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ABSTRACT: Here we report a surface modification approach
for fluorescent silicon nanoparticle that transforms hydro-
phobic nanoparticle into water-soluble nanoparticle of high
colloidal stability. The approach involves ring-opening
polymerization of glycidol at the hydroxyl-terminated nano-
particle surface that results in a hyperbranched polyglycerol
grafted silicon nanoparticle (Si-HPG). The resultant Si-HPG
has 25 nm hydrodynamic diameter, low surface charge, and
broad emission in the range of 450—700 nm with a
fluorescence quantum yield of 6—9%. The Si-HPG has been
transformed into cyclic RGD peptide functionalized nanop-
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robe using the conventional bioconjugation chemistry and used for specific targeting to «,f3; integrin overexpressed cervical
cancer cells and glioblastoma cells. Result shows that a silicon nanoparticle-based red fluorescent nanoprobe can be developed for

in vitro/in vivo bioimaging applications.
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B INTRODUCTION

Red and near-infrared (NIR) fluorescent bioimaging nanop-
robes enjoy all the advantage of nanometer length scale,
provide options for deeper tissue imaging, and thus become
more powerful in extracting information from a biological
environment.'~* Important examples include fluorescent semi-
conductor nanopartlcles (QDs) based probes,® fluorescent dye
doped polymer beads® or silica nanopartlcles, doped semi-
conductor nanoparticle-based probes,® and fluorescent silicon
nanoparticle-based probes.” Essential criteria to become an
ideal nanoprobe include high photoluminescence quantum
yield, high photostability, biocompatibility, optimum hydro-
dynamic size/shape, good colloidal stability under physiological
condition and targeting options.'”"" Among them widely used
QDs-based nanoprobes have cadmium-based cytotoxicity
issues,'> and most of the nanoprobes have a charged surface
that leads to hlgh nonspecific binding problems in a biological
environment.!' Thus development of red/NIR fluorescent
nanoprobe with high biocompatibility, high colloidal stability,
and low nonspecific binding can greatly advance the biomedical
research.

Fluorescent silicon nanopartide—based probes are promising
and fulfill most of the above criteria.”" Silicon nanoparticles
show tunable fluorescence of blue/green/yellow/red emission
with reasonably high photoluminescence quantum yield and are
highly biocompatibile."*™'® However, the surface chemistry
involving silicon nanoparticles is not well developed, and
synthesis of water-soluble colloidally stable red/NIR fluorescent
silicon nanoparticles remains an important challenge.'” In
earlier approach hydrophilic fluorescent silicon nanoparticles
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have been synthesized in the presence of hydrophilic ligands
such as glutaric acid and immunoglobulin'®~*° or by surface
functionalization of hydrophobic silicon nanoparticles with
hydrophilic ligands®'~*> or coating of hydrophobic silicon
nanoparticles with phospholipid mlcelles, 26728 amphiphilic
polymer,*”*° poly(acrylic acid),*" or lipid.>* A large number
of those studies used blue or green fluorescent silicon
nanoparticles,"®*' 7>***%% and very limited study is reported
using red/NIR fluorescent silicon nanoparticles.'*?>>~2%31733
In fact there are only few reports on the synthesis of high
quality red/NIR fluorescent silicon nanoparticles and their
application in bioimaging.'*?***"*® In addition some studies
show that red fluorescence of silicon nanoparticles becomes
unstable during surface chemistry.**> Nevertheless, these
studies show that red/NIR fluorescent silicon nanoparticles
can be a promising nontoxic bioimaging nanoprobe.

