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Chitosan-coated ultrapure silicon nanoparticles
produced by laser ablation: biomedical potential in
nano-oncology as a tumor-targeting nanosystemt

Tarek Baati, © * Imen Chaabani,?® Abir Salek,? Leila Njim,® Mouna Selmi,® Ahmed Al-
Kattan @< and Karim Hosni®

Ultrapure silicon nanoparticles (SiNPs) produced by femtosecond laser ablation in water have attracted
great interest in the area of cancer therapy as they are efficient as photosensitizers in photodynamic
therapy modality and can induce cell hyperthermia under radiofrequency radiation. Recently, we showed
that these biocompatible nanoparticles were not able to reach tumors after intravenous injection in mice
due to their rapid clearance from the bloodstream. In order to increase their half-life time and therefore
their chances to reach and accumulate in tumors by an enhanced permeation retention (EPR) effect,
a capping agent on SiNP surface acting as a colloidal stabilizer suspension is required. In this regard, this
work focuses for the first time on the functionalization of SiNPs through the modification of their surface
by chitosan (SiNPs-CH) in order to enhance their therapeutic properties in cancer therapy. Here, in vivo
experiments were carried out during 15 days on nude mice developing a subcutaneously grafted
malignant human brain tumor (glioblastoma). The characterization of SiNPs-CH showed an average
hydrodynamic size of around 142 + 65 nm as well as a relatively neutral charge (—5.2 mV) leading to
a high colloidal suspension stability. The point of our work concerns the improvement of the
biodistribution of SiNPs-CH with regard to tumors, the bloodstream, and organs. After the intravenous
administration of 20 mg kg™, all the studied parameters (animal behavior, organs' morphology, and
histopathology) were in accord with the absence of toxicity due to SiNPs-CH, confirming their
biocompatibility and even size and surface charge were modified compared to bare nanoparticles.
Moreover an increased time in the bloodstream circulation of up to 7 days was observed, indicating the
stealth of the nanoparticles, which could escape opsonization and premature elimination by
macrophages and the reticuloendothelial system. As evidenced by silicon assessment, the interaction of
the SiNPs-CH with the liver and spleen was significantly reduced compared to the bare nanoparticles. At
the same time, SiNPs-CH were concentrated progressively in tumors from 12.03% after 1 day up to
39.55% after 7 days, confirming their uptake by the tumor microenvironment through the enhanced
permeability retention effect. Subsequently, the silicon level declined progressively down to 33.6% after
15 days, evidencing the degradation of pH-sensitive SiNPs-CH under the acidic tumor
microenvironment. Taken together, the stealthy SiNPs-CH exhibited an ideal biodistribution profile within
the tumor microenvironment with a sustainable biodegradation and elimination profile, indicating their
promising application in the nano-oncology field as a tumor-targeting system.

