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ABSTRACT: Porous silicon (PSi) nanomaterials combine a high drug loading capacity and tunable surface chemistry with
various surface modifications to meet the requirements for biomedical applications. In this work, alkyne-terminated thermally
hydrocarbonized porous silicon (THCPSi) nanoparticles were fabricated and postmodified using five bioactive molecules
(targeting peptides and antifouling polymers) via a single-step click chemistry to modulate the bioactivity of the THCPSi
nanoparticles, such as enhancing the cellular uptake and reducing the plasma protein association. The size of the nanoparticles
after modification was increased from 176 to 180—220 nm. Dextran 40 kDa modified THCPSi nanoparticles showed the highest
stability in aqueous buffer. Both peptide- and polymer-functionalized THCPSi nanoparticles showed an extensive cellular uptake
which was dependent on the functionalized moieties presented on the surface of the nanoparticles. The plasma protein
adsorption study showed that the surface modification with different peptides or polymers induced different protein association
profiles. Dextran 40 kDa functionalized THCPSi nanoparticles presented the least protein association. Overall, these results

demonstrate that the “click” conjugation of the biomolecules onto the alkyne-terminated THCPSi nanoparticles is a versatile and
simple approach to modulate the surface chemistry, which has high potential for biomedical applications.
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1. INTRODUCTION biomedical application requirements."”~'* The native Si—H, (x
= 1—4) terminated PSi surface is highly reactive and prone to
spontaneous oxidation in the air."® Surface passivation via
is to develop more efficient and low side effect drug delivery hydrosilylation, therr}lal.oxidation, thermal carbo.n.ization, or
systems. Many nanosystems have already shown promising thermalSlizdrocarbo.nlzatlc?n has been 141s‘ed ‘to stabilize the PSi
preclinical' ™ and clinical results.>*~® surface. 'By using fhfferent stablhzatlor.l methods, the:

Porous silicon (PSi) nanoparticles have a number of unique hydrophilicity and resistance to degradation of the PSi

properties that render them as a potential drug delivery

Nanomedicine has been intensively investigated for healthcare
applications during the past decades. The aim of nanomedicine

nanovehicle, such as increasing the dissolution rate of poorly Received: November 8, 2014
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Figure 1. Schematics of the surface modification of THCPSi-alkyne nanoparticles with peptides (RGDS and iRGD), PGA, and dextrans 6 and 40

kDa.

nanomaterials can be tailored."> Besides stabilizing the native
surface of PSi, chemically reactive moieties can be introduced to
PSi nanoparticles surface such as amine'® and carboxylic
acids,"”'® which can be used for further surface modification.
Furthermore, an alkyne terminus has been introduced to the
PSi films or substrates by hydrosilylation, which was function-
alized with oligoether moieties or antimicrobial peptides via
copper-catalyzed azide—alkyne cycloaddition (CuAAC)."”~??
After modification, the PSi films showed improved resistance
toward the nonspecific adsorption of proteins.”**"** With
chemical surface modifications after the primary stabilization,
specific functionalities can be introduced to PSi nanomaterials
with the desired properties such as charge, wettability,
lipophilicity, and bioactivity.””***” CuAAC click reaction has
been reported as a simple method to couple organic molecules
between the azide and alkyne groups in high yields under mild
conditions with high selectivity in the presence of a diverse
range of other functional groups.”**® Both the azide and alkyne
groups are almost entirely unreactive to other functional groups
such as amines, carboxylic acids, and thiols which are widely
present in natural molecules.’**>" Thus, click chemistry is an
interesting approach for the biofunctionalization of nano-
particles by targeting peptides and polymers to the nano-
particles.**

When the nanoparticles are applied in vivo and exposed to
the biological fluids, for example the bloodstream, the
biomolecules and proteins can adsorb onto the surface of the
nanoparticles and develop the so-called “bio—nano inter-
face”*** This protein associated corona can dramatically
affect the fate of the nanoparticles in vivo. In particular,
nanoparticles associated with the complement proteins,
immunoglobulins, and fibrinogen proteins can be rapidly
recognized by the immune system and induce phagocytosis
by the mononuclear phagocyte system (MPS).>> The surface
modification of the nanoparticles to introduce a hydrophilic
layer on the nanoparticles can modulate the plasma protein
association.>® For example, poly(ethylene) glycol (PEG) has
been incorporated to various nanoparticles to reduce the
protein corona.””’ > However, the surface configuration of
PEG does not benefit cellular uptake.**** Cellular uptake of the
nanocarrier is an important factor for transporting therapeutic
molecules into the targeted cells. It has been reported that
hydrophilic dextran shell formed in self-assembling nano-
particles could help to prevent the complement C3 protein
activation and fibrinogen adsorption to certain extend depend-
ing on the density of the dextran shell*’ Furthermore, the
dextran shelled polymeric nanoparticles presented good cellular
uptake.*!