We are working on the development of nanoparticle-based
fluorescent bioimaging probes,11 and toward this direction we
have synthesized a yellow/red fluorescent carbon nanoparticle-
based probe,>* a yellow fluorescent doped semiconductor
nanocrystal-based probe,>> and a green/yellow/red/NIR
fluorescent silicon nanoparticle-based probe.®® All of these
reported nanoprobes have a charged surface that induces
nonspecific interaction and lower colloidal stability in a
biological environment. Herein, we report silicon nano-
particle-based yellow/red/NIR fluorescent nanoprobe with
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low surface charge and superior colloidal stability. This
nanoprobe is terminated with hyperbranched polyglycerol
(HPG) and functionalized with peptide and has an average
hydrodynamic diameter of 25 nm. HPG has hyperbranched
polyol-like structures and thus is more hydrophilic in nature as
compared to the well-known poly(ethylene glycol) (PEG) that
has linear polyether-type stuuctures.** However, coating/
grafting of HPG on the nanoparticle surface is less explored
as compared to silica coating, polyacrylate coating, and other
polymer coatings. Recently, various HPG-coated nanoparticles
such as diamond, iron oxide, and quantum dot have been
reported.”” > Herein we explore the grafting of HPG on
hydrophobic silicon nanoparticles with the resultant formation
of HPG-grafted silicon nanoparticle (Si-HPG). We have also
demonstrated that hydroxy groups of HPG can be used for
bioconjugation and functionalization with bioaffinity ligands for
specific targeting applications. Combined with our reported
simple and large scale benchtop synthesis for hydrophobic
silicon nanoparticles,> this conversion approach will be very
useful for the synthesis of various other silicon-based functional
nanoprobes.

B EXPERIMENTAL SECTION

Materials. Chloro(dimethyl)octadecylsilane, octadecylamine, gly-
cidol, 4-dimethylamino pyridine (DMAP), triethylamine (Et;N), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
and N-hydroxy susccinimide (NHS) were purchased from Sigma-
Aldrich. Succinic anhydride, 1,3,5-trimethylbenzene, dry dimethylfor-
mamide, and 1,2-dichlorobenzene were purchased from Spectrochem.
Cyclo(Arg-Gly-Asp-p-Phe-Lys) peptide c(RGDfK) was purchased
from GenPro Biotech.

Synthesis of Hydrophobic Silicon Nanoparticle. The hydro-
phobic silicon nanoparticle was prepared according to our previously
reported low temperature thermal decomposition method.*® Briefly,
chloro(dimethyl)octadecylsilane (69.4 mg) and octadecylamine (6.7
mg) were dissolved in 12 mL of 1,3,5-trimethylbenzene and heated to
140 °C for 3 days in three necked flask under air atmosphere. Next,
the solution mixture was cooled to room temperature, and hexane was
added to precipitate the particles. The precipitate was collected and
dispersed in chloroform, and this washing process was repeated several
times. Finally, the precipitate was collected.

Synthesis of Hyperbranched Polyglycerol Grafted Silicon
Nanoparticle (Si-HPG). About 10 mg of hydrophobic silicon
nanoparticles was dispersed in 12 mL of 1,2-dichlorobenzene and
heated at 140 °C under argon atmosphere. Then, 500 uL of glycidol
dissolved in 2 mL of 1,2-dichlorobenzene was added dropwise within
1S min, and next the mixture was heated for 16 h under magnetic
stirring. The resulting brownish gel was dissolved in methanol, and
nanoparticles were precipitated by addition of acetone and separated
via centrifugation. This process of methanol-induced redispersion and
acetone-induced precipitation was repeated several times. Finally, the
washed precipitate was dissolved in water and dialyzed against distilled
water using a dialysis membrane (MWCO ~2000 Da) to remove any
free glycidol, methanol, and acetone.

Synthesis of Carboxylic Acid Functionalized Si-HPG Nano-
particle (Si-HPG-COOH). Si-HPG (200 mg) and 100 mg of succinic
anhydride were dissolved in 10 mL of dry dimethylformamide. Next,
120 mg of DMAP and 1 mL of Et;N were mixed and heated at 70 °C
for 24 h under argon atmosphere. Under this condition the hydroxy
groups of Si-HPG reacted with succinic anhydride. Next, the
nanoparticles were precipitated by addition of acetone and collected
via centrifugation. In order to remove excess reagents, the product was
further dissolved in methanol and precipitated by addition of acetone.
This process of methanol-induced dissolution and acetone-induced
precipitation was repeated 3—4 times. Finally the product was
dissolved in distilled water and dialyzed against distilled water using

4302

a dialysis membrane (MWCO ~2000 Da) that removes excess
reagents, methanol, and acetone.