1 Introduction

According to the World Health Organization, cancer is the
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second leading cause of death in the world after cardiovascular
disease. Cancer around the world caused more than 8.2 million
deaths in 2010, or about 13% of global mortality, a figure that is
constantly increasing and which could reach 13.1 million
deaths p.a. by 2030.* The fight against cancer has thus become
a global issue. The most common types of cancer treatment are
surgery, radiotherapy, and chemotherapy. Unfortunately, these
conventional medical treatments can cause complications or
even side effects that are often very severe for the patient.?
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Advances in nanotechnology have raised hopes for new cancer
treatments that may be more effective, better targeted, and
better tolerated. Nanoparticles, due to their size, physical
properties, and interactions with living tissues, can meet certain
criteria and may be concentrated at a specific location in the
body, notably in a tumor, thus promising significant advantages
in medicine in terms of diagnosis and cancer therapy.® Current
research has shown that nanoparticles can efficiently cross
biological membranes, particularly the vascular endothelium,
and can reach tumors through the enhanced permeation
retention (EPR) mechanism.*” Today nanomedicine can take
place as an alternative therapy instead of conventional cancer
treatment, through the use of nanoparticle-based drug-delivery
systems, which can improve drug therapeutic efficacy while
reducing the doses administered and the side effects of certain
active ingredients on patients.® Nevertheless, most of the
organic nanoparticles currently used are sensitive to problems
of instability under the acidic tumor microenvironment, which
can lead to an uncontrolled release of encapsulated drugs.®** To
overcome these drawbacks, several research studies have been
focused on the use of inorganic nanoparticles as drug-delivery
systems. Among these nano-objects, biocompatible metal
nanoparticles, such as carbon nanotubes,”>™’ titanate nano-
tubes,'®* zinc oxide nanoparticles,* gold nanoparticles,” and
MOFs,** may potentially be applied to overcome drug resistance
in cancer therapy. Out of all these metal nanoparticles, nano-
engineering particles based on silicon (SiNPs) are the most
important thanks to their uncontroversial biocompatibility and
their large specific surface area with the presence of silanol
groups, which makes them easy to functionalize.”*® In addi-
tion, SiNPs are highly biocompatible since they are derived from
the silicon element, which is not only essential for the body's
health but is also found as a composite in collagen, elastin, and
arterial walls.”” Moreover, when injected in the biological
system, SiNPs are degraded into orthosilicic acid, which is
devoid of toxicity and is eliminated from the body through the
kidneys and urine.***** Several applications of SiNPs have been
developed in nanomedicine, including drug-delivery
systems***® and as a contrast agent in imaging due to their
highly photoluminescence.** Various methods have been
described to produce silicon nanoparticles, such as the micro-
emulsion technique,*** mechanochemical synthesis,* post-
fabrication treatments in acidic solutions,**?** solution-phase
reduction,*® and femtosecond laser ablation in water.”® The
laser-ablation method (a green synthesis) is unique in
producing ultrapure nanoparticles without any residual
contamination on the surface and with the absence of any toxic
by-products.>** Ultrapure SiNPs produced by femtosecond
laser ablation in water have attracted great interest in the area of
cancer therapy, since they are efficient photosensitizers in two-
photon excited photodynamic therapy modality and can induce
cell hyperthermia under radiofrequency radiation.>”*° In our
previous work, we showed that these biocompatible nano-
particles were unable to specifically target a tumor. Indeed, after
the intravenous injection of a 20 mg kg™" in mice, SiNPs were
rapidly coated by serum opsonins and cleared from the circu-
lation by the reticuloendothelial system, mainly the liver and
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the spleen.”® Hence the presence of a capping agent on SiNPs
surface acting as a colloidal stabilizer suspension is required to
increase their half-life time in the bloodstream and therefore
their chances to reach and accumulate in a tumor by the EPR
effect. In this regard, several polymers were grafted on SiNPs
surface, including polyethylene glycol (PEG), dextran, and chi-
tosan (CH), thus making them able to efficiently avoid prema-
ture elimination by macrophages before reaching their
target.**** In this context, we focus for the first time on the
functionalization of laser-synthesized bare SiNPs through the
modification of their surface by chitosan (SiNPs-CH) to enhance
their biomedical potential as a tumor-targeting nanosystem.
Here, in vivo experiments were carried out on nude mice
developing a model of subcutaneously grafted malignant brain
tumor (glioblastoma). The point of our work concerns the
improvement of the biodistribution of SiNPs-CH with regard to
tumors, the bloodstream, and organs, promising their appli-
cation in nano-oncology as a tumor-targeting nanosystem.

2 Methods
2.1 Synthesis of SiNPs

SiNPs were synthesized by the laser ablation of silicon in 20 mL
of deionized water, as described previously.”> Radiation from
a Yb:KGW femtosecond laser (Amplitude Systems [Pessac,
France], 1025 nm, 480 fs, 500 m]J, 1-5 kHz) was focused with the
help of a 75 mm lens onto a silicon wafer target surface to
provide the ablation of the material. After synthesis, 10 mL of
the samples were centrifuged at 45000 rpm during 25 min,
using a Beckman ultracentrifuge, in order to recover the SiNPs
for surface modification with chitosan.

2.2 Coating of SiNPs with the chitosan

Chitosan (=75% deacetylated) was purchased from Sigma-
Aldrich Tunisia. SiNPs-chitosan coating was performed as
described in detail previously using mesoporous silicon nano-
particles.* Briefly, chitosan solution was prepared by dissolving
0.15 g of chitosan in 1 wt% of acetic acid aqueous solution.
Under an ultrasonic bath, 50 mg of ultrapure SiNPs was
dispersed in 5 mL of chitosan acidic solution, stirred for 6 h at
60 °C, and then cooled in an ice water bath for 1 h as reported
previously.* The chitosan-coated nanoparticles (SiNPs-CH)
were then washed to neutral pH with deionized water several
times and dried at 50 °C overnight. After ultracentrifugation at
45000, the percentage of chitosan reacted with the nano-
particles surfaces was calculated as following: (initial concen-
tration — final concentration in the supernatant)/initial
concentration x 100. For the chitosan assay, a colorimetric
assay kit (MBS169583, MyBioSource USA) was used.

