction proceeded to a certain extent since a sharp
decrease in dissipation was detected due to the formation of elastic networked protein coating. Instead,
when using higher enzyme dosages in the measuring cell (25 and 50 nkat), first a small amount of
unbound β-casein was removed (tiny increase in the frequency signal). After that, a sharp drop in the
frequency was detected due to enzyme adsorption on the β-casein surface. The cross-linking reaction
proceeded as in the case of low enzyme dosage. During the enzymatic reaction (10 min), the frequency
increased slightly, verifying an accompanied loss of small molecule reaction product (-NH3

+) [66] as
well as decreased water binding capacity of the cross-linked protein coating. Tgase injection following
stabilization of the cross-linking reaction was repeated three times until stable baseline was observed.

Figure 2c–h shows representative TEM and AFM images of β-casein coated CLPs cross-linked with
Tgase. Compared to CLPs coated with β-casein (Figure S2B,D) the surfaces of cross-linked particles
were smoother. From the corresponding TEM images (Figure 2d,c), it is evident that also small protein
particles in the background were cross-linked to larger particles. Regarding the applicability of the
enzymatically stabilized protein coated CLP dispersions, polymerization of free β-casein to nanosized
particles [65] improves homogeneity and stability of the dispersion.

3.2.2. Effect of pH

Understanding dispersion properties is essential for the exploitation CLPs in adhesive
formulations. CLPs are stable in wide pH range [25]. However, due to better electrostatic stability in
alkaline conditions, the reactivity of CLPs is much higher than in acidic conditions [39,63]. For medical,
cosmetic and food applications, it is pivotal that tailored CLPs are stable in physiological conditions.

Figure 4a,b shows the average particle sizes and zeta potential values for β-casein coated CLPs
at pH 3.0 and 7.4 as a function of time. In acidic dispersion, NPs started to aggregate after four-day
incubation, which was evident also from the more positive zeta potential values. After 25 days,
protein-coated particles precipitated. At pH 3.0, β-casein was positively charged, but CLP surface was
nearly neutral, promoting aggregation of the coated CLPs. At slightly alkaline dispersion (pH 7.4),
the stability of β-casein coated CLPs was excellent. The average particle sizes and zeta potential values
remained nearly unchanged for 25 days.
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(a) (b) 

Figure 4. Stability of β-casein coated and enzymatically cross-linked CLPs at (a) pH 3.0 and (b) pH
7.4 evidenced using average particle size and zeta potential measurements. In both cases, the protein
coating following enzymatic cross-linking was performed at 3.0. Enzyme activity was removed using
ultracentrifugation following redispersion of the particles at above pH.

To improve stability of the β-casein coated CLPs at pH 3.0, the optimized Tgase dosage
(15 nkat g−1) was used to cross-link the surfaces of the particles. The stability of cross-linked protein
coated CLPs was excellent compared to the non-cross-linked particles (Figure 4a). The average particle
sizes remained nearly unchanged for 25 days. Instead, the zeta potential values became slightly more
positive due to some instability of CLPs, as explained above. Instead, at pH 7.4 (Figure 4b), the zeta
potential values were stable for weeks, but the average particle sizes increased during the first day
after enzyme inhibition and solvent exchange. Then, the cross-linked protein coated CLPs were stable
for weeks.

3.3. Adhesive Interactions

AFM force measurement was used to compare strength of the interactions between lignin and
model proteins (Figure 5). Col IV is the main component of the skin and, therefore, understanding the
interactions of Col IV with other proteins and lignin could be exploited in wound healing and other
biomedical applications.

Long-range attractive interactions were detected when Col IV surface was brought into contact
with casein and gelatin (Figure 5a), while no meaningful adhesions were detected when the neat glass
surface was used (Figure 5b). The force interactions between Col IV and lignin were three times larger
than the ones between Col IV and model proteins (Figure 5c) with adhesion energy being 0.0102 ±
0.0006 nJ m−1. Interestingly, the adhesion energy between Col IV and casein as well as Col IV and
gelatin was nearly identical at pH 7.4, evident also from the overlapping retraction force profiles
(Figure 5a). At high salt concentration, the repulsions detected from the approach force profiles was
much longer-ranged than predicted by DLVO theory for pure electrostatic double-layer repulsion
(Figure 5d). This reveals that steric repulsions dominate [67]. Based on the approach force profiles
separation distance between Col IV and gelatin pair is nearly twofold compared to that of Col IV and
casein, while Col IV and lignin was placed in between. Even though casein show lower adhesion
energy with Col IV, it is an attractive protein to coat CLPs compared to poorly soluble gelatin having
high tendency to aggregate, as recently demonstrated [42]. Thus, purified β-casein containing many
reactive sites for enzymatic cross-linking and stabilization is an excellent coat protein for CLPs enabling
also fast curing enzymatic means [65].
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Figure 5. AFM force profiles. Interaction between (a) Col IV probe and other proteins and lignin.
(b) Interaction of the model surfaces with a neat glass probe. (c) Corresponding histograms of mean
adhesion energy of above interactions including standard deviation. (d) DLVO fitting of the data
presented in (b). The gray dashed line represents the DLVO fitting for PBS (150 mM) at pH 7.4. All force
profiles were normalized with the radius of the probe.

3.4. Applications

Chamois specimens and CNF were used model soft matrixes to demonstrate effect of tailored
CLPs to adhere soft materials. Furthermore, enzymatic and chemical heat treatment were exploited for
fast covalent curing of the agglutinations.

3.4.1. Agglutination of Chamois Specimens with CLPs

Figure 6a show the chamois leather specimen including CLP dispersion used for adhesion. Tensile
testing was used to measure the strength of adhesive joints until break down. The representative
stress–strain curves for various NP formulations are shown in Figure 6b,c.

(a) (b) (c) 

Figure 6. Tensile testing. (a) Two chamois specimens to be adhered with CLP dispersion (above).
Adhered strips subjected to a controlled tension until failure (below). (b) Representative stress–strain
curves for the CLPs used for adhesion including the corresponding references. (c) Representative
stress–strain curves for the same samples as in (b) dispersed in water-soluble adhesive. CLPs (blue),
β-casein NPs (red), CLPs coated with β-casein (purple), commercial adhesive (black), polymeric

lignin dissolved in THF (grey).
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Figure 7a shows the effect of different NPs for adhering protein matrix that was significantly
better than that of lignin and commercial water-soluble adhesive. When the number of NPs doubled,
the agglutination of the specimens was more than twofold stronger, which was evident from the
measured stress values. The differences between the type of the soft material, i.e., lignin or protein,
used for the NP preparation was apparent when high NP concentration was used. Adhesive property of
β-casein NPs on protein matrix was the highest and for CLPs only half of that. Effect of β-casein coated
CLPs on the adhesion was between these two cases showing potential as a method to prepare functional
low-cost β-casein NPs from lignin via self-assembly. The tensile strain (Figure 7b) measured from the
corresponding samples followed the same order as the stress values. However, the differences between
the samples were smaller. When β-casein coated CLPs were used for adhering, the strain values were
rather similar between two different quantities. In the case of large number of NPs, the repeatability was
poor, presumably due to instability of the β-casein coating at pH 3.0, as explained above. Regarding
to the references, lignin powder dissolved in THF and diluted adhesive, the agglutination of the
specimens was minor compared to that of NPs. Due to rough, hairy surface of chamois, the NPs
spread, adsorbed and penetrated on the soft material better than the thick adhesive formulation,
efficiently dissipating energy and retarding fracture of the joints under stress.