Synthesis of Cyclic RGD Peptide Functionalized Si-HPG
Nanoparticle (Si-HPG-RGD). About 2 mL of an aqueous solution of
Si-HPG-COOH (10 mg/mL) was mixed with 200 uL of freshly
prepared aqueous solution of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (20 mg/mL) and 200 uL of aqueous
solution of N-hydroxy susccinimide (25 mg/mL). The pH of the
solution was adjusted to 7.4 by adding PBS buffer, and solution was
stirred for 30 min. Next, S00 uL of an aqueous solution of c(RGDfK)
peptide (2 mg/mL) was added and stirred overnight. Next, excesses
reagents and unbound peptide were removed by dialysis using a
dialysis membrane (MWCO ~2000 Da) against distilled water.

Arginine Determination. The presence RGD peptide bound with
Si-HPG-RGD was determined by measuring the presence of arginine
of RGD peptide by a previously reported method.* Briefly, 100 yL of
Si-HPG, Si-HPG-COOH, or Si-HPG-RGD solution was mixed with
300 uL of an ethanolic solution of 9,10-phenanthrenequinone (150
uM) and SO uL of NaOH solution (2 N). Next, the mixture was
incubated at 60 °C for 3 h. Then, 200 uL of each sample was mixed
with 200 uL of HCI (1.2 N), and the mixture was allowed to stand at
room temperature under dark for 1 h. The emission of the mixture was
measured at excitation wavelength 312 nm.

Cell Labeling and Imaging. Human cervical cancer HeLa cells
and human glioblastoma U87MG cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5%
CO.,. For cellular uptake studies, HeLa and U87MG cells were seeded
into 4-well chamber slides. After overnight growth, Si-HPG, Si-HPG-
COOH, and Si-HPG-RGD solutions were added to reach final
concentrations of 0.5—1.0 mg/mL and incubated for 2—4 h. Next, cells
were washed with PBS buffer solution, fixed with 4% paraformalde-
hyde, mounted with 50% glycerol, and used for microscopic studies.

Cytotoxicity Assays. The relative cytotoxic effect of the Si-HPG,
Si-HPG-COOH, and Si-HPG-RGD nanoparticles was evaluated using
conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) based colorimetric assays. The HeLa and US7MG cells
were seeded into 24-well plates at high density in DMEM media
supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C
and 5% CO,. After overnight growth, the cells were incubated with
nanoparticles of different final concentrations (0.1—2.5 mg/mL) for 24
h. Next, cells were washed with PBS buffer solution followed by
addition of 500 uL of fresh DMEM medium to each well. Then, 50 uL
of an aqueous solution of MTT (5 mg/mL) was added to each well
and incubated for 4 h. The violet formazan was dissolved in sodium
dodecyl sulfate (SDS) solution in a water/DMF mixture, and
absorbance was measured at 570 nm using a microplate reader. The
relative cell viability was measured assuming 100% cell viability for
control cells without any nanoparticle.

Instrumentation. UV—vis absorption spectra were recorded on a
Shimadzu UV-2550 UV—vis spectrophotometer, and fluorescence
measurements were performed on a BioTek SynergyMx microplate
reader. Transmission electron microscopy (TEM) images were
obtained using a JEOL-JEM 2010 electron microscope. The field
emission scanning electron microscopy (FESEM) image and elemental
compositional analysis were performed with a Supra 40, Carl Zeiss Pvt.
Ltd. instrument. The 'H and *C NMR (500 MHz) spectra were
recorded on a Bruker DPX-500 spectrometer at room temperature.
Fourier transform infrared (FTIR) spectra of KBr powder-pressed
pellets were recorded on a Perkin-Elmer Spectrum 100 FTIR
spectrometer. X-ray photoelectron spectroscopy (XPS) measurement
was performed using an Omicron (serial no. 0571) X-ray photo-
electron spectrometer. Time correlated single photon counting
(TCSPC) was performed through exciting the sample with pico-
seconds diode laser (IBH Nanoled) using a Horiba Jobin Yvon IBH
Fluorocube apparatus. Thermogravimetric analysis (TGA) was
performed using a TA SDT Q600 instrument. Dynamic light
scattering (DLS) and zeta potential were measured using a NanoZ$
(Malvern) instrument. Fluorescence images and photostability of
nanoparticles were performed by drop casting of sample solution on a
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Scheme 1. Synthesis Strategy of Hyperbranched Polyglycerol Grafted Fluorescent Silicon Nanoparticles (Si-HPG) and Further

Functionalization with Cyclic RGD Peptide
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Figure 1. TEM images of hydrophobic silicon nanoparticles () and hydrophilic Si-HPG (b) and FESEM image of Si-HPG (c). Inset shows the size

distribution of respective nanoparticles.

glass slide, and cell images were taken using an Olympus IX81
microscope. The differential interference contrast microscopy (DIC)
and fluorescence images of cells were performed by Olympus IX81
microscope using image-pro plus version 7.0 software.