2.3 Characterization of the SiNPs-CH

Several techniques were used to characterize the SiNPs-CH,
including transmission electron microscopy (TEM), dynamic
light scattering (DLS), zeta potential measurements, X-ray
diffraction (XRD), and Fourier-transform infrared spectros-
copy (FTIR).
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2.3.1 TEM. A sample of 20 uL of SiNPs-CH dispersed in
water was observed by TEM using a Tecnai G2 transmission
electron microscope at 200 kV (FEI, Netherlands), then the
image was acquired with a Veleta camera (Olympus, Japan) as
reported previously.*

2.3.2 DLS and zeta potential measurements. The zeta
potential and DLS measurements were performed on a Zetasizer
Nano ZS instrument (Malvern Instruments, Orsay, France). The
SiNPs-CH suspension was sonicated for 5 min, and then DLS
and zeta potential measurements were performed at room
temperature after equilibration for 10 min. The data were ob-
tained as the average of three measurements.

2.3.3 X-ray diffraction (XRD). X-ray diffraction (XRD) was
performed at room temperature with an X-ray diffractometer
(X"PertPRO MPD, PANalytical Co., Holland). Monochromatic Cu
Ko-radiation (A = 1.5418 A) was obtained with a Ni-filtration and
a system of diverging and receiving slides of 0.5° and 0.1 mm,
respectively. The diffraction patterns were measured with
a voltage of 40 kV and a current of 30 mA over a 26 range of 3°-
40° using a step size of 0.02° at a scan speed of 1 s per step.

2.3.4 Fourier-transform infrared spectroscopy (FTIR).
Fourier-transform infrared spectroscopy studies (FTIR) were
recorded on SiNPs-CH powder using a Nicolet 6700 FTIR
Thermo Scientific spectrometer in the 500-4000 cm ™' region.

2.4 Invivo experiments

2.4.1 Cell lines and cell cultures. Human glioma cell lines
U87-MG were provided by the American Type Culture Collec-
tion. U87-MG cells line were cultured in DMEM medium con-
taining 10% fetal bovine serum, 1% (v/v) antibiotics (penicillin—
streptomycin), and 1% glutamine in 25 cm? flasks. Cells were
incubated under 37 °C with 5% CO, in a humidified
incubator.®

2.4.2 Animal model of subcutaneously grafted glioblas-
toma. Animal care procedures were conducted in conformity
with the legislation for the protection of animals used for
scientific purposes provided by the relevant Tunisian law and
European Union Directive (Tunisian Legislative Decree 2009-
2200 and 2010/63/EU) and the International Guiding Princi-
ples for the Biomedical Research Involving Animals (Council
for the International Organizations of Medical Sciences, CH).
Animals were subjected to experimental protocols approved by
the Animal Ethics Committee of the Faculty of Veterinary
Medicine of Sidi Thabet (Permit number CEBM 2.2021). All
adequate measures were taken to minimize animal pain or
discomfort and all surgery was performed under mild anes-
thesia. Thirty sex male athymic nude mice (Athymic Nude-
Foxn1™) were obtained from the central animal care facilities,
Harlan, France. The mice were randomly divided into 8 groups
of 6 animals and housed in standard cages in a filtered airflow
at 25 °C on a 12 h light/dark cycle with water and food avail-
able. After 7 days of acclimatization, all the mice were subcu-
taneously injected with U87-MG (1 x 10’ cells per mouse) in
the right flank to form a solid tumor of glioblastoma. The
tumor size of each animal was measured every three days using
digital calipers. The tumor size was calculated by the equation:
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V =1L x W x 0.523 (where V is the tumor volume, L is the
length, and W is the width).*?