On the other hand, targeting peptides have also been widely
used for the surface modification of nanoparticles to achieve
enhanced cellular uptake and in vivo targeting drug delivery.”***
The protein adsorption profiles of targeting peptides modified

nanoparticles is also important regarding the protein corona,
because this makes the in vivo targeting rather challenge.”
Poly(glutamic acid) (PGA) is another antifouling and
biodegradable hydrophilic polymer that has been widely used
in drug delivery applications.** * PGA is a polymer with
peptide backbond and has also been reported to present no
toxicity*” and increased the cell uptake of nanocomposites.*®

Here, alkyne-terminated THCPSi nanoparticles (THCPSi-
alkyne) were fabricated for further functionalization by CuAAC.
The targeting peptides RGDS (MW 545 Da) and iRGD (MW
1060 Da), PGA (MW 7740 Da), and dextran (MW 6800 Da
and 40 kDa) were conjugated to the THCPSi-alkyne
nanoparticles to improve the bioactivity of the nanoparticles
(Figure 1). The effects of the surface modified nanoparticles on
the aqueous stability, cytotoxicity, cellular uptake, and plasma
protein adsorption were evaluated.

2. EXPERIMENTAL PROCEDURES

2.1. Materials and Cell Culturing. N-Terminal azidoalanine-
functionalized peptides RGDS and iRGD were custom orders from
GenicBio (Shanghai, China) based on previous report.*” y-Benzyl-L-
glutamate-N-carboxyanhydride (PBLG-NCA) was purchased from
Isochem. Dextran T10 and dextran T40 were purchased from
Amersham Biosciences (Orsay, France). All the other chemicals and
solvents were purchased from Sigma-Aldrich (USA) with analytical
grade and used as received.

Hypoxanthine-aminopterin-thymidine (S0X HAT) was purchased
from Gibco (Carlsbad, USA). Dulbecco’s phosphate buffer saline (10X
PBS), Hank’s balanced salt solution (10X HBSS), Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
trypsin (2.5%), sodium pyruvate, nonessential amino acids (100X
NEAA), L-glutamine (100xX), and penicillin-streptomycin (100X) were
purchased from HyClone (Waltham, USA). CellTiter-Glo luminescent
cell viability assay kit was purchased from Promega (Madison, USA).
Endothelial EAhy926 (ATCC, USA) cells were incubated in DMEM
with high glucose and 2% HAT, while U87 MG (ATCC, USA) brain
cells were cultured with DMEM with low glucose. Both cell lines were
cultured in 75 cm?® flasks for further experiments at 37 °C with
humidified atmosphere (95%) and $% CO,, supplemented by 10%
FBS, 1% sodium pyruvate, 1% NEAA, 1% L-glutamine, and 1%
penicillin-streptomycin (100 IU/mL).

2.2. Preparation of THCPSi-Alkyne Nanoparticles. Multilayer
PSi films were fabricated by electrochemically etching monocrystalline
p+-type Si (100) wafers of 0.01—0.02 Qcm resistivity in a 1:1 (v/v)
aqueous hydrofluoric acid (40%)—ethanol electrolyte with a pulsed
etching profile as described previously.*” The obtained free-standing
multilayer films were dried and then placed in a quartz tube under N,
flush at room temperature for at least 30 min. Acetylene (C,H,) was
then added to the flush at 1:1 (vol) ratio for 15 min at room
temperature, followed by inserting the tube in a furnace at 500 °C for
another 15 min under continuous N,/C,H, flush. After removing the
quartz tube from the furnace, the obtained THCPS:i films were allowed
to cool back to room temperature under N, flush. Adapting the
thermal addition process used previously,™ the THCPSi films were
treated in 10 vol % 1,7-octadiyne—mesitylene solution at 150 °C for 16
h. The films were then wet-milled in a fresh 10 vol % octadiyne—
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mesitylene solution into THCPSi-alkyne nanoparticles. The excess
chemicals were removed by repeated washing and redispersion into
ethanol. The final size selection of the nanoparticles was done by
centrifugation.

2.3. Synthesis of the Azide-Functionalized PGA and
Dextran. 1-Azido-3-aminopropane and azide functionalized poly(y-
benzyl-1-glutamate) were prepared as described elsewhere (by 'H
NMR in chloroform-d (CDCl;) with 15% trifluoroacetic acid (TFA),
degree of polymerization (D, = 55).%3152 Debenzylation of the
polypeptide (>95% yield by '"H NMR in DMSO-d®) was achieved in
90 min. By treatment with hydrogen bromide (HBr) in trifluoroacetic
acid (TFA) at room temperature, affording azide functionalized
PGA.** For all the prepared compounds, the spectroscopic data were
in agreement with previously published data.