B RESULTS AND DISCUSSION

Synthetic Strategy and Material Characterization. The
synthesis strategy for Si-HPG is shown in Scheme 1 and
involves ring-opening multibranching polymerization at the
hydroxyl group terminated surface of hydrophobic silicon
nanoparticles at 140 °C under argon atmosphere. The
polymerization results in the grafting of HPG at the surface
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of the silicon nanoparticles and formation of water-soluble Si-
HPG. At the next stage the terminal hydroxyl groups of Si-HPG
are reacted with succinic anhydride, which results the formation
of carboxylic acid terminated silicon nanoparticles (Si-HPG-
COOH). Finally, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) coupling chemistry is
used to prepare cyclic RGD peptide functionalized silicon
nanoparticles (Si-HPG-RGD).

Figure 1 shows the transmission electron microscope (TEM)
image of the silicon nanoparticles before and after HPG
grafting. The hydrophobic silicon nanoparticles are spherical

dx.doi.org/10.1021/am406061x | ACS Appl. Mater. Interfaces 2014, 6, 4301—-4309
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Figure 2. (a) Hydrodynamic sizes of Si-HPG, Si-HPG-COOH, and Si-HPG-RGD in pH 7.4 phosphate buffer showing the average hydrodynamic
sizes of 22 + 8, 23 & 7, and 26 + 8 nm, respectively. (b) The results of surface charge of Si-HPG, Si-HPG-COOH, and Si-HPG-RGD with the zeta
potential values of —1 & 0.3, —34.6 & 2.1, and —21 + 1.8 mV, respectively. (c) The colloidal stability of Si-HPG under different condition: (i) 1 M
NaCl solution, (ii) pH 7.4 phosphate buffer, (iii) Dulbecco’s modified eagle medium (DMEM) medium with 10% fetal bovine serum (FBS), and
(iv) pure FBS.

Si-HPG

jH ‘ Si-HPG-COOH
6 5 4 21 ' ' '

4 3 2 0 80 75 70
& (ppm) d (ppm)

Figure 3. (a) "H NMR spectra of Si-HPG and Si-HPG-COOH in D,0 and (b) "*C NMR spectrum of Si-HPG in D,O. (* indicates residual solvent
peak). Dendritic structure of HPG has been confirmed from *C NMR spectrum of Si-HPG with the characteristic peaks of terminal (T) carbon,
dendritic (D) carbon, linear 1,3 carbon (L,;), and linear 1,4 carbon (L,,). For more detail see the description in the text.

65 60

with average diameter of 6 + 2 nm. The TEM image of Si-HPG increase in the latter cases is due to the modification with small
nanoparticles shows only the core silicon nanoparticles with molecules and insignificant particle aggregation.

unchanged diameter (Figure 1 and Supporting Information, The surface charge of Si-HPG, Si-HPG-COOH, and Si-
Figure S1). Field emission scanning electron microscopy HPG-RGD was estimated from zeta potential measurement
(FESEM) shows the estimated overall size of Si-HPG as 20 (Figure 2). The surface charge of Si-HPG is close to zero
+ 2 nm, which includes both the core silicon particle and the (typically in the range of —1 to —2 mV) and independent of
HPG shell. This result concludes that the thickness of the HPG pH. However, Si-HPG-COOH has negative surface charge
shell on the silicon nanoparticle surface is around 6 + 2 nm. (typically —35 mV at pH 7.4) due to the presence of

carboxylate functional groups. The surface charge of Si-HPG-
RGD is also negative (typically —21 mV) and decreased as
compared to Si-HPG-COOH. Such decrease in surface charge
is due to the conjugation with RGD peptides that consumes a
fraction of the carboxylate groups.