2.4.3 Animal treatment and biodistribution. After 14 days
of subcutaneous injection, the tumor size grew to reach an
average of 100 mm®. Then, the animals were randomly divided
in to three groups of 6 mice: SiNPs-CH (1 d), SiNPs-CH (7 d), and
SiNPs-CH (15 d). In these groups, the mice were intravenously
injected in the tail vein with a single dose of 20 mg kg™ " of
SiNPs-CH and then sacrificed at 1, 7, or 15 days following the
treatment. At the same time, three control groups of 6 mice were
intravenously injected in the tail vein with chitosan prepared in
1% acetic acid solution then diluted in 0.9% NacCl. All animals
were placed individually in metabolic cages for 24 h before
sacrifice to collect urine and feces. Animals were then anes-
thetized under isoflurane and sacrificed. The blood samples
were collected by intra-cardiac puncture then inoculated in
heparin tubes and centrifuged at 3600 rpm to separate the
serum. Serum samples were aliquoted then stored under —80 °©
C until further analysis. Moreover, the organs, including liver,
spleen, heart, lungs, kidneys, and brain, were extracted, washed
with NaCl 0.9% at 4 °C for storing under —20 °C as reported
previously.”® Likewise, the tumor was removed from each
mouse.

2.5 Histology

For histological evaluation, the organs and solid tumors were
excised and then fixed in 5% buffered neutral formalin and
embedded in paraffin wax. Sections of 5 um were cut from each
as reported previously.”

2.6 TEM analysis of the tumors

For TEM analysis, fragments of the tumors were cut into 1 mm?
cubes and fixed by immersion with a 2.5% glutaraldehyde, 2%
paraformaldehyde, 2 mM CaCl,, and 0.1% tannic acid initially
prepared in 0.1 M cacodylate buffer (pH 7.4) as described
previously.?® Ultrathin sections of 90 nm were cut from dried
blocks with a diamond knife on an LBK Ultramicrotome Leica
UCT and stained with 0.5% aqueous uranyl acetate followed by
Reynold's lead citrate. The observation was done with a Tecnai
G2 instrument at 200 kV (FEI, Netherlands) and images
acquired with a Veleta camera (Olympus, Japan).

2.7 SiNPs-CH biodistribution

In order to determine the SiNPs-CH biodistribution profile, the
serum, urine, feces, tumors, and organs, including the liver,
spleen, lungs, heart, brain, and kidneys, were digested with
nitric acid 4 N for silicon (Si) content determination by ICP-OES,
as reported previously.?® (Quantification threshold was fixed at
0.1 ug mg ™" for tissues and feces and 0.06 pg pL~* for urine and
serum).

2.8 Statistics

The results are presented here as the mean + standard devia-
tion of the mean of at least three determinations (n = 3).
Comparisons with the control were performed using the Tukey

© 2023 The Author(s). Published by the Royal Society of Chemistry
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HSD test. All the analyzes were performed using the Statistical
Package for the Social Science (SPSS) software (version 12 for
Windows, SPSS Inc., Chicago, IL, USA). A value of p < 0.05 was
considered statistically significant.

3 Results
3.1 SiNPs-CH characterization

TEM showed that the SiNPs-CH shapes were spherical with sizes
ranging from 50 nm up to 230 nm (Fig. 1A and B). The particle-
size distribution measured by DLS (Fig. 1C) showed a mean
hydrodynamic size of around 142 + 65 nm, which was consis-
tent with that measured by the TEM images. The SiNPs-CH
aqueous suspension showed an homogeneous monodisperse
nanoparticles system according to the polydispersity index
value (PDI = 0.2). Moreover, according to the zeta potential
measurement, the chitosan coating increased the nanoparticles
surface charge from —35 mV for SiNPs to —5.2 mV for SiNPs-CH.
Indeed, assessment of the chitosan reaction with the nano-
particles showed that around 60% of chitosan was capped on
the silicon nanoparticles surface. The analysis of the FTIR
spectrum of the pure SiNPs showed peaks at 3350 and
1634 cm™ ', attributed to silanol OH stretching and water OH
bending, respectively. Likewise, two other peaks were observed
at 1105 and 455 cm™ ', which were assigned to Si-O stretching
and Si-O-Si reported

bending stretching vibration, as
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previously.** Regarding chitosan (Fig. 1D), its IR spectrum
showed characteristic peaks at 3532 cm™", attributed to OH™
and N-H stretching overlapping, 2958 cm ™" attributed to C-H
stretching, and at 1630, 1435, and 1220 cm™! attributed to
amide I, amide II (N-H), and amide III bands, respectively.
Finally, a band at 900 cm™' was observed due to the B-(1,4)
glycosidic in chitosan, as has been reported previously.*