Figure 7. Comparison between tensile stress–strain histograms. (a,b) Different CLPs including the
references at two quantities. (c,d) Effect of Tgase catalyzed cross-linking on the adhesion. (e,f) Various
NPs including the references dispersed in diluted water-soluble adhesive.

Figure 7c,d shows the increased stress and strain values when β-casein coated CLPs were
covalently linked to chamois specimens using low Tgase dosage (100 nkat). Increasing the enzyme
activity, the strength of the adhesion could be increased [47,62]. These results suggest that protein
coated CLPs could also be linked to biological matrixes using enzymes enabling fast curing in moist
environments essential for the medical applications. In such seals, CLPs remain single nanoparticles
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retaining their physicochemical properties since the covalent linkages are formed via protein coating.
It is also plausible that cross-links were formed between amine groups in lysine side-chains and the
acyl group derived from the carboxylic acid groups present in CLPs due to side reactions of Tgase [17].
If CLPs are coated with tissue specific proteins, the potential rejection reactions could be diminished
during the wound healing, yielding small scars important for cosmetic applications. Accordingly, it is
presupposed that CLP formulations could be exploited for the preparation of edible coatings for foods.

Furthermore, to study potential to use CLPs as additive in adhesive formulations, NPs and the
references were dispersed in the water-soluble adhesive (Figure 7e,f). Unexpectedly, the stress value
was the largest (ca. 5%) for the dispersion containing lignin powder compared to that of diluted
adhesive. Mixing protein NPs in the adhesive formulation decreased stress value ca. 3%, and for
the unmodified CLPs ca. 7%. In the case of tensile strain measurement, the results were opposite.
For CLPs, β-casein NPs and β-casein coated CLPs, the tensile strain improved ca. 5%, 12% and 10%,
respectively. For lignin powder, the elasticity of the adhesive joint degreased ca. 5% compared to the
diluted adhesive.

Figure 8 shows histograms of Young’s modulus for various NPs. The values doubled for the
specimens adhered with high number of NPs regardless of the type of the polymer used for the
adhesion. Instead, when the NPs were dispersed in the adhesive formulation, the differences between
the raw materials became visible. In the case of CLPs, Young’s modulus increased (ca. 70 kPa), but,
for the protein-based NPs it degreased (ca. 43 kPa), showing more elastic agglutination due to softer
structure of the particles and improved compatibility with the substrate. In the adhesive formulation,
the Young’s modulus was the highest for the polymeric lignin showing much stronger adhesive joint,
likely due to varying chemical reactions and interactions between the adhesive components and the
substrate. Furthermore, interactions between lignin and protein matrix differ from the ones between
CLPs and the substrate. In aqueous dispersion, hydrophobic groups are buried inside the CLPs’
hydrophilic groups locating on the surfaces of NPs. Furthermore, the instability of lignin complicated
the analyses. The results obtained in the adhesive formulation should be critically considered. Young’s
modulus determined for the diluted adhesive was between that of CLPs and lignin powder.

 
(a) (b) 

Figure 8. Young’s modulus for (a) CLPs, β-casein and CLPs coated with β-casein using two quantities.
(b) Corresponding histograms for the NPs dispersed in diluted adhesive including the references.

These results show that, when using NP prepared from soft natural matter (technical lignin,
proteins and their combinations), it is possible to obtain strong elastic agglutinations between soft
surfaces, as evidenced recently [24,68,69]. The type of biopolymer affects significantly the strength,
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flexibility and elongation of the joint. Studies with soybean-based adhesives containing polymeric
lignin pointed out that protein–lignin ratio is the most critical parameter affecting the adhesive
interactions [70,71]. In textiles, enzymatic cross-linking has been used to strengthen lignin-containing
adhesives [72]. Apparently, exploitation of technical lignin in nanoparticulate morphology in stable
dispersion for adhering is an interesting approach for many lignin applications reviewed [73].

3.4.2. Grafting CLPs on CNF Surfaces

Feasibility to coat CNF with varying sized CLPs was also investigated. Figure 9a shows
nanocellulose fibrils spin coated with several layers of tiny CLPs (ca. 75 nm). Covalently linked
CLPs clearly follow the fibrous morphology of nanocellulose, changing the surface properties of the
hydrophilic polymer to that of more hydrophobic lignin surface. Linking of the NPs was obtained via
esterification reaction between carboxylic acid groups of lignin and hydroxyl groups of CNF surface via
heat treatment [49]. After washing with H2O for the removal of unbound CLPs, the fibers accumulated
to some extent, however, CLPs remaining linked on the CNF surfaces due to covalent linkages. Hence,
it is proposed that CNF modified with CLPs could be excellent bionanomaterials for tissue repairing,
having improved stability in body fluids, culture media and resistance against enzymatic hydrolysis.

 
(a) (b) (c) 

Figure 9. CNF surfaces coated with CLPs: (a) Tiny CLPs; (b) PL and PGA coated CLPs; and (c) reference.

It was also shown that CNF surfaces (Figure 9b) could be coated accordingly with protein
coated CLPs using heat treatment. To increase the reactivity between CNF and protein coated CLPs,
nanoparticles were modified first with positively charged PL and then with negatively charged PGA
containing large number of carboxylic acid groups. CLPs coated only with PL could not be linked
on the slightly negative CNF surface to the same extent. In that case, surface modification of CNF,
e.g., via carboxylation to increase negative charges on the surface, is a prerequisite. After the heat
treatment, the average particle sizes of the modified CLPs clearly decreased (Figure S6A and Figure 9b)
due to the formation of covalent linkages between carboxylic acids in PGA and hydroxyls in CLP.
After washing with water, most of the bilayer coated CLPs remained on the CNF surface. Feasibility
for the bilayer protein coating of CLPs was demonstrated also using QCM-D under identical reaction
conditions (Figure S7A,B). PL peptide was first adsorbed to CNF film following adsorption of CLPs
yielding intact lignin nanoparticulate surface. Then, PL and PGA (15–50 and 50–100 kDa) were
adsorbed on the surface that was finally washed with water. As shown in Figures S6 and S7, it was
evident that small PGA adsorbed on CLP surface better than large PGA.

Current polymeric tissue adhesives are often unstable in physiological pH requiring complex
in vivo analytical systems for the control of the polymerization and cross-linking reactions.
Furthermore, they are often toxic [6,69]. Coating fibers with specific CLPs could be an effective way to
improve mechanical strength. Adhesives based on nanobridging via hard inorganic NPs [16] as well
as colloidal mesoporous silica (CMS) particles [68] have been proposed as alternatives for traditional
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medical adhesives. Since the adhesion energy is proportional to the surface area of NPs, enzymatically
cross-linked CLPs [39] with tailored functionalities could be potential additives for medical adhesives
following enzymatic or thermal treatment for fast curing shown above. Additionally, porous structure
of CLPs enables quicker decomposition in biological media than inorganic NPs preventing undesirable
accumulation in the body. Due to strong autofluorescence of lignin, it is an attractive raw material
enabling sensitive real time detection crucial for the development of image-guided procedures for
clinical applications.