Dextran T10 (6.5 g, 0.97 mmol) was solubilized in acetate buffer
(pH = 5.6), at 2 wt %. 1-Azido-3-aminopropane (6.3 g, 72.9 mmol)
was added under magnetic stirring. Then, 4.6 g of NaCNBH; (72.9
mmol, 75 equiv) were added and the mixture was stirred for 2 days at
30 °C. Subsequently, the mixture was concentrated under vacuum,
precipitated in cold methanol, and collected by centrifugation to
remove the excess of 1-azido-3-aminopropane and sodium cyanobor-
ohydride. The reaction medium was then dialyzed 4—S days against
Milli-Q water (Spectra/Por6MWCO S0 kDa membrane) to remove
the excess of reactants and lyophilized. The obtained yield was 5.9 g
(91%). 'H NMR analysis was performed in DMSO-d® to verify the full
disappearance of the reducing end group anomeric proton peaks. 'H
NMR (400 MHz, DMSO, 8, ppm): 4.92 (s broad, 40H, C,OH), 4.84
(s broad, 40H, C;OH), 4.70 (s broad, 40H, C,H,,,..), 449 (s broad,
40H, C,0OH), 3.76 (s broad, 40H, C4H), 3.53 (s broad, 40H, C;H),
3.45 (s broad, 40H, C¢H'), 3.22 (s broad, 80H, C,H + C,H) (Figure
S1). The Fourier transform infrared spectroscopy (FTIR) spectrum
(Figure S2) was performed to verify the presence of the Nj group at
the reducing end. The obtained FTIR bands were (cm™"): 3100—3600
(band: 3300), 2920, 2150, 1200—1450 (multiple bands). Size
exclusion chromatography (SEC) in water was used to characterize
the dextran before (M, = 6600 g/mol) and after reductive amination
(M, = 6800 g/mol). Azide terminal-functionalized dextran 40 kDa was
prepared in a similar way as dextran 6 kDa with the same molarity.

2.4. Surface Modification of THCPSi-Alkyne Nanoparticles
by CuAAC. About 2 pmol of each azide-functionalized compounds
(RGDS 1.09 mg, iRGD 2.12 mg, dextran 6 kDa 10 mg, and dextran 40
kDa 80 mg) were dissolved in anhydrous DMSO, and PGA (2 umol,
14 mg) was dissolved in Milli-Q water. Next, 2 mg of the THCPSi-
alkyne nanoparticles, 2 pmol copper(II) sulfate pentahydrate, and 20
pumol sodium ascorbate were added to each reaction and kept for
stirring at room temperature protected from the light for 24 h. After
reaction, the nanoparticles were collected from the reaction mixture by
centrifugation (Sorvall RC SB plus, thermo Fisher Scientific, USA) at
16,100g for 3 min and washed with 1 mL of DMSO (the nanoparticles
reacted with PGA were washed with ethanol:water, 50:50, vol %),
water, and ethanol three times. The modified nanoparticles were
resuspended in ethanol for further use.

2.5. Physical Characterization of the Nanoparticles. The
specific surface area, pore volume and pore size were determined by
N, sorption at 77 K using TriStar 3000 (Micromeritics Inc.,, USA).
The specific surface area of the PSi nanoparticles was calculated using
the Brunauer—Emmett—Teller theory.>> The total pore volume was
obtained as the total adsorbed amount at a relative pressure p/p, =
0.97.

Qualitative analysis of the surface modification was performed by
FTIR with a Vertex 70 spectrometer (Bruker Optics, USA) using a
horizontal attenuated total reflectance accessory (MIRacle, PIKE
Technologies, USA). The spectra were recorded between 4000—650
cm™' with a 4 cm™ resolution. The efficiency of the surface
modification was determined by thermogravimetric (TG) measure-
ments (PerkinElmer TGA 7) using a nitrogen flow of 200 mL/min.
The samples were heated from 25 to 800 °C.

Elemental analysis (carbon, nitrogen and hydrogen) of the modified
nanoparticles were performed on a Vario Micro cube CHN analyzer
(Elementar Analysensynstene, GmbH).

2008

The hydrodynamic diameter (Z-average) measured by dynamic
light scattering (DLS) and the zeta ({)-potential measurements of the
nanoparticles were carried out using a Zetasizer Nano ZS (Malvern
Instruments, UK) at 25 °C.