Concerning the SiNPs-CH, their FTIR spectrum compared to
that of chitosan showed peaks at 3352 and 2900 cm " corre-
sponding to OH ™ stretching and C-H stretching, respectively. In
addition, two peaks at 1635 and 1435 cm ' were observed,
attributed to water OH and CH, bending, respectively. Finally,
peaks at 1105 and 500 cm " assigned to C-O-C bond and Si-O-
Si bending, respectively, were observed. One can note that the
peak intensity at 1635 cm ™" was decreased compared to that
observed in chitosan, probably due to the reduction of the
hydrophilicity of SiNPs-CH, as reported previously.*® The XRD
pattern of the laser-synthesized SiNPs (Fig. 1E) matched well
with the typical diffractogram of SiO, nanoparticles, which
presented a typical broad peak at 26 = 25.5°.*® The XRD pattern
of SiNPs-CH exhibited a similar broad peak observed for SiNPs,
at 26 = 23.5° and a minor diffraction peak at 26 = 10.2°, which
corresponded to the presence of chitosan, as confirmed by the
XRD pattern of pure chitosan.*® Indeed, the XRD profile of
chitosan showed a peak at 26 = 9.8° with some shift compared
to that of SiNPs-CH. Combined together, the XRD patterns,
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(A and B) TEM images of SINPs-CH nanoparticles produced by laser ablation in water and then modified by chitosan (CH). (B) is

a magnification of (A). (C) Particle-size distribution of the chitosan-coated nanoparticles (SiNPs-CH) determined by a Zetasizer Nano ZS
instrument (DLS). (D) FTIR spectra of chitosan, SiNPs, and SiNPs-CH. (E) XRD patterns of SiNPs-CH compared to those of chitosan and uncoated

SiNPs.
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FTIR, DLS, and zeta potential analysis results showed that the
decoration technique used for SiNPs coverage could efficiently
produce highly chitosan-modified nanoparticle surfaces.

3.2 Mice behavior and safety of SiNPs-CH

Animal behavior, growth, and tumor size development were
monitored from 1 to 15 days following SiNPs-CH intravenous
injection. All the animals showed normal activity without any
sign of lethargy or apathy. Animal growth as well as the organ
weights of the SiNPs-CH treated groups increased similarly to
those of the control groups (Fig. S1 and S2t), confirming the
absence of toxic effects due to SiNPs-CH, as we reported for the
uncoated SiNPs after the intravenous injection of 20 mg kg ' in
athymic nude mice.”

Moreover, the animal subcutaneously grafted malignant
tumors grew slightly faster with no significant difference
between the control and SiNPs-CH mice as evidenced by the
macroscopic examination (Fig. 2A) at 15 days showing a volume
of 340.2 + 20.25 mm” (Fig. S31). Microscopic examination of the
solid tumors tissues showed a high cell density with vascular
thrombosis and necrosis areas (Fig. 2B, arrows) associated with
a significant nuclear pleomorphism, as confirmed by TEM
(Fig. 2C). These typical features of cancer cells characterized the
malignant lesions of glioblastoma, as described previously.*
Additionally, histology analyses of the major organs of the
SiNPs-CH-treated animals, including the liver, spleen, lungs,
kidneys, heart, and brain, were similar to that of the organs of
the control groups (Fig. 3, S4, S5, S6, S7, and S8,t respectively),
confirming the absence of any systemic toxicity. Moreover,
despite the presence of some SiNPs-CH clusters within hepatic

Control (15 d)

SiNPs-CH (1d)

2
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Kupffer cells (Fig. 3, arrows) or within splenic macrophages
(Fig. S3,1 arrows) or in some lungs capillaries (Fig. S4,T arrows),
these organs conserved their classical microscopic architecture
as described previously.*

3.3 SiNPs-CH biodistribution and tumor targeting

The biodistribution of SiNPs-CH was studied by quantifying the
silicon concentration in several complex biological matrices,
including serum, tumor, liver, spleen, lungs, heart, brain,
kidneys, feces, and urine. The silicon level was first determined
in the serum following 1, 7, and 15 days intravenous injection of
SiNPs-CH, as summarized in Fig. 4A and Table 1. The
percentage silicon level compared to the initially administered
dose of SiNPs-CH increased significantly 1 day following the
intravenous injection to reach 50.2%, and then declined
progressively down to 2.55% after 7 days and was undetected
after 15 days. At the same time, silicon was progressively
concentrated in the tumors, reaching 12.05% after 1 day, and
then 39.55 and 24.4% after 7 and 15 days, respectively (Fig. 4B
and Table 1). These results were consistent with the increase in
the bioavailability of the SiNPs-CH followed by their uptake in
the tumor microenvironment, as confirmed by the TEM images,
where the SiNPs-CH were observed as aggregate nanomaterials
around the nucleus (Fig. 2C, arrows).