4. Conclusions

Development of green technologies [74,75] for the preparation of bio(nano)materials [76] from the
forest process side-streams such as adhesives and coatings [77,78] is increasing constantly. Different
CLPs prepared and modified to adhere chamois and to modify CNF surface could be potential additives
for various formulations to be exploited for wound sealing, edible coatings and fiber modification for
textiles to improve adhesion, hydrophobicity, antimicrobial and antioxidative properties of the coatings.
Since the cross-linking methods are fast and feasible in the moist environment, clinical fluorescence
imaging of aromatic CLPs is possible. Furthermore, it was concluded that, when using tissue specific
proteins, e.g., hydrolyzed from collagen, sericins extracted from silk and caseins fractionated from
the dairy side-streams, compatibility of the NPs with the substrates could be enhanced. Compared to
NPs prepared solely from proteins, the costs of the raw materials are remarkably lower. Apparently,
these results pave the way for the exploitation of technical lignin in multiple forms.
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Figure S5: TEM images from CLPs prepared from enzymatically treated lignin one month after preparation, Figure
S6: Average particle size and zeta potential of CLPs as a function of PL−CLP mass ratio, Figure S7: Adsorption of
PL, PGA and CLPs on slightly negatively charged CNF analyzed by QCM-D, Figure S8: β-Casein coating and
enzymatic stabilization of the particles with Tgase, Figure S9: Variation of stabilized CLPs in size after removal of
enzyme activity using ultracentrifugation, Figure S10: Elasticity of enzymatically cross-linked β-casein coating,
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Abstract: Application of plasma medicine has been actively explored during last several years.
Treating every type of cancer remains a difficult task for medical personnel due to the wide variety
of cancer cell selectivity. Research in advanced plasma physics has led to the development of
different types of non-thermal plasma devices, such as plasma jets, and dielectric barrier discharges.
Non-thermal plasma generates many charged particles and reactive species when brought into contact
with biological samples. The main constituents include reactive nitrogen species, reactive oxygen
species, and plasma ultra-violets. These species can be applied to synthesize biologically important
nanomaterials or can be used with nanomaterials for various kinds of biomedical applications
to improve human health. This review reports recent updates on plasma-based synthesis of
biologically important nanomaterials and synergy of plasma with nanomaterials for various kind of
biological applications.

Keywords: plasma; nanomaterials; nanomaterial synthesis; plasma liquid Interactions; non-thermal
plasma; biomedical applications

1. Introduction

In recent years, nanomaterials have received great attention due to their exclusive characteristics
compared to their bulk counterparts. With extremely small size and high surface area, nanomaterials
demonstrate great biological activities in the human body. Nanomaterials play crucial roles in
biomedicine, with a wide range of applications such as drug delivery, cancer therapy or bioimaging.
Nevertheless, our current understanding of nanomaterials’ behaviors in human health is still
inadequate. Previous reports have claimed that nanomaterials could induce dangerous effects in
living organisms. A reasonable explanation for this concern is that conventional chemical approaches
for nanomaterial synthesis require toxic oxidants or reductants, which are essential for nanoparticle
formation and stabilization. Therefore, an alternative toxic-chemical-free synthesis is important for
nanotechnology development for biomedical applications. Currently, plasma technology is gaining
great attention as a prominent “green” synthesis method for nanomaterials, due to its distinguishing
properties when compared to solid, liquid and gas phase synthesis approaches. Furthermore,
the combination of nanomaterials and plasma in biomedical applications demonstrates several
synergistic effects and better treatment efficiency. A schematic diagram showing the synergistic
relationship among plasmas, nanomaterials and their biomedical applications is shown in Figure 1.
The use of plasmas for biomedical applications has been explored in various ways in the last few
decades and have shown promising effects. The uses of nanomaterials in biomedical applications
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are also well known. Recently, synergistic effects of nanomaterials and cold plasmas in biomedical
applications have been discovered. In this article, a review on the relationship between plasma and
nanomaterials is presented. A brief description of non-thermal atmospheric pressure plasmas is
included in Section 2. In Section 3, the synthesis of nanomaterials using different types of plasma is
summarized. Section 4 focuses on the current advances related to the synergistic effects of plasma and
nanomaterials in biomedical applications.

Figure 1. The synergistic relationship among plasmas, nanomaterials and their biomedical applications.

2. Overview of Non-Thermal Atmospheric Pressure Plasmas and Their Characteristics

Physical plasmas are ionized gases which generally contain electrons, ions, neutrals, excited
species, electric field, reactive species, UV photons, etc. They exist naturally in the universe or can be
generated within the laboratory environment in the earth. Production of plasma within the laboratories
can be performed through dissociation of gas molecules with electrical energy confined between two
electrodes. This type of plasma can be produced at low pressure, as well as at atmospheric pressure.
Plasmas at low pressures (such as inductively coupled plasmas, plasma torches) are generated inside
vacuum chambers and are much suitable for the uniform treatment of objects. They are also called
thermal or quasi-equilibrium low-temperature plasmas, as the temperatures of light and heavy species
are almost the same. At atmospheric pressures, plasmas (such as atmospheric pressure plasma
jet discharges, dielectric barrier discharges (DBD)) could be generated by ionizing a gas between
two narrow electrodes at ambient environment and no expensive vacuum equipment is required.
Atmospheric pressure plasmas are also called non-thermal or non-equilibrium plasmas, as the electron
temperature is much higher than ions or gas species and the temperature of gas species remains
close to room temperature. Both thermal and non-thermal plasmas can be used for the synthesis
of nanomaterials.

2.1. Non-Thermal Atmospheric Pressure Plasma Sources

Non-thermal atmospheric pressure plasmas generated at atmospheric conditions can be utilized
for the synthesis of nanomaterials. Several types of plasma devices, such as DBD plasma or plasma
jet, can be used for combinational treatments with nanomaterials [1]. The discharge generated in
the ambient environment can be used for the modification of the surface properties of the materials
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through electrons, ions, excited species, reactive species, UVs, etc., generated through the plasma.
An overview of non-thermal atmospheric pressure plasma sources and the reactive species generated
by them is presented in this section.

2.1.1. Dielectric Barrier Discharge (DBD)

DBD is generated between two metal electrodes, where one electrode is connected to the
high voltage power supply, and the other one is grounded. A dielectric material is placed in
front of one (or both) metal electrode in order to prevent arcing. This is also known as silent or
atmospheric-pressure-glow discharge [2], and was described for the first time by Ernst Werner von
Siemens in 1857 [3]. Recent understandings of the physics of DBD have given rise to several improved
forms of DBD-based devices. A schematic diagram of two common DBD-based devices are shown in
Figure 2a,b. Both devices are constructed in a coplanar configuration, and the electrodes are fabricated
above a dielectric material like glass. A protective layer made up of MgO or Al2O3 is used above the
electrodes for the prevention of hydration and the promotion of long-term operation of the device.
If one part of the coplanar electrode system is connected to a high-voltage power supply and the
other part is grounded, it is known as surface DBD plasma (Figure 2a) [4]. Here, the material to
be treated is placed below the plasma generation region. Because of the use of coplanar electrodes
that are separated by a micrometer gap, the surface DBD plasma can be generated under normal
atmospheric conditions (even without gas flow). On the other hand, if all the coplanar electrodes are
connected to the high-voltage power supply and the target material acts as the ground electrode (with
a high capacity of charge storage) such that the plasma generated in between the high voltage and the
target is utilized for the modification of nanomaterial, it is known as floating electrode DBD plasma
(FE-DBD) [5], as schematically shown in Figure 2b. Both types of plasma sources generate plasma over
a wide area and can be used for the synthesis of nanomaterials.