High-resolution scanning electron microscopy (HR-SEM) and
transmision electron microscopy (TEM) were used to evaluate the
morphology of the nanoparticles. HR-SEM images were taken by a
SEM (Jeol JSM-7500F, Japan) with a voltage of 10 kV. TEM images
were taken by a TEM (Jeol, JEM-1400, Japan) with the voltage of 80
kv.

The stability of the nanoparticle’s suspensions in aqueous Hank’s
balanced salt solution (HBSS) containing 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesufonic acid (HBSS—HEPES, pH 7.4) was followed
visually over time.

2.6. Cell Viability. The cytotoxicity of the prepare nanoparticles
was evaluated by cell proliferation experiments. Briefly, EA.hy926 and
U87 cells were seeded in 96-well plates at the density of 1 X 10* cells/
well and 1.5 X 10* cells/well, respectively, and allowed to attach
overnight. Then, the cell culture medium was replaced by 100 uL of
medium containing different concentrations of nanoparticles. After 24
h of incubation, the amount of living cells was determined by the
CellTiter Glo luminescence cell viability assay kit (Promega, USA).
Each experiment was performed at least in triplicate.

2.7. Cell Uptake of the Nanoparticles. The cell-nanoparticle
interactions were studied in vitro with hybrid endothelial EAhy926
and U87 MG brain cells by TEM. About 2 mL/well of § X 10° cells/
well of EAhy926 cells or 6 X 10° cells/well of U87 MG cells were
seeded in 6-well plates containing 18 X 18 mm coverslip (Menzel-
Gliser, Braunschweig, Germany) in each well. After reaching 80%
confluency, the medium was replaced by new medium containing 100
ug/mL of each nanoparticle. After 3 h incubation, the nanoparticle
suspensions were removed and the cells were washed three times with
HBSS (pH 7.4). A 1 mL/well portion of 2.5% glutaraldehyde was
added to the cells and incubated at 37 °C for 20 min for cell fixation,
followed by washing three times with HBSS. Ultrathin sections of both
control and exposed cells to the nanoparticles were prepared as
described elsewhere.”* The TEM images were examined by trans-
mission electron microscopy (Jeol, JEM-1400, Japan) with voltage of
80 kV and magnification between 250X and 10 000X.

2.8. Nanoparticle Plasma Protein Adsorption and ldenti-
fication. The adsorbed proteins to the nanoparticles’ surface were
studied as follows. A 200 pg sample of each type of modified
nanoparticles was incubated in 1 mL of human plasma at 37 °C for 2
h. After incubation, the nanoparticles were collected by centrifugation
and washed twice with Milli-Q water. The proteins were extracted
from the plasma treated nanoparticles with sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The opsonized
nanoparticles (40 ug) were suspended in the PAGE sample buffer
(125 mM Tris-HCl pH 6.8, 2% SDS, 5% glycerol, 0.002%
bromophenol blue) and incubated at 100 °C for S min in order to
release and denaturate the adsorbed proteins. The samples were run
on a 9% SDS-PAGE-gel for 2 h at a constant voltage of 100 V. The gel
was stained with 0.025% Coomassie brilliant blue (Thermo Scientific,
USA). The protein bands from sample THCPSi-RGDS were excised
alongside with additional protein bands from all the other samples to
verify the presence of complement C3 and its derivatives. The excised
bands were digested in-gel using sequencing grade modified trypsin
(Promega, USA) in 50 mM NH,HCO; buffer (pH 8) at 37 °C
overnight.

The peptides obtained from trypsin digestion were separated with
liquid chromatography and analyzed with a QSTAR XL hybrid
quadrupole time-of-flight mass spectrometer (MS, Applied Biosystems,
USA). The proteins were identified from peptide mass fingerprint data
with MASCOT search engine (v1.6b25 http://www.matrixscience.
com). The mass spectrometer was calibrated with known trypsin
autolytic peptides. The MASCOT searches were carried out against
the SwissProt database (released 2013 12, http:/ /www.uniprot.org/ )
which contained 541954 sequences. Parent jon and fragment mass
tolerances were 0.1 and 0.2 Da, respectively. Oxidation of methionine
(M) was selected as a variable modification.