The presence of HPG on the silicon nanoparticle surface and
its chemical structure were confirmed by solution phase 'H and
BC NMR spectroscopy. The 'H NMR spectrum of Si-HPG
shows the characteristic proton signals of —CH,0— and
—CHO- units of HPG in the range of 3.4—4.0 ppm, and the
active proton signal of multiple hydroxy groups of HPG is
observed around 4.5 ppm, which overlaps with the residual
solvent peak (Figure 3). The '*C NMR spectrum of Si-HPG
indicates that grafted HPG has an analogous dendritic
structure. In the 3*C NMR spectrum, the characteristic peaks
of terminal (T) carbon (at 62.85 ppm corresponding to
The substantial increased size of Si-HPG corroborates with the CH,OH and at 70.55 ppm corresponding to CHOH), dendritic
FESEM size of Si-HPG and further suggests efficient HPG (D) carbon (at 71.07 ppm Corresponding to CH2 and at 78.13
grafting on the surface of silicon nanoparticles. The hydro- ppm corresponding to CH), linear 1,3 (Ly;) carbon (at 60.9
dynamic sizes of the Si-HPG-COOH and Si-HPG-RGD are 23 ppm corresponding to CH,OH, at 69.38 ppm corresponding to
+ 7 and 26 + 8 nm, respectively. The relatively smaller size CH, and at 79.6 ppm corresponding to CH), and linear 1,4

The corresponding energy dispersive X-ray (EDS) spectrum
and elemental mapping clearly demonstrate that Si-HPG is
composed of silicon, carbon, and oxygen (Supporting
Information, Figure S2). In order to determine the amount
of silicon present in Si-HPG, thermogravimetric analysis of Si-
HPG was performed under nitrogen atmosphere (Supporting
Information, Figure S3). The residue present for Si-HPG
degradation even after 800 °C is ~5%, which includes silicon/
silicon oxide.

Dynamic light scattering (DLS) study was performed to
determine the hydrodynamic size of the hydrophobic silicon
nanoparticle, Si-HPG, Si-HPG-COOH, and Si-HPG-RGD
(Figure 2 and Supporting Information, Figure S4). Results
show that hydrodynamic size of hydrophobic silicon nano-
particles increases from 6 + 2 to 22 + 8 nm after HPG grafting.
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Figure 4. Deconvoluted Si 2p narrow scan spectra of hydrophobic silicon nanoparticle (a) and Si-HPG (b). The peaks at 99.4, 103, and 101.9 eV are
due to Si(0), silicon oxide, and silicon capped with hydrophobic ligands, respectively. For Si-HPG, the peak for Si(0) at 99.4 eV disappears either due
to the low XPS probing depth or shifting to higher binding energy by insulating HPG.
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Figure 5. Absorption spectra (—), fluorescence excitation spectra (-+), and fluorescence spectra (color lines) of a chloroform solution of
hydrophobic silicon nanoparticles (a) and an aqueous solution of Si-HPG (b). Excitation spectra have been obtained using fluorescence at 570 nm
and fluorescence spectra have been measured using 480 nm excitation (yellow line) and 515 nm excitation (red line). Inset shows the digital

fluorescence images of the corresponding nanoparticles solutions.

(L,4) carbon (at 69.05 ppm corresponding to CHOH and at
72.29 ppm corresponding to CH,) units of dendritic HPG are
observed (Figure 3). The degree of branching (DB) of Si-HPG
is estimated as 0.47 using the intensity ratio of respective *C
NMR signals.*' This result shows that dendritic HPG are
effectively grafted on the silicon nanoparticle surface. The
succinic acid functionalization of Si-HPG has been confirmed
from the 'H NMR spectrum of Si-HPG-COOH with the
appearance of peak around 2.52 ppm due to methylene protons
of succinic acid (Figure 3). In addition the proton peaks of
—CH,0— and —CHO-— units of HPG are shifted a little bit
after succinic acid functionalization. These results show that
succinic acid is successfully conjugated with hydroxy groups of
Si-HPG nanoparticles.