Figure 2. Typical structures of non-thermal DBD plasma and plasma jet devices at atmospheric pressure.
(a) Surface DBD plasma; (b) FE-DBD plasma; and (c) plasma jet.

2.1.2. Plasma Jet

The plasma jet is an improved design of DBD. It was designed in order to extend the plasma
plume at a long distance away from the discharge region, enabling the remote treatment of the
sample. Extensive research works have been performed on the design of plasma jets for biomedical
applications [6–8]. A schematic diagram of the plasma jet is as shown in Figure 2c. It consists of a
high-voltage needle electrode and a ground electrode separated by a dielectric material. An inert gas
flow (normally helium, argon, etc.) is maintained through the needle electrode in order to facilitate the
breakdown process. Plasma is generated between the high-voltage and the ground electrodes with
the help of working gases. Because of the high gas flow rate, the plasma constituents, including the
short-lived reactive species, are carried towards the remote region, which is several centimeters from
the discharge region. The temperature of the plasma carried to the remote region is close to room
temperature and can be used for the surface modification/synthesis of nanomaterials.
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2.2. Reactive Species Induced by Non-Thermal Atmospheric Pressure Plasmas and Their Applications

Plasma-synthesized nanomaterials can be used for various kinds of biological applications and
for improving human health. The key to this application lies in the variety of reactive oxygen and
nitrogen species (RONS) generated by the non-thermal atmospheric pressure plasma sources [9–14].
Plasma liquid interactions play a great role in the formation of nanomaterials as the chemistry of
liquid is altered by the plasma generated RONS. The major RONS formed during plasma-liquid
interactions include superoxide, hydroxyl radical, singlet oxygen, nitric oxide, ozone, hydrogen
peroxide, etc. [15,16]. The densities of these species generated in plasma discharges are very high
and have been tabulated in Table 1. Energetic electrons, heavy ions and UV photons present in the
discharge may be responsible for enhancing the formation of these reactive species.

Table 1. Typical relative concentrations of various charged and neutral species generated by
non-thermal DBD plasma in gas phase [17–20].

Plasma Generated Species Density (cm−3)

Superoxide (O2
−) 1010–1012

Hydroxyl (OH•) 1015–1017

Hydrogen Peroxide (H2O2) 1014–1016

Singlet Oxygen (1O2) 1014–1016

Ozone (O3) 1015–1017

Nitric Oxide (NO) 1013–1014

Electrons (e−) 109–1011

Positive ions (M+) 1010–1012

Few reported possible reactions for plasma–liquid interactions are given in Figure 3. There are
many possibilities by which plasma-generated reactive species can have a direct or indirect effect on
nanomaterial synthesis in aqueous medium. Some can have a direct effect, and some can react to form
more stable long-lived reactive species, which can also have activity against biological samples. H2O2

is one of the most stable reactive species that can be generated from various other reactive species
such as ·OH and superoxide [21–23]. Even though ·OH has a short lifetime, our group postulates that
plasma-initiated UV may propagate into the aqua solution to result in the photolysis of water molecules
for the production of ·OH even to or inside the cells [24]. Oehmigen et al. (2011) suggested most of
the possible reactions for plasma gas/liquid interactions as shown in Figure 3. Plasma can not only
be applied for surface modification, sterilization of medical equipment, antimicrobial, dermatology
(including wound healing), etc. but also for cancer treatment by an endoscopic or branched organ
targeting treatment technology [25].

Figure 3. Possible reaction channels of plasma/gas–liquid interactions. With permission from Ref. [26]
Copyright 2011 Wiley (Plasma Processes and Polymers 2011, 8, 904–913, DOI: 10.1002/ppap.201000099).
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In a recent report, Laroussi et al. demonstrated the effectiveness of a low-temperature
atmospheric-pressure plasma pencil on human T-cell leukemia cells [27]. Numerous other reports
have explored the efficiency of cold plasmas on various types of cancer and normal cell lines [28–49].
Various types of non-thermal plasmas offer the ability to deliver ROS directly or indirectly into living
tissues, implying its feasibility as an innovative device for use in cancer therapy by endoscopic or
branched organ targeting treatment technology [50–52]. Some types of plasma devices, such as DBD
plasmas or plasma jets, can be used for the combinational treatments with nanomaterials [1]. Recently,
many groups have used the plasma jet device in combination with nanomaterials for antimicrobial
and anticancer activities.

Although, a comparatively new field in medicine, the use of non-thermal atmospheric plasmas on
tumor cells has attracted a great deal of attention [53]. The outcomes of several research groups have
increased the hope that non-thermal plasmas could be an interesting new therapy alternative in cancer
treatment. Much emerging evidence strongly indicates that cold plasma treatment could abolish the
tumor cells without damaging the normal counterparts [33,54,55]. Numerous in vitro studies support
the concept of the non-thermal plasma selectivity for many types of cancer cells, including breast
cancer cells [55,56], melanoma cells [42,57], skin cancer cells [58], colon carcinoma cells [58], ovarian
cancer cells [59], glioblastoma cells [60–62], and blood cancer cells [63]. A better understanding of
biological pathways or mechanisms of plasma-mediated apoptosis, including its selectivity, will help
to introduce it as a novel tool for application in anticancer treatment as illustrated in Figure 4.

Figure 4. Plasma as reliable and safe therapeutic device for biomedical applications. For safe plasma
clinical application, plasma devices and in vitro biological effects must be optimized.

3. Application of Plasma for the Synthesis and Modification of Nanomaterials

Nanomaterials for biomedical applications have been receiving a great deal of attention due
to their unique physical and chemical properties. Noble metals, transition metals and alloys,
semiconductors and carbon-based nanomaterials are among the most prominent materials in
biomedical applications, including cancer therapy, bioimaging, drug delivery, tissue engineering,
etc. [64–69]. Nevertheless, the most common strategy for nanomaterials fabrication is chemical
synthesis, which involves dangerous and toxic chemical compounds as oxidizing/reducing agents.
Thus, there is a need to develop alternative “green” approaches to control the toxicity of nanomaterials.

Plasma technology has been widely used in the fabrication of nanomaterials [70], especially
low-pressure techniques such as Plasma-Enhanced Chemical Vapor Deposition (PE-CVD) and
Sputtering. In contrast with low-pressure plasma, atmospheric plasma technology also can be used for
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the synthesis of nanomaterials while functioning in ambient room condition. Due to the advantages
of operating in air, atmospheric plasma can produce a high quantity of RONS, which can directly
reduce metal ions in liquid to form metal nanoparticles (NPs), without the presence of any additional
reducing agents (Figure 5). Thus, this method is also considered a “green” method for the fabrication
of nanomaterials towards applications in biomedical research. Herein, we summarize recent advances
on the fabrication of nanomaterials by plasma.