Regarding the lungs, heart, and feces, no significant differ-
ence in silicon levels was observed after 1, 7, and 15 days of the
intravenous injection of SiNPs-CH as compared with the control
group (Table S1t). However, the silicon level progressively
increased in the liver, from 5.95% after 1 day to reach
a maximum of 15.81% after 7 days, and then declined

SiNPs-CH (7d) SiNPs-CH (15 d)

é

Fig. 2 Examination of the subcutaneous animal tumor tissue after 1, 7, and 15 days of the intravenous administration of SiNPs-CH (20 mg kg™ in
comparison with the control group. (A) Macroscopic morphology of a subcutaneous tumor. (B) Histological sections of tumor tissue stained with
hematoxylin—eosin showing the nuclear pleomorphism, vascular thrombosis, and necrosis areas. (C) TEM images of the tumor tissue compared to
the control group showing nuclear pleomorphism (N = nucleus, M = mitochondria). The arrows indicate SiNPs-CH taken up by the tumor tissue.
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Control

SiNPs-CH (1d)

SiNPs-CH(15d) || SiNPs-CH (7d)

Fig. 3 Histology of mice livers at 1, 7, and 15 days after the intravenous
administration of SiINPs-CH (20 mg kg™) compared to the control
group. Sections were stained with hematoxylin and eosin. (B) is
a magnification of the square in (A). The arrows indicate SiNPs-CH
taken up by Kupffer cells.

progressively down to 10.44% after 15 days. Likewise the
percentage silicon level increased in the spleen, from 7.34%
after 1 day to 8.64% at 15 days following the intravenous
injection of SiNPs-CH. These results evidenced the uptake of
SiNPs-CH by the reticuloendothelial system, notably in the liver
and spleen. Meanwhile, the Si concentration progressively
increased in the kidneys and urine after SiNPs-CH injection,
reaching 13.28 and 20.09% after 15 days, indicating the elimi-
nation of nanoparticles into the urine. It should be noted that
the Si percentage in the brain showed a four-fold increase after
15 days, showing that SiNPs-CH were able to cross the blood-
brain barrier without any sign of toxicity, as confirmed by the
histological examination of the brain tissues (Fig. S81).

4 Discussion

This study aimed to develop a chitosan-coated silicon nano-
particles, and then to determine their toxicity and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Silicon concentration determined by ICP-OES in serum and
tumor tissue at 1, 7, and 15 days following the intravenous adminis-
tration of SiINPs-CH (20 mg kg™3). (A) Silicon concentration in serum.
(B) Silicon concentration in the tumor. Results are representative of 6
animals (mean + SD, n = 6). Statistical significance was determined by
Tukey HSD test (*p < 0.05, **p < 0.01).

Table 1 Percentage of SiNPs-CH related to the initially intravenously
administered dose (20 mg kg™%) measured in different organs, serum,
urine, and feces at 1, 7, and 15 days following the intravenous
administration. Results are representative of 6 animals (mean +=SD, n =
6)

% of Si
Time  Serum Tumor Liver Spleen Kidney Brain Urine Total
1days 50.20 12.03 5.95 7.34 3.42 0.55 5.05 84.34
7 days  2.55 39.55 15.81 11.55 7.08 2.74 6.33 85.61
15 days 0.06 24.40 10.44 8.64 13.28 4.25 20.09 81.15