Fourier transform infrared (FTIR) spectra of hydrophobic
silicon nanoparticles, Si-HPG and Si-HPG-COOH provide the
signature of changed surface of nanoparticles (Supporting
Information, Figure S5). The FTIR spectrum of hydrophobic
silicon nanoparticles shows C—H stretching at 2960—2850
cm™ and CH, bending at 1460 cm™ corresponding to
hydrophobic ligands and a strong band at 3450 cm™'
corresponding to surface hydroxy groups. The FTIR spectrum
of Si-HPG shows the signature of HPG for stretching vibration
of O—H, C—H, and C—O—C at 3420, 2880, and 1080 cm™},
respectively. FTIR spectrum of Si-HPG-COOH displays an
additional peak for C=0O stretching vibration at 1731 cm™
due to carboxy groups.

X-ray photoelectron spectroscopy (XPS) study has been
performed to evaluate the elemental composition before and
after HPG grafting. The wide scan XPS spectra of both
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hydrophobic silicon nanoparticle and Si-HPG show the
photoelectron lines with binding energy of about 102, 154,
284, and 532 eV that are attributed to the presence of Si 2p, Si
25, C 1s, and O Is energy levels, respectively (Supporting
Information, Figure S6). In order to confirm the nature of
bonding, we further studied the narrow scan XPS spectra. The
Si 2p narrow scan spectrum of hydrophobic silicon nanoparticle
shows three components at 99.4, 101.9, and 103 eV that
correspond to core Si(0), silicon with insulating hydrophobic
ligands, and silicon oxide, respectively (Figure 4). The presence
of long chain hydrophobic ligands in hydrophobic silicon
nanoparticles is also confirmed from the C 1s narrow scan
spectrum. Deconvoluted O 1s peaks of hydrophobic silicon
nanoparticle at 530.7, 531.6, and 533.1 eV are assigned to Si—
O, Si=O0O, and O-H bonds, respectively, indicating the
presence of oxide and hydroxyl groups. In the case of Si-
HPG, the deconvoluted Si 2p narrow scan spectrum at 102.5
and 103.7 eV are assigned as silicon with insulating ligands and
silicon oxide, respectively, and the peak corresponding to Si(0)
disappears possibly due to low XPS probing depth compared
with the thickness of grafted HPG or shifting to higher binding
energy due to the insulating HPG grafting that overlaps with
the peaks at 102.5 and 103.7 eV.** In addition deconvoluted C
1s shows two peaks at 285.1 and 286.3 eV that are attributed to
C—-C/C—H and C-0-C/C—O-H, respectively. Similarly,
deconvoluted O 1s shows three peaks at 530.1, 532.4, and
533.3 €V that are assigned for Si—O, C—O—C/C—O—H, and
O—H, respectively.

The RGD peptide conjugation of Si-HPG-RGD has been
tested by coupling reaction of 9,10-phenanthrenequinone with

dx.doi.org/10.1021/am406061x | ACS Appl. Mater. Interfaces 2014, 6, 4301—-4309
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Figure 6. Differential interference contrast (DIC) and fluorescence (F) images of HeLa cells labeled with Si-HPG-RGD. Nanoparticles were
incubated with HeLa cells at a final concentration of 0.8 mg/mL for 2h (a, b, c) or 4 h (d, ¢, f) for the imaging study. For each row, the images from
left to right shows the DIC images (a, d), fluorescence images under blue excitation (b, e), and fluorescence images under green excitation (c, f).
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Figure 7. Differential interference contrast (DIC) and fluorescence (F) images of U87MG cells labeled with Si-HPG-RGD. Nanoparticles were
incubated with U87MG cells at final concentration of 0.8 mg/mL for 2 h (a, b, c) or 4 h (d, e, f) for imaging study. For each row, the images from
left to right shows the DIC images (a, d), fluorescence images under blue excitation (b, e), and fluorescence images under green excitation (c, f).

arginine present in the RGD peptide.** The reaction typically
occurs at high pH followed by acidification that produces
fluorescent molecule. The result shows that Si-HPG-RGD
produces strong fluorescence at 400 nm in the presence of
9,10-phenanthrenequinone, while Si-HPG and Si-HPG-COOH
show weak fluorescence under similar condition (Supporting
Information Figure S7) This result suggests that RGD peptide
is successfully conjugated with Si-HPG. We have also calculated
the approximate concentration of RGD peptide present in the
form of Si-HPG-RGD during the cellular labeling condition,
and the concentration is typically ~0.2 mM.