DOI: 10.1021/am507827n
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Figure 2. (a and b) FTIR absorbance spectra of THCPSi-alkyne (i and iv), THCPSi-RGDS (ii), THCPSi-iRGD (jii), THCPSi-PGA (v), THCPSi-
Dex6k (vi), and THCPSi-Dex40k (vii) nanoparticles. (c) Table of the corresponding elemental contents in each modified nanoparticles determined
by elemental analysis. (d) HR-SEM images of the THCPSi-alkyne (A), THCPSi-RGDS (B), THCPSi-iRGD (C), THCPSi-PGA (D), THCPSi-
Dex6k (E), and THCPSi-Dex40k (F) nanoparticles. (Scale bar: 100 nm).
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Table 1. Hydrodynamic Size, Polydispersity Index (PdI), {-Potential, and Conjugation Ratio of the Surface Functionalized

THCPSi-Alkyne Nanoparticles

size (nm) PdI {-potential (mV) conjugation ratio®
THCPSi-alkyne 1763 + 2.6 0.087 + 0.011 -204 £+ 0.5
THCPSi-RGDS 181.6 + 2.2 0.072 + 0.003 —22.1 £ 1.0 2.35 + 1.70
THCPSi-iRGD 186.7 + 1.1 0.062 + 0.015 —-242 £+ 0.5 5.83 +£2.48
THCPSi-PGA 1809 + 1.1 0.061 + 0.015 —31.6 + 0.2 ND.*?
THCPSi-Dex6k 200.5 + 0.1 0.059 + 0.020 +22.8 £ 0.3 2.62 + 0.81
THCPSi-Dex40k 2219 £ 1.9 0.076 + 0.004 +144 + 0.6 493 + 141

“Conjugation ratio presented as the mass percentage of the conjugated biomolecules to the whole modified nanoparticles. b1G analysis was
inconclusive as the conjugated PGA did not degrade under the experimental conditions tested.

2.9. Statistical Analysis. Results of the quantitative assays were
expressed as mean + s.d. of at least three independent experiments.
Student’s t-test was used to evaluate the significant differences and set
at probabilities of *p < 0.05 using Origin 8.6 (OriginLab Corp., USA).

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Preparation and Physicochemical
Characterization. The THCPSi-alkyne nanoparticles were
prepared and characterized as described in the Experimental
Procedures section. The nanoparticles presented the following
properties: surface area of 176 + 14 m*/g, pore volume of 0.53
+ 0.01 cm3/g, and pore diameter of 12.1 + 1.2 nm. The
functionalized THCPSi-alkyne nanoparticles were prepared via
CuAAC (Figure 1). The reaction was carried out at room
temperature in mild conditions. The surface conjugation of the
nanoparticles was monitored with FTIR (Figure 2a and b). The
THCPSi-alkyne shows the successful covalent addition of
octadiyne due the presence of a vibration band at 3320 cm™
assigned to the alkyne C=CH stretching and the v(C=C)
band at 1605 cm™!. After the click reaction, both iRGD and
RGDS peptides can be confirmed by the appearance of strong
amide I and II vibration bands at 1660 and 1550 cm™),
respectively. After the cycloaddition of PGA to the THCPSi-
alkyne, the amide I and II bands of PGA were complemented
by the ©(C=O0) vibrations of the carboxylic acid side chains
appearing as a shoulder to the adjacent amide I band. After the
CuAAC reaction with both peptides, PGA and dextrans, the
nanoparticles also showed an increase of OH groups on their
surfaces, as it can be seen by the presence of a broad OH band
above 3100 cm™'. With the THCPSi-Dex6k and THCPSi-
Dex40, also the OH scissoring at 1635 cm™ can be observed.
Elemental analysis was used to evaluate the content of carbon,
nitrogen, and hydrogen of each nanoparticle after surface
modification (Figure 2¢)."? After surface modification, the
organic components (carbon, nitrogen, and hydrogen) were
increased compared to the bare THCPSi-alkyne nanoparticles.
Furthermore, the quantitative conjugation ratio of each surface
modification was determined by TG analysis (Table 1).

The size and zeta ({)-potential of the THCPSi-alkyne
nanoparticles with the five surface biofunctionalizing moieties
are listed in Table 1. The size of the PSi nanoparticles increased
slightly but consistently with the molecular weight (MW) of the
conjugated biomolecules. The sizes of the modified nano-
particles were between 170 and 220 nm. All the PSi
nanoparticles showed narrow polydispersity (Pdl < 0.1). The
{-potential of the nanoparticles modified with RGDS, iRGD,
and PGA remained negative because of the neutral charge of
RGDS and iRGD and the negative charge of PGA. For the
surface modification of the nanoparticles with dextran Sk Da
and dextran 40k Da, the {-potential of NPs became positive.

2010

The HR-SEM and TEM images showed the size and
morphologies of the THCPSi-alkyne nanoparticles after surface
modification (Figures 2d and S3). The size of the nanoparticles
visualized by HR-SEM and TEM images matched the DLS
results. From the HR-SEM and TEM images, we can also
observe that the nanoparticles are round-shaped. The surface
modification of the THCPSi-alkyne nanoparticles did not
significantly change the morphology, shape, and size of the
nanoparticles.