Figure 5. A schematic illustration of the metal ion reduction, diffusion and nucleation at the
plasma-liquid interface. The reduction reactions can occur in liquid medium by either solvated
plasma-induced electron or plasma induced reactive species.

3.1. Noble Metal Nanomaterials

Noble metals like Au, Ag, Pt and Pd possess high resistance to oxidation and corrosion in moist
conditions and have been used in jewelry and currency since ancient times. In contrast to the bulk
materials, the noble metals in nanometer size demonstrate unique physical properties, including the
surface plasmon resonance phenomenon. Surface plasmon is an evanescent electromagnetic wave
at the metal surface caused by free electron oscillation under light irradiation. Due to this property,
Au and Ag NPs have been utilized in a great number of applications, such as Surface-Enhanced
Raman Scattering, biosensors for biological processes, nanomedicine, chemical oxidation reactions, etc.
The plasma synthesis of Ag nanomaterials was first reported in 1999, through arc discharge generated
over a solution of NaNO3 with silver electrodes; one was over the solution and another was immersed
in the solution [71]. In 2005 Koo et al. reported the formation of PtNPs by exposing to H2/He gas
plasma on the solution of H2PtCl6 [72]. Since then, materials scientists have focused on the production
of NPs by using plasma over liquid system.

As pioneers in the field of plasma synthesis, Sankaran and his group attributed the Au and
Ag NP formation to the electron reduction Au and Ag ions provided by plasma either in anodic
dissolution or the pristine metal salts [73,74]. A simple microplasma setup was employed for the study,
and microplasma was generated between the surface of a liquid solution and a stainless-steel capillary
(0.7 mm distance) with the help of inert gas (helium) at a flow rate of 25 sccm. The internal diameter of
the metal capillary was less than 1 mm, and it was connected to the ground through a 100 kΩ resistor.
A high-voltage DC (up to 2 kV) was applied to a counter metal foil (Au or Ag) electrode immersed few
millimeters away from metal capillary and a current of 0–5 mA sustained the microplasma. Under the
plasma discharge, the metal dissolution occurred at the metal foils surface, followed by the formation of
metal NPs in liquid phase. Instead of metal foils, aqueous solutions of HAuCl4 or AgNO3 with different
concentrations (from 0.05 to 1 mM) can also be used as a precursor for the synthesis of Au and Ag NPs
with the same experimental setup. Electrons were injected into the liquid solution from the plasma,
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thus inducing plasma–liquid electrochemistry for the synthesis of nanomaterials [75]. The electrons
were injected in the solution and induced the reduction of Au salt, forming Au0 atoms, followed by the
diffusion and aggregation to form NPs. The gas velocity of 25 sccm supposed to limit the interaction
of the plasma with the surrounding air and study is focused on the influence of negatively charged
species. With the above experimental setup, the microplasma processing was performed for 10 min, at
which point the solution changed its color from transparent to purple, indicating the formation of Au
NPs. This was verified by Transmission Electron Microscopy and a UV-visible absorption spectrum
with resonance peak at 539 nm. The resonance peak wavelength and bandwidth depend on the size of
the Au NPs [76]. The bandwidth also depends on the distribution of Au NPs. The size and distribution
of Au NPs is usually determined by the concentration of HAuCl4 solution. The colloidal Au NPs
produced in this way were short-lived after processing. The stability can vary between 6 h and several
months, depending on several conditions, such as storage conditions, precursor concentration and
the processing current, even without using any surfactants [77]. A quantitative study for Au and
Ag NPs synthesis by microplasma was also reported recently [78]. The mechanism of dissociative
electron attachment and Au NP formation was also discussed. At the counter electrode, due to very
high applied voltage, a large number of positive ions (e.g., H+) are produced, causing a lower pH
and increased conductivity. These positive ions can participate in the overall liquid chemistry or
recombine with other species at the plasma–liquid interface. A range of species, including e−, OH•,
OH−, O−, H−, etc., are produced at the plasma–liquid interface, and they can lead to dissociative
Electron Attachment reactions (Figure 5). The most dominant reactive channel at the liquid interface is:

H2O + e−gas → H− + OH• (1)

If the electrons are solvated in liquid, the subsequent reaction inside the solution will occur:

H2O + e−aq → H− + OH• (2)

The subsequent cascaded chemistry could lead to the formation of hydrogen peroxide from either
OH• or OH− [79]. This could happen as follows:

2OH• → H2O2 (3)

2OH• → H2O2 + 2e−aq (4)

When the Au3+ ion precursor is added to the solution, the formation of Au0 metal particles in the
solution will occur as:

[AuCl4]3+ +3e−aq → Au0 + 4Cl− (5)

Recently, Mariotti et al. demonstrated a continuous droplet flow plasma reactor for the synthesis
of Au NPs. This method belongs to the most efficient and highest yielding of the reported methods
for Au NPs synthesis [80]. Plasma interactions, ionic liquids, and molten salts are also very efficient
approaches for nanomaterial synthesis. Ionic liquids possess several advantages over water solutions,
such as low vapor pressure and non-volatility. Nanoparticles synthesized using plasma-ionic liquid
systems do not require stabilizers due to their electrostatic stability. Synthesis of Au-Ag NPs by
sputtering in plasma-ionic liquid systems has been reported previously [81,82]. The selection of ionic
liquids based on low vapor pressure can facilitate highly efficient sputtering. In another reported work,
evaporation of metal ions is also used for the synthesis of some NPs [83,84]. In this experiment, a metal
wire was immersed in solution and acted as cathode while another inert Pt metal mesh used as anode.
Evaporated cathode material moved to the solution surface and cooled down, finally being quenched in
the solution, leading to formation of NPs. The amount and size of NPs depended on the applied voltage
and electrolyte solution type. A bimetallic Ag/Pt can also be produced after 30 s of pulse plasma
discharge between Ag cathode and Pt anode in solution of sodium dodecylsulfonate and sodium
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chloride. In addition to using chemical systems, physical sputtering by argon plasma was also used to
produce Au/Ag and Au/Pd NPs. Nevertheless, the main drawback of ionic liquid-based systems is
the relatively low solubility of metal ions compared to water-based systems. Another disadvantage is
that ionic liquid decomposition by plasma can contaminate the nanomaterials. The reducing species
produced by plasma moves more easily in water solution than ionic liquid. However, there are
many possibilities in the field of ionic liquids development that can address all these critical issues in
plasma-ionic liquid systems for the synthesis of nanomaterials.

3.2. Transition Metals and Alloys

The magnetic materials family is a large and compelling subject among biomedical researchers
due to the attractive super paramagnetic property. This essential property offers many opportunities
for biomedical applications, such as magnetic resonance imaging, drug delivery and biomedicine.
Plasma-based systems are being considered as cost-efficient and high-speed production methods for
metal NPs. For instance, carbon-encapsulated NPs demonstrated low toxicity on A549 cells, which
is lung fibroblast. A simple pulse discharge plasma produced between the tips of two Fe rods has
been used to synthesize the iron carbide NPs, encapsulated by graphite sheets [85,86]. Other materials,
such as Fe2O3 [87] and carbon-encapsulated Co, Ni and Fe [88,89] NPs, have been fabricated from an
aqueous solution of cationic surfactant and ethanol.