The colloidal stability of Si-HPG has been tested at different
pH and under high ionic strength (Figure 2 and Supporting
Information Figure S8). Results show that a solution of Si-HPG
is highly stable under those conditions for months without any
turbidity or precipitation. The colloidal stability and fluo-
rescence stability of Si-HPG have also been tested in biological
medium such as in cell culture medium. The fluorescence of Si-
HPG is stable for more than 4 months without any particle
precipitation (Figure 2).
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Optical properties of the silicon nanoparticles have been
investigated by photoluminescence spectroscopy (Figure S and
Supporting Information, Figure S9). Both the hydrophobic
silicon nanoparticles and Si-HPG have excitation-dependent
emission (Supporting Information, Figure S9). The emission
maxima red shift from 500 to 630 nm as the excitation
wavelength changes from 300 to 550 nm. However, they have
most intense emission under 400—550 nm excitation with the
broad emission ranging from 450 to 700 nm having excitation-
dependent emission maxima in the range of 500—630 nm. The
fluorescence quantum yield has also been measured before and
after HPG grafting and lies between 6% and 9% (Supporting
Information, Table S1). Fluorescence property has also been
measured for Si-HPG-COOH and Si-HPG-RGD and remains
similar to that of Si-HPG (Supporting Information, Table S1).
Results suggest that HPG grafting and further functionalization
do not significantly alter the fluorescence property of silicon
nanoparticles. Moreover, the fluorescence of a film of Si-HPG
does not bleach even after 10 min of continuous exposure with
blue or green lights (Supporting Information Figure S10). This
result suggests that fluorescence of Si-HPG would be stable for

dx.doi.org/10.1021/am406061x | ACS Appl. Mater. Interfaces 2014, 6, 4301—-4309
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Figure 8. Viability of (a) HeLa and (b) U87MG cells after 24 h of incubation with Si-HPG, Si-HPG-COOH, and Si-HPG-RGD at different

concentrations.

imaging based applications. The time-resolved fluorescence
decay of hydrophobic silicon nanoparticles and Si-HPG
demonstrate similar decay profiles (Supporting Information,
Figure S11). The fluorescence decay of Si-HPG is fitted with
three exponential lifetimes with an average lifetime of ~4 ns
and hydrophobic silicon nanoparticles also shows similar decay
with an average lifetime of ~3 ns. The fast recombination for
both cases provides strong evidence that the origin of emission
of silicon nanoparticles remains the same even after the HPG
grafting.*"*?

Yellow/Red/NIR Fluorescent Silicon Nanoparticle as
Bioimaging Probe. The bioimaging application potential of
fluorescent silicon nanoparticle has been investigated using Si-
HPG-RGD toward targeting and imaging of cancer cells having
overexpressed integrins. We have used HeLa (human cervical
cancer) cells with low expression integrin a,f; and US7MG
(human glioblastoma cells) with high expression of integrin
afB, for this study.*” HeLa or US7MG cells were incubated
with the solutions of silicon nanoparticles for 2—4 h, and
washed cells were imaged under a fluorescence microscope.
Fluorescence imaging was performed under blue excitation with
the fluorescence signals collecting in the range of >520 nm or
under green excitation with fluorescence signals collecting in
the range of >590 nm. Figures 6 and 7 show that Si-HPG-RGD
can successfully label HeLa and U87MG cells, and broad
emission of silicon nanoparticles in the range of 450—700 nm
can be used for imaging of cancer cells using yellow/red/NIR
emission. However, labeling performance depends on cell type
and incubation time. For example, fluorescence imaging of
HeLa cells demonstrates that the uptake of the Si-HPG-RGD is
negligible for 2 h of incubation and significant uptake requires
an incubation time of >4 h. This is possibly due to low numbers
of af; integrin on the cell surface that results in a slower
uptake rate of Si-HPG-RGD and thus requires longer time for
efficient labeling. In contrast, uptake of Si-HPG-RGD in
U87MG cells is high at both 2 and 4 h of incubation. This is
due to high numbers of a,f3; integrin on the cell surface that
leads to rapid uptake of Si-HPG-RGD by the cells (Figure 7).
In both cells the Si-HPG-RGD appears to distribute in the
cytoplasm. We have also tested the control labeling experi-
ments with Si-HPG and Si-HPG-COOH, and results show that
they have very little cell uptake (Supporting Information,
Figure S12—S15). This result suggests that Si-HPG and Si-
HPG-COOH have very low nonspecific binding to the cells and
RGD acts as affinity molecule for cell targeting and uptake.
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Biocompatibility of silicon nanoparticle-based nanoprobes
was tested via MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) based cytotoxicity assay using HeLa
and U87MG cells. Silicon nanoparticles of different concen-
tration were incubated with cells for 24 h, and then viability was
compared assuming 100% viability for cells without nano-
particles. Figure 8 shows high viability of cells when they are
exposed with various final concentrations (0.1-2.5 mg/mL) of
silicon nanoparticles for 24 h. For example, cell viability is
>80% in the concentration range of <1 mg/mL of Si-HPG, Si-
HPG-COOH, and Si-HPG-RGD. In addition the cell viability is
>80% for Si-HPG and Si-HPG-COOH at the highest
concentration (2.5 mg/mL) tested. However, the cell viability
is relatively low (60—70%) at 2.5 mg/mL of Si-HPG-RGD.
Higher cell viability of Si-HPG and Si-HPG-COOH is due to
their low nonspecific interaction with cells compared to Si-
HPG-RGD that interact with cells and hinders the cell function.