biodistribution profile following the intravenous administra-
tion of a relatively high dose (20 mg kg ') to nude mice
developing subcutaneously grafted glioblastoma as a model of
malignant cancer. Prior to the in vivo experiments, the SiNPs-
CH were characterized for assessing their suspension
colloidal stability, size, chitosan-coating percentage, and
surface charge. All the combined results obtained by FTIR, DLS,
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and zeta potential analyses were in accordance with the
significant adsorption of chitosan on the ultrapure silicon
nanoparticles surface. Indeed the colloidal stability of the
SiNPs-CH suspension was highly increased compared to the
bare SiNPs, revealing that the SiNPs-CH followed dynamics
similar to monodisperse suspensions as confirmed by the
polydispersity index (PDI). Several studies reported that chito-
san coating dramatically prevented the aggregation of nano-
particles, showing much better colloidal stability under
physiological conditions and enabling their long-time resi-
dence in the bloodstream circulation.***® Compared to the
hydrodynamic sizes of bare SiNPs (20-80 nm),>* the sizes of the
SiNPs-CH increased significantly due to the formation of
a polymer coverage crown around the nanoparticles surface as
confirmed by DLS analysis, which is known to represent the
size of the nanoparticles as well as all the molecules bound to
the surface.” Surface nanoparticles coating depended on the
chitosan's chemical properties, including its degree of acety-
lation and the pH of the solution, which play a crucial role in its
solubility. Indeed when the degree of acetylation became
greater than 60%, chitosan was completely insoluble in water at
pH > 6, because of the formation of hydrogen bonds.”* Hence
the passage of chitosan in acidic solution as we prepared in
acetic acid solution was required to increase its solubility by
transforming it into cationic form thanks to the protonation of
its amine groups.®® In these conditions, the protonated amino
substituents bind to the hydroxyl groups present in the SiNPs
surface, thus forming a stable coverage crown, as described for
mesoporous silicon nanoparticles.*” Moreover, the SiNPs-CH
zeta potential compared to that of bare SiNPs* shifted from
negative to around neutral charge, involving the adsorption of
the positive charge provided by chitosan. Yu et al. showed that
the presence of amine groups on the surface of the silica
particles reduces their toxicity compared with unmodified
silica particles.®® In contrast with positively charged nano-
particles, relatively neutral charged nanoparticles promise
greater biocompatibility because it reduces their interaction
with biological compounds and serum opsonins, allowing
them to cross the cell membranes easily without the require-
ment for specific bindings through internalization
pathways.>*® Nevertheless, characterization of the protein
corona on the SiNPs-CH surface is a crucial issue to understand
its impact on nanoparticle binding to the cell membrane and
the subsequent cellular uptake®”*® as well as its effect on the
colloidal stability. All the same, the mainly studied physical
parameters of SiNPs-CH are suitable for their bioapplication,
notably showing the chitosan is highly biodegradable by living
organisms through its hydrolysis and metabolization by
a variety of enzymes, such as chitosanase and lysosomes,
providing fragments suitable for renal clearance.* Concerning
the toxicity of SiNPs-CH, all the studied parameters, including
the healthy behavior of animals as well as the absence of acute
and chronic toxicity in the kidneys, spleen, and liver, confirmed
the biocompatibility of SiNPs-CH as reported in our previous
study for bare SiNPs after the intravenous injection of a similar
dose.”® Interestingly, no toxic effect was observed due to the
increase in the SiNPs-CH hydrodynamic size, despite this
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physical parameter significantly influencing the interaction of
nanoparticles with biological compounds. Several studies have
shown that for diameters greater than 100 nm, the change in
silicon particle size has little influence on cell viability, while
for diameters less than 100 nm, the smaller particles become
more toxic.®** In addition, some other authors have reported
that nanoparticles with sizes ranging from 150 to 300 nm are
considered generally safe when they are used as drug nano-
carriers.®*® However, the influence of the size must be modu-
lated by the question of the dose, since changing the diameter
of the particles will change the number of particles per unit of
concentration. According to Napierska et al., the application of
silicon nanoparticles in the biomedical field remains possible
since under certain conditions, in vitro and in vivo, it is possible
to obtain negligible or reversible toxicity after a period without
exposure.® On the other hand, our experiments confirmed that
chitosan coverage improves the biodistribution of SiNPs-CH
with regard to the tumor and the bloodstream circulation.
Obviously, the percentage of SiNPs-CH increased significantly
in the bloodstream 24 h and 7 days post injection, confirming
the highly prolonged circulation time compared to that of bare
SiNPs, which were eliminated only 3 h after intravenous
injection of a similar dose.”® Indeed, chitosan coverage
improved the stealth of the nanoparticles by forming a protec-
tive hydrophilic layer on their surface, thus enhancing their
stability and minimizing their interaction with plasma opso-
nins to escape macrophages recognition and their rapid elim-
ination by the reticuloendothelial system. Several reports have
indicated that surface functionalization by chitosan reduces
the interaction of nanoparticles with plasmatic proteins and
their uptake by various reticular cells, macrophages, and
reticuloendothelial system.>***% In this regard, the low distri-
bution of SiNPs-CH within the reticuloendothelial system,
mainly the liver and spleen, was consistent with the stealth of
the nanoparticles. Thereby the extended time period in circu-
lation led to the accumulation of SiNPs-CH in the tumor, as we
confirmed by the progressive increase in silicon in the subcu-
taneously grafted glioblastoma. In addition the level of SiNPs-
CH remained concentrated in the tumor even after 15 days,
evidencing their uptake in the tumor microenvironment
mainly by the enhanced permeability retention (EPR) effect.
Several factors related to the structural abnormalities tumor
microenvironment and to the nanoparticles size are involved in
increasing the nanoparticles tumor uptake. Indeed, defective
angiogenesis develops a highly vessels fenestration in
comparison with the normal vessels, enabling then an hyper-
permeability to the passage of nanoparticles generally with
a size lower than 200 nm.***” Beside the large fenestration of
the tumor vascular wall, the poor lymphatic drainage of the
tumor microenvironment associated with cancer proliferation
allows not only the accumulation of nanoparticles but also the
release of their contents to tumor cells, as described for other
types of nanoparticles.®®*”® Likewise, the nanoparticles size
plays a crucial role in influencing the EPR effect, as larger
particles (>200 nm) do not leak into tumor vessels and are more
likely to be cleared by circulating macrophages.”»”* Impor-
tantly, the decrease in SiNPs-CH level in the tumors after 15