Many researchers have also studied inert material-coated iron oxide formation. Recently,
silica-coated iron oxide was formed by using non-transferred arc plasma at atmospheric pressure,
with a low degree of agglomeration [90]. In this study, there are 2 types of reactors—the hot wall
reactor and the cold wall reactor—that are used to cause variations in the temperature gradient
during the experimental period. In conclusion, silica-coated iron oxide NPs can be prepared by
using non-transferred arc plasma at atmospheric pressure with Fe(CO)5 and TEOS as the precursors.
The synthesized particles mainly have Fe3O4 as a core particle and are covered by an amorphous
external layer with a size on the order of 100 nm for cold wall reactors and below 20 nm in the case of
hot wall reactors, with uniform size distribution.

Formation of metallic oxide by plasma–liquid interactions is also a simple process because of the
presence of strong oxidizing species. An AC plasma was used to produce CuO NPs [91]. The plasma
was generated between the Cu filaments, and another Cu filament was immersed in NaNO3 solutions.
The reactive species generated by plasma–liquid interaction reduced Cu ions to form CuO NPs. ZnO
NPs can also be produced by plasma, which was generated between Zn wire and Pt wire mesh
immersed in aqueous solution of K2CO3. The median electrical power input led to the formation of
flower-like ZnO NPs.

Plasma–liquid interaction can also be used for production of alloy NPs [92,93]. Alloying of
nanomaterials is one of the strategies for stabilizing NPs. FePt NPs were synthesized by using the
displacement reaction. Argon plasma was used on FeCl2 solution to produce Fe NPs, and then PtCl2
was added to the molten solution, in which the Fe NPs were dissolved and produced. Pure FePt NPs
were obtained by optimizing the ratio of FeCl2 to PtCl2 and plasma discharge doses. The synthesis of
CoPt3, CoPt, SmCo NPs can also be carried out using the same method. A recent work by the Mariotti
group also proved that Co3O4 NPs can also be obtained by microplasma discharged in absolute
ethanol [94].

3.3. Non-Metal Nanomaterials

Silicon-based NPs have been used in biomedical applications because of their high specific surface
areas and great chemical and mechanical stability. Great efforts have been made to synthesize this
family of materials using plasma technology. In 2005, Sankaran et al. reported a continuous-flow
atmospheric-pressure microdischarge reactor for photoluminescent silicon NPs [95]. Silicon NPs
with a size of a few nanometers were successfully fabricated, and they exhibited photoluminescence
at 420 nm with an impressive quantum yield of 30%. The particles also remained stable under
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ambient conditions for several months. Surface engineering of silicon nanocrystals (Si-NCs) with
a special focus on photovoltaic applications was also studied by Mariotti et al. using microplasma
processing [96]. Si-NCs with a diameter below 5 nm exhibited quantum confinement properties
and could be applied in third-generation photovoltaic solar cells with high efficiency, low cost
and limited environmental footprint. It is believed that plasma-induced liquid chemistry offers the
opportunity for surface engineering and industrial scaling. Surface engineering of silicon nanocrystals
was performed in ethanol solution. Nickel was used as a capillary, diamond carbon rod acted as a
counter electrode, and argon gas was employed for plasma generation. After 20 min of microplasma
processing, the photoluminescence properties were observed to have improved. Also, microplasma
processing preserved the photoluminescence properties of Si-NCs for several days. These results
have not been achieved with standard electrochemistry. A detailed study of the cause of the
photoluminescence properties was performed by Fourier transform infrared analysis. This revealed
that Si-NCs under microplasma processing undergo surface modification, whereby Si-H bonds and
other surface terminations are removed and mostly replaced with Si-O-R terminations, promoting
surface reconstruction at the outer layer. Also, the efficiency of the microplasma-processed Si-NCs
device increased over the full spectral range. Recently, researchers have also made efforts to synthesize
Ge and Si quantum dots by using a plasma-ionic liquid system [97].

Carbon-related nanomaterials such as multiwall carbon nanotubes, carbon nanohorns, carbon
NPs, etc., are prominent advanced materials due to their exceptional physical properties, such
as high conductivity, strength, stiffness, and toughness. Recently, many researchers have used
plasma discharge to form carbon-related nanomaterials in liquids. Nanodiamond formation by
using microplasma operated in a gaseous phase of Ar/H2/ethanol has been reported [98]. Nowadays,
carbon nanotubes have been intensely and extensively researched, because they have very unique
and attractive physical and electrical properties, including high electrical conductivity, extraordinary
mechanical strength, and thermal and chemical stability. Therefore, it is a promising material for
versatile applications in the near future. In particular, it can be applied for optical and biomedical
devices, as well as various sensors. In a recent work, vertically aligned multi-walled carbon nanotubes
were prepared with a diameter of less than 80 nm and uniform thickness of 16 μm, by employing
microwave plasma torch with a high-speed process of only 60–120 s [99]. Carbon-encapsulated
magnetic materials were also obtained by plasma as described in the previous section [88].

Table 2 summarizes current advances of several nanomaterials synthesized by plasma
technologies. In the future, the main focus of plasma-induced synthesis of nanomaterials should
be on the improvement of several essential factors, such as controlled synthesis, oxidation prevention,
impurity and industrial scale production. More detailed studies need to implement for synthesis and
diagnostic for application of nanomaterials in biomedicine and other applications.

Table 2. Summary of nanomaterials synthesized by plasma technologies.

Materials Methods Average Size References

Ag Nanowire Arc Plasma 5–15 nm (diameter)
<100 nm length [71]

Pt NPs RF Plasma 2 nm [72]
Au NPs, Ag NPs Microplasma 8 nm–10 nm [73,74,77,78]

Au NPs Microplasma 4.4 nm [80]
Au NPs Sputter 5.5 nm [81]

Au-Ag Alloy Sputter 2.6–6.0 nm [82]
Ag Nanopowder Wire explosion 20-200 nm [83]

Au, Ag, Ti, Ni Nanoball Plasma electrolysis 10 nm [84]
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Table 2. Cont.

Materials Methods Average Size References

FeC NPs Plasma in liquid ethanol 5–600 nm [85]
FeC Nanocapsule Plasma in liquid ethanol 10–20 nm [86]

Fe3O4 Pulsed Plasma in liquid 19 nm [87]
Fe NPs Pulsed Plasma in liquid 35 nm [88]
Ni NPs Pulsed Plasma in liquid 26 nm [88]
Co NPs Pulsed Plasma in liquid 20 nm [88]

Fe@C NPs Pulsed Plasma in liquid 32 nm [89]
Ni@C NPs Pulsed Plasma in liquid 40 nm [89]
Fe3O4@Si Arc Plasma 20 nm [90]

CuO nanorods Arc Plasma 14–16 nm [91]
Cu NPs Arc Plasma 30–50 nm [91]

Cu2O NPs Arc Plasma 4–10 nm [91]
FePt NPs Microplasma Less the 100 nm [92]

Co3O4 NPs Microplasma 2–5 nm [94]
Si NPs Microplasma 1–3 nm [95]

Nanodiamond Microplasma 3 nm [98]
Multiwalled-Carbon Nanotubes Microwave Plasma 80 nm (diameter) [99]

4. Plasma and Nanomaterial Combination Treatment on Cells and Microbes

Non-thermal plasma can directly or indirectly kill cancer cells. Use of conjugated or un-conjugated
NPs can increase the specificity and efficiency of treatment. There are many reports in which researchers
use antibody-conjugated NPs to enhance cell death and reduce the cell viability of cancer cells. In future,
this combination technology could become a feasible therapeutic technology against various kinds of
cancers or tumors.