Next, the stability of the PSi nanoparticles in high saline
solution was evaluated. By surface functionalization, the
covalently attached hydrophilic biopolymers onto the surface
of the nanoparticles increased extensively the dispersion
stability of the nanoparticles in the aqueous buffer solution
(Figure 3). Although all the nanoparticles were initially well

Figure 3. Photographs of the dispersion stability of the nanoparticles:
THCPSi-alkyne (A), THCPSi-Dex6k (B), THCPSi-Dex40k (C),
THCPSi-PGA (D), THCPSi-RGDS (E), and THCPSi-iRGD (F) at
time points 0, 1, 3, and 6 h. For each surface functionalization, 100 pg/
mL of the nanoparticles were dispersed in HBSS—HEPES buffer (pH
7.4).

dispersed in HBSS—HEPES buffer using tip-sonication, after 1
h it was visible that the more hydrophobic nanoparticles started
to precipitate partially. The stability was monitored up to 6 h,
after which THCPSi-Dex40k nanoparticles showed the best
stability in HBSS buffer. The aqueous dispersibility and stability
of the nanoparticles was time- and surface functionalization-
dependent and followed the order: THCPSi-Dex40k >
THCPSi-Dex6k ~ THCPSi-PGA > THCPSi-iRGD >
THCPSi-RGDS ~ THCPSi-alkyne, resembling the order of
the MW of the conjugated molecules.

3.2. In Vitro Cell Viability. The surface chemistry is one of
the main parameters determining the cytocompatibility of
nanoparticles. Thus, we next evaluated the in vitro viability of
endothelial EAhy926 and brain U87 MG cells incubated with
pure THCPSi-alkyne and the surface functionalized nano-
particles using an ATP-based luminescent cell assay (Figure 4).

DOI: 10.1021/am507827n
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Figure 4. Cell viability of THCPSi-alkyne, THCPSi-RGDS, THCPSi-
iRGD, THCPSi-PGA, THCPSi-Dex6k, and THCPSi-Dex40k nano-
particles incubated with EAhy926 endothelial (A) and brain U87 MG
(B) cells for 24 h at 37 °C. The cell viability was determined by an
ATP-based CellTiter-Glo luminescence cell viability assay. Error bars
represent mean = s.d. (n > 3). Dash line indicates the level of 80% cell
viability. Cells incubated in cell medium without nanoparticles or
treated with cell medium containing 0.1% Triton X-100 were used as
positive and negative control, respectively. There was no statistically
significant differences on the cell viability between the nanoparticles
before and after different surface modifications, except the THCPSi-
RGD nanoparticles at a concentration 250 pg/mL (¥*p < 0.05).

As expected, the results showed that all the nanoparticles had
very low toxicity to both EA.hy926 and U87 MG cells with
concentrations up to 250 pg/mL. THCPSi nanoparticles have
been reported as one type of biomaterials with good
biocompatibility.*” The targeting peptides RGDS and iRGD,
and the biodegradable polymers PGA and dextran used in this
study are known for the good biocompatibility and widely
investigated for biomedical purposes.'”**~%° With the CuAAC
conjugation, the biofunctionalized THCPSi-alkyne nanopar-
ticles presented good cell viability. The studied surface
modified nanoparticles are therefore promising candidates for
further investigation for biomedical applications that are
concerned with low cytotoxicity.

3.3. Cell Uptake of the Surface Functionalized
THCPSi-Alkyne Nanoparticles. TEM was used to study
the cellular uptake of the prepared nanoparticles (Figure S).
Unmodified THCPSi-alkyne nanoparticles showed very low
cell uptake in both EAhy926 and U87 MG cells, in line with
previous cellular studies using this type of THCPSi nano-
particles.*” RGD can interact with the integrin on the cell’s
surface, which is widely expressed by both neovascular and
tumor cells, and induce integrin avf3/5 mediated cell
internalization.*”>” The TEM images of the intracellular uptake
in EAhy926 cells incubated with THCPSi-RGDS and THCPSi-
iRGD nanoparticles showed a significant increase in the
nanoparticle cell uptake. The incubation of RGDS- and
iRGD-modified nanoparticles with U87 MG cells showed that
there were also more nanoparticles localized inside the
cytoplasm compared to the bare THCPSi-alkyne nanoparticles.
Both modifications showed similar cell uptake efficacy. This is
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consistent with our previous work of RGDS/iRGD surface
functionalization of thermally carbonized PSi nanoparticles.**