© 2023 The Author(s). Published by the Royal Society of Chemistry
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days of the intravenous injection indicated a degradation of the
pH-sensitive nanoparticles under the acidic microenvironment
rich in lactic acid, which was derived from the glycolytic
metabolism of cancer cells.”””* As we have shown, the bare
SiNPs were degraded into orthosilicic acid and then eliminated
through urine.” The progressive increase in silicon levels in the
urine and kidneys improved the slow degradation of SiNPs-CH
and their elimination without inducing any signs of toxicity.
The increase in silicon level in the brain indicated that the
SiNPs-CH were able to cross the blood-brain barrier, which
restricts the passage of large hydrophilic molecules into the
cerebrospinal fluid while allowing the diffusion of hydrophobic
molecules. Hence, we suggested that chitosan enhanced the
retention of SiNPs-CH in the cerebrospinal fluid since it can be
transformed into an hydrophobic form under the local brain
PpH ranging between 6.5 and 7. Additional experiments are
required to confirm this hypothesis. Moreover, a longer time of
experiments of more than 15 days is required to complete the
nanoparticles clearance process. Altogether, the stealthy SiNPs-
CH exhibited a perfect biodistribution profile within the tumor
microenvironment with sustainable biodegradation and elim-
ination. Our results clearly confirm the interest in the use of
these biodegradable non-toxic nanoparticles for biomedical
applications, notably in cancer therapy.

5 Conclusion

Ultrapure SiNPs produced by laser ablation were perfectly
coated with chitosan in order to increase their time in the
bloodstream circulation and improve their biodistribution
within the tumor microenvironment after intravenous admin-
istration to nude mice developing subcutaneously grafted glio-
blastoma. The mainly physical parameters (size, shape, and
electric charge) that can influence the toxicity and bio-
distribution of SiNPs-CH were studied and found to be suitable
for the bioapplication of the nanoparticles. Thanks to the chi-
tosan surface coating, the nanoparticles could efficiently escape
macrophage recognition and premature elimination by the
reticuloendothelial system. Altogether, stealthy SiNPs-CH were
highly accumulated in the tumor microenvironment by the EPR
effect and sustainably biodegraded and eliminated. This work
clearly confirms the interest in the use of these biodegradable
non-toxic nanoparticles in nano-oncology as a tumor-targeting
nanosystem. Taken together, several works are to be consid-
ered to show the biomedical potential of SiNPs-CH in cancer
therapy as delivery systems of therapeutic molecules or thera-
peutic tools for non-invasive treatment modalities.
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