In cancer treatment, it is very important to induce cell death specifically in cancer tissue or mass.
However, plasma cannot efficiently distinguish between normal and cancer tissue. Recently, researchers
used Au NPs (which are harmless to the human body at low doses) conjugated with antibody (which
targets overexpressed proteins on or in cancer cells). Choi et al. used Au NPs conjugated with antibody
against epidermal growth receptor (EGFR) [45]. EGFR protein is overexposed in many types of cancer
cells, more specifically in oral cancer cells. They used low doses of air plasma (9.2 J/cm2 for 30 s) with
anti-EGFR antibody-conjugated Au NPs to selectively kill oral cancer cells. Morphology was changed
from a spindle shape to a round shape, cell shrinkage and membrane rupture were observed in oral
cancer cells treated with plasma plus conjugated Au NPs. However, the whole mechanism for this
combination treatment is still not known, and has to be elucidated in the future.

The research group of Prof Michael Keider and Jonathan H. Sherman demonstrated the synergistic
effect of Au NPs and cold plasma on glioblastoma (brain cancer) cancer cells [100]. They revealed that
the synergistic effect between Au NPs and atmospheric pressure cold plasma is dependent on the
concentration of Au NPs. Au NPs significantly increase cell death by 30% in glioblastoma cell line
with the same plasma dosage. They concluded that intracellular reactive oxygen species accumulation
results in the oxidative stress, which further changes the intracellular pathways, and also increases
damage to protein, DNA and lipid molecules. These studies showed that synergy has great potential
to improve cancer therapy and reduce the harm to normal cells.

Researchers also targeted NEU (human epidermal growth factor receptor 2) protein, which is
frequently overexpressed on the cell membrane of skin cancer (melanoma) cells. They used anti-NEU
antibody-conjugated Au NPs in this recent study. These nanoparticles were selectively uptaken by
skin cancer cells rather than normal keratinocyte. Both cancers, as well as normal cells, were treated by
non-thermal atmospheric pressure plasma after the addition of conjugated Au NPs. This combination
treatment selectively enhanced the death rate of skin cancer cells significantly rather than normal
keratinocyte cells. This selective skin cancer cell death is may be due to selective destruction of NEU
protein and a downstream effect of NEU [101].
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Recently, non-thermal atmospheric pressure plasma with Au NPs was also used for killing
microbes. Non-thermal plasma efficiently kills oral bacteria on agar plates; however, it has less effect
on the tooth surface. Therefore, researchers used 30-nm Au NPs to enhance the killing effect of
non-thermal on oral bacteria (Streptococcus mutans) on the tooth. Non-thermal plasma treatment alone
decreased viability by 5 log of S. mutans in vitro; however, plasma treatment of bacteria on tooth
surface exhibited only a 3-log reduction in viability. When they added Au NPs to the bacteria, plasma
treatment also showed a 5-log reduction in the viability of bacteria, while Au NPs alone did not show
any antibacterial effect. The morphological examination by transmission electron microscopy showed
that plasma treatment only perforated the bacterial cell walls; however, combination treatment with
plasma and Au NPs caused significant cell damage, causing loss of intracellular components from
many bacterial cells [102].

Our group has also reported the synergistic effect of PEG-coated Au NPs (PEG-Au NPs) and
non-thermal plasma on epithelial-mesenchymal transition (EMT) and the maintenance of cancer stem
cells (CSC) on solid cancer cells. The results showed that co-treatment with PEG-GNP and non-thermal
plasma inhibited growth in cancer cells by altering the PI3K/AKT signaling axis. This non-thermal
plasma and PEG-Au NP co-treatment reversed EMT in tumor cells by altering signaling proteins,
resulting in the upregulation of epithelial markers such as E-cadherin and down-regulation of
N-Cadherin, Slug and Zeb-1. It was also shown that this co-treatment also inhibited tumor growth by
decreasing mesenchymal markers in tumor xenograft mice models. This kind of combination treatment
also inhibited sphere formation and the self-renewal capacity of glioma-like stem cells [103,104].

In another recent report, the synergistic cytotoxicity of Au NPs and non-thermal plasma showed
enhanced endocytosis and trafficking to the lysosomal compartment as well as temporarily increased
membrane permeability. This report contributes knowledge to the mechanism of combination effects
of non-thermal plasma and NPs and indicates a technology for possible drug delivery systems. It is
demonstrated that the rates of Au NPs uptake and total amount accumulated in solid cancer cells
are significantly enhanced after exposure to 75 kV non-thermal plasma generated by DBD. Chemical
effects induced by direct and indirect exposure to non-thermal plasma appear the dominant mediator
of enhanced uptake [105]. They also showed that Au NPs and non-thermal co-treatment caused
many divots across the glioma cell membrane, making it more porous. In contrast, there was no
significant effect or NP uptake in astrocyte (E6/E7) cells, and there was no change in the cell membrane
morphology. These studies prove that plasma-based nano-drug delivery technology is safe and
effective against solid tumors [106].

To maximize the preferential killing of melanoma cells non-thermal plasma is used with Au NPs
tagged with antibodies targeting phosphorylated FAK (p-FAK). Combined treatment also showed the
minimum effect against HaCaT keratinocyte cells. After co-treatment on melanoma cells, signaling
molecules such as FAK, p-paxillin, and NEU were reduced with treatment. Therefore, it is suggested
that these kinds of co-treatment strategies are effective and selective against melanomas [107]. Recently
core-shell NPs were synthesized via co-axial electrospraying. Biocompatible poly (lactic-co-glycolic
acid) was used as the polymer shell to encapsulate anti-cancer treatment. In vitro studies demonstrated
the synergistic effect of these core-shell NPs and non-thermal plasma for inhibition of breast cancer
cell growth when compared to each treatment alone. Non-thermal plasma induced down-regulation
of metastasis-related gene expression (VEGF, MTDH, MMP9, and MMP2) and facilitated drug-loaded
nanoparticle uptake, which could be an important breakthrough minimizing drug resistance, a major
problem in cancer chemotherapy [108].

Iron NPs 50 nm in size were also used for combination treatment with non-thermal plasma
against human breast adenocarcinoma cells. Findings showed that the combination of plasma and
iron NPs inhibited the viability of cancer cells significantly. Molecular analysis demonstrated that
the combination treatment induced shifting the BAX/BCL-2 ratio in favor of apoptosis [109]. Table 3
summarizes recent updates on plasma and nanomaterials combination for cancer treatment.
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Table 3. Recent updates on plasma and nanomaterial combination treatment against cancers.