PGA is a simple polypeptide made from repeating units of a
single amino acid namely glutamic acid. The cell-nanoparticle
interactions of the PGA-modified THCPSi nanoparticles were
also evaluated. The PGA-modified THCPSi nanoparticles
showed a slightly higher cell uptake in EA.hy926 cells compared
to the bare THCPSi-alkyne nanoparticles but lower than the
RGDS- and iRGD-modified THCPSi nanoparticles. Interest-
ingly, PGA-modified THCPSi had very high cell uptake efficacy
in U87 MG cells, even more extensive than the RGDS- and
iRGD-modified THCPSi nanoparticles. It has been reported
that PGA incorporated nanoparticles can undergo y-glutamyl
transpeptidase receptor mediated cell uptake, and thus, enhance
the cancer cell uptake.*® The y-glutamyl transpeptidase receptor
is widely expressed by human neoplasia tissues and cancer cells,
including brain carcinoma cell lines.>® Here, the PGA surface
modification induced significant enhanced cell uptake of the
nanoparticles in U87 MG cells which might be due to the
overexpression of y-glutamyl transpeptidase receptor on the
cell's surface.”’ THCPSi-Dex6k and THCPSi-Dex40k nano-
particles increased the cell uptake in both EA.hy926 and U87
MG cells compared to the bare THCPSi-alkyne nanoparticles.
Furthermore, THCPSi-Dex40k nanoparticles showed consid-
erably higher cellular uptake than the THCPSi-Dex6k nano-
particles in both EAhy926 and U87 MG cells.

The surface functionalization of PSi nanoparticles with
targeting peptides can increase the cell uptake of the
nanoparticles.”* Chemical conjugation of dextrans (6 and 40
kDa) to the nanoparticles’ surface can enhance the cell—
nanoparticle interactions.®”*> The surface functionalization of
the THCPSi-alkyne nanoparticles with both targeting peptide
RGD derivatives and polymers (PGA and dextrans) increased
the cellular uptake of the nanoparticles in both EAhy926 and
U87 MG cells. In EAhy926 cells, the intracellular uptake
efficacy of the nanoparticles was in the following order:
THCPSi-RGDS ~ THCPSi-iRGD > THCPSi-Dex40k >
THCPSi-Dex6k > THCPSi-PGA > THCPSi-alkyne. In U87
MG cells, the intracellular uptake efficacy of the nanoparticles
was in the following order: THCPSi-PGA > THCPSi-RGDS ~
THCPSi-iRGD > THCPSi-Dex40k > THCPSi-Dex6k >
THCPSi-alkyne.

3.4. Plasma Protein Adsorption and Identification.
The plasma proteins’ association onto the prepared nano-
particles was determined by analyzing the opsonized proteins
with SDS-PAGE gel electrophoresis and further verified by
mass spectrometry (listed on the right column of the SDS-
PAGE photography in Figure 6). THCPSi-Dex40k (Figure 6,
lane G) showed more negligible protein adsorption for the
proteins of MW above 70 kDa, followed by THCPSi-Dex6k
(Figure 6, lane C), which only adsorbed albumin (MW 69
kDa) in the same range, but the amount of albumin is less than
all the other nanoparticles, followed by THCPSi-PGA (Figure
6, lane F). THCPSi-alkyne (Figure 6, lane B), THCPSi-RGDS
(Figure 6, lane D), or THCPSi-iRGD (Figure 6, lane E) had
similar albumin adsorption. Furthermore, only THCPSi-RGDS
(Figure 6, lane D) and THCPSi-iRGD (Figure 6, lane E)
nanoparticles adsorbed complementary C3 protein, which is
one of the major proteins of immune complement system.®®

For the proteins of MW 35-70 kDa, the two dextran-
modified nanoparticles showed similar protein adsorption
profiles, while the other four nanoparticles had similar profiles.
The differences of the protein adsorption profiles observed
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Figure 5. TEM images of the intracellular distribution of the THCPSi-alkyne, THCPSi-RGDS, THCPSi-iRGD, THCPSi-PGA, THCPSi-Dex6k, and
THCPSi-Dex40k nanoparticles in EA.hy926 and U87 MG cells. TEM images of ultrathin sections of pure EAhy926 and U87 MG cells were used as
controls or incubated with the different nanoparticles at 37 °C. Inset scale bars are 200 nm. Arrows indicate the samples for each THCPSi
nanoparticles.
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Figure 6. SDS-PAGE separation of the adsorbed plasma proteins on THCPSi-alkyne nanoparticles (lane B), THCPSi-Dex6k (lane C), THCPSi-
RGDS (lane D), THCPSi-iRGD (lane E), THCPSi-PGA (lane F), and THCPSi-Dex40k (lane G). Lane A was the MW marker, and lane H was pure
human plasma.
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between the two groups were that, for the dextran-modified
nanoparticles, no fibrinogen f chains adsorption occurred and
less adsorption of immunoglobulin G (IgG) heavy chain,
fibrinogen y chain, clusterin, and apolipoprotein E proteins
took place. The fibrinogen proteins and immunoglobulins,
together with complement proteins, are the major proteins that
can active the immune system and uptake the phagocytosis by
MPS.** In this study, both dextran surface modifications
reduced immune proteins (fibrinogen and immunoglobulin G)
association onto the nanoparticles, compared to the other
surface modification, as well as the bare THCPSi-alkyne
nanoparticles. Clusterin is the protein involved, for example, in
cell apoptosis, complement mediated cell lysis and membrane
recycling.®* Clusterin has been shown activity as complement
inhibitor.”® Apolipoprotein E is a class of apolipoprotein and
has been reported to be involved in the hepatocytic elimination
of certain type of nanoparticles.”® For the plasma proteins with
MW below 35 kDa, all the nanoparticles presented a similar
protein association profile.