Significance of Si-HPG Based Bioimaging Probe. The
HPG-based coating of silicon nanoparticles reported here is
unique as it transforms hydrophobic silicon nanoparticles into
water-soluble nanoparticles with superior colloidal stability
under high ionic strength and physiological medium. The
grafting of polyglycerol has been combined with the synthetic
approach of hydrophobic silicon nanoparticles in such a way
that Si-HPG can be synthesized in one step and with complete
conversion into water-soluble nanoparticles. The proposed
approach has been used to prepare milligram scale synthesis of
Si-HPG and can be extended to gram scale synthesis. Moreover
we have demonstrated that terminal hydroxy groups can be
used for further functionalization with different affinity
molecules. The proposed approach can also be extended to
other hydrophobic nanoparticles such as hydrophobic carbon,
iron oxide, and quantum dot. The reported silicon nano-
particle-based imaging probe is unique for three reasons. First,
the nanoprobe has emission in the red/NIR region that can be
excited by blue and green light. Thus the nanoprobe can be
used for deep tissue imaging applications. Second, the optimum
hydrodynamic size of 25 nm is ideal for cellular and subcellular
targeting. Third, nearly zero surface charge of the nanoprobe
offers insignificant nonspecific interaction with cells. Thus these
nanoparticles are ideal for specific targeting to cells after linking
with affinity molecules.

Recently, various red/NIR fluorescent bioimaging nanop-
robes have been reported, including QD, carbon nanoparticles,
and europium-doped nanoparticles. Among them QD-based
probes are most widely studied and more attractive due to their
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narrow emission and high photostability.>** However, heavy
metals-associated toxicity limits their versatile applicability.'>**
Although europium-doped nanoparticles have low toxicity, their
fluorescence quantum yield is low, environment-dependent,
and excitable under UV light, which limits their potential
application.***® Carbon nanoparticle-based probes enjoy low
toxicity, but preparation of high c3[uality red fluorescence probes
is still scientifically challenging.’**” In these respects silicon
nanoparticles are promising as they have low toxicity, high
quantum yield, and high photostability. Presented polyglycerol
grating and functionalization of silicon nanoparticle shows that
various red fluorescent functional nanoparticles can be
synthesized in large scale for different bioimaging applications.

B CONCLUSION

In conclusion, we have synthesized hyperbranched polyglycerol
grafted silicon nanoparticles of 25 nm hydrodynamic size that
have red/NIR fluorescence. The nanoparticles have high water
solubility and superior colloidal stability under physiological
medium. The silicon nanoparticles have been transformed into
functional nanoprobes with stable red/NIR fluorescence and
have been successfully used as a fluorescent biological label.
The low nonspecific binding with the cell, optimum particle
size, and low toxicity present great potential of this nanoprobe
for various in vitro and in vivo applications.
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