Published Year Cancer Type Plasma Device Nanomaterial Reference

2014 Glioblastoma Plasma jet Au NPs [100]
2015 Melanoma Surface type air plasma Anti-NEU-Au NPs [101]

2017, 2016 Glioblastoma Surface DBD air plasma PEG-Au NPs [103,104]
2018 Glioblastoma DBD plasma Au NPs [105]
2015 Glioblastoma Plasma jet Au NPs [106]

2017, 2009 Melanoma DBD Plasma Anti-FAK-Au NPs [35,107]
2016 Breast Cancer Cold atmospheric plasma Fluorouracil loaded core-shell NPs [108]
2016 Breast Cancer Plasma jet Iron NPs [109]
2015 Colorectal Cancer Plasma jet Au NPs [110]

2017 Lung Cancer DBD plasma Epidermal growth factor conjugated
Au NPs [111]

In addition, cold plasmas are widely used as treatment tools for biomaterial surfaces, such as
polymers, metals, alloys, ceramics, and composites [112]. The plasma treatment is capable to activate
or functionalize the material surfaces and also produces several exclusive properties compared to other
chemical and physical methods. Due to the low penetration capability, plasma can only be able to
modify very few thin layers of the surface with a thickness of a hundred nanometers. Thus, the surface
properties can be altered, in order to enhance the biocompatibility and bio-functionalization, which are
vital parameters towards practical applications of synthetic biomaterials. In general, plasma-modified
biomaterials possess great potential for the applications in dentistry, tissue engineering or drug delivery.
For instance, metal NPs with antimicrobial or bactericide properties can be incorporated or coated on
the surfaces of implants by plasma modification techniques. Plasma treatment also can change the
surface roughness and increase the hydrophilicity of biodegradable polymers, thus improve the cell
affinity and cell adhesion of these materials. Moreover, plasma surface modification can promote the
attachment, loading, and release of drug molecules in porous biomaterials.

Recently, Rosales et al. have reported the effect of plasma surface modification on antibacterial
properties of Cu NPs [113]. The surface of Cu NPs was functionalized with polyacrylic acid,
polyacrylonitrile, or polymethyl methacrylate by utilizing the radiofrequency plasma reactor to
enhance the biocompatibility. During the plasma polymerization, the simultaneous removal of CuO
upper layers on the surface of Cu NPs was observed. The polymer layers also acted as protecting
layers, preventing Cu NPs being oxidized. The coating polymer films on Cu NPs were thin enough
for the copper ions to easily diffuse through the coating layer and subsequently interact with bacteria.
The antibacterial properties of the Cu NPs were not significantly affected by the plasma modification.
They demonstrated outstanding antibacterial property against Gram-positive bacteria (P. aeruginosa).
The plasma polymerization-coated Cu NPs also possessed significantly lower toxicity to normal human
cells as compared to pristine copper NPs.

Titanium biomaterials are frequently used in medical and dental sciences. Titanium dental
implants have promising potentials as the replacements of missing teeth. However, there are chances
of failure in dental implants after surgeries in extraction sockets. Atmospheric pressure plasma
treatment can be used to soft tissue around titanium dental implant abutments surface without
causing topological changes. The topology and chemistry of titanium implants are important factors
for osseointegration. A preliminary research work in this field studied the cellular attachment and
differentiation of titanium nanotubes treated by air or nitrogen non-thermal atmospheric pressure
plasma jets [114]. After plasma treatment the ostogenic properties were improved without any
change in topographical morphology. In addition, plasma treatment of nanotubes further increased
hydrophilicity, as well as modifying the surfaces. It was demonstrated that cellular activity and in vitro
osseointegration were significantly enhanced on plasma-treated titanium nanotube.

Another example is Poly(lactide-co-glycolide) or PLGA NPs, which can be applied for sustained
delivery of proteins for nervous tissue repair. However, sterilization of protein-loaded PLGA is a
challenging task, due to the possibility of reducing the activity of proteins. Recently, researchers
from Drexel University reported sterilization of protein-loaded PLGA NPs by using indirect plasma
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treatment [115]. They used plasma-treated water and PBS for sterilization of NPs and proteins.
Plasma-treated water showed no morphological changes to the NPs. They concluded that treatment of
particles in plasma-treated PBS is effective for decontaminating particles, as well as in maintaining
protein activity; thus, is possible to apply it for nervous tissue repair therapy.

5. Summary and Future Prospectives

Great efforts have been carried out over the last few decades focusing on the synergistic effects of
non-thermal plasma and nanomaterials towards applications in biomedical science. The combination
of these two emerging research fields typically refers to two different strategies. The first is the synthesis
of nanomaterials using non-thermal plasma, which has been proved as a simple, effective, low-cost and,
furthermore, clean method. It can eliminate the consumption of toxic chemical components during
the fabrication of nanomaterials, which are typically used in other conventional methods, such as
chemical and physical synthesis technologies. Thus, the toxicity of plasma-synthesized nanomaterials
is relatively lower, making them become more appropriate for biomedical practical applications.
Depending on the structures of the nanomaterials, the RONS induced by plasma can be encapsulated
inside the materials; hence, their live-time and travel distance will increase. These two parameters
are vital problems that non-thermal plasma technology has been dealing with, in order to enhance
effectiveness. The second is the combination of plasma and post-synthesized nanomaterials. Under
non-thermal plasma treatment, the cell membranes can be open or enlarged, therefore increasing
the cell permeation. Consequently, nanomaterials can easily penetrate through cell membranes.
In addition, the low selectivity property of non-thermal plasma can be compensated by nanomaterials,
which are generally functionalized for specific targets.

This review briefly summarizes recent progress in the combination of plasma and nanomaterials.
Important challenges remain for the utilization of this interdisciplinary field in the future.
The understanding of plasma and nanomaterials interactions, in both synthesis and post-synthesis are
still inadequate. Due to the presence of a variety of species, electric field and radiation, non-equilibrium
chemistry processes between plasma and nanomaterials are exceptionally complex and difficult to
control. The homogeneity of the desired nanostructures by plasma synthesis is limited, compared to
other methods. Thus, further studies are required to understand the natures and extending the use of
plasma and nanomaterials combination, not only limited to biomedical, but also many other biological
applications. In addition, plasma-assisted nano-drug delivery systems are potential subjects for future
biomedical researches. This advanced technology can be utilized in clinical and aesthetic purposes.
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Abbreviations

List of repeated acronyms:
UV ultra-violet
DBD dielectric barrier discharge
FE-DBD floating electrode dielectric barrier discharge
RONS reactive oxygen and nitrogen species
ROS reactive oxygen species
OH hydroxyl radical
O2

− super oxide
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H2O2 hydrogen peroxide
1O2 singlet oxygen
O3 ozone
E− electron
M+ positive ion

NPs (Au NPs, Cu NPs, Fe NPs, etc.)
Nanoparticles (Gold nanoparticles, Copper nanoparticles, Iron
nanoparticles, etc.)

NCs nanocrystals
Ar argon
EMT epithelial-mesenchymal transition
PEG-GNP Polyethyleneglycol coated gold Nanoparticles
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