Overall, the THCPSi-Dex40k nanoparticles showed less
protein surface adsorption compared to the bare THCPSi-
alkyne. Interestingly, it has been reported that positively
charged, amino-terminated nanoparticles, had higher protein
corona by dynamic light scattering analysis.”” However, in our
study, dextran (6 kDa and 40 kDa) modified THCPSi
nanoparticles presented a positive {-potential but no evidence
of extensive protein association due to the steric repulsion.*’
The PSi nanoparticles after surface modification by targeting
peptides and antifouling polymers presented different protein
adsorption profiles with the plasma proteins of higher MW
ranges. THCPSi-alkyne nanoparticles modified by dextran with
higher MW induced less immune proteins adsorption
compared to all the other nanoparticles in this study. The
mechanism is properly due to the “steric repulsion”, which is
consistent with other studies reported in the literature.***® On
the other hand, in terms of peptide-modification, the protein
adsorption profiles of RGDS and iRGD modified THCPSi-
alkyne nanoparticles were different from the bare THCPSi-
alkyne nanoparticles, the polymer PGA or the dextran (both 6k
and 40k) modified nanoparticles, which might be due to the
different nanoparticle surface chemistry—plasma protein
interactions.”” Both the targeting peptides (RGDS and
iRGD) modified PSi nanoparticles did induce complement
C3 protein adsorption and convert the C3 protein to C3a/b
forms, which are known to active the immune system. Recently,
Smith et al. reported that RGD modification of single-walled
carbon nanotube significantly enhanced the monocytes-
mediated tumor uptake.”” The plasma proteins association to
the nanoparticles can significantly affect the fate of the
nanoparticles. However, the mechanism of the effect on the
plasma protein opsonization for the in vivo fate of targeting
peptide-modified nanoparticles is complex due to the possibility
of the targeting peptides to specifically interact with the plasma
proteins. In terms of cellular uptake, the targeting peptides can
significantly enhance the cellular uptake of the nanoparticles.
Nevertheless, there is still more work need to be done to
correlate the profiles of the plasma protein association with the
targeting peptide-modified nanoparticles with the in vivo fate of
the nanoparticles.

4. CONCLUSIONS

Alkyne-terminated THCPSi nanoparticles with a hydrodynamic
size of 170 nm were prepared. Five bioactive hydrophilic
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molecules, targeting peptides (RGDS and iRGD) and
antifouling polymers (PGA and dextran 6 and 40 kDa) were
conjugated to the THCPSi-alkyne nanoparticles via the
versatile CuAAC click reaction. The stability of the THCPSi-
Dex40 nanoparticles in aqueous buffer was significantly
increased compared to the bare THCPSi-alkyne nanoparticles.
All the THCPSI nanoparticles in this study showed very low
cytotoxicity in both EAhy926 and U87 MG cells. The cell—
nanoparticle interactions and cell internalization were enhanced
by the surface modification with the aforementioned bioactive
molecules. The efficiency of the cell uptake of the modified
nanoparticles was cell- and surface chemistry-dependent.
Plasma protein adsorption analysis showed that both peptides
and polymers modification of the surface of the nanoparticles,
as well as the unmodified THCPSi-alkyne, all induced different
plasma protein adsorption profiles. The surface modification
with dextran 40 kDa to THCPSi-alkyne nanoparticles were
more effective in reducing the protein adsorption than the
other modification moieties or the unmodified nanoparticles.
Both RGDS and iRGD modified nanoparticles presented
another pattern of protein adsorption behavior. The plasma
protein association “figure-print” of PGA modified THCPSi
was more similar (but not the same) with that of the peptides
rather than dextran 6k modified nanoparticles. Overall, the
alkyne-terminated THCPSi nanoparticles presented highly
potential applicability for drug delivery via various surface
modifications. The efficient cellular uptake and reducing
protein adsorption of THCPSi can be modulated by the
surface modification with different moieties to improve the
bioactivity and reduce the protein association.
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