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ABSTRACT: Luminescent silicon nanocrystals are promising nano-
materials for biomedical applications due to their unique optical
properties and biocompatibility. Here, we demonstrate a two-step
surface modification approach coupling gas-phase and liquid-phase
methods to synthesize PEGylated acrylic acid grafted silicon
nanocrystals with near-infrared emission in water and biological
media. First, acrylic acid grafted silicon nanocrystals are synthesized by
an all-gas-phase approach on a millisecond time scale, omitting high
temperature and postpurification processes. Subsequently, room-
temperature PEGylation is carried out with these acrylic acid grafted
silicon nanocrystals, yielding stable colloidal dispersions in both water
and high ionic strength Tyrode’s buffer with 20—30 nm hydrodynamic
diameters. The PEGylated silicon nanocrystals exhibit photolumines-
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cence in the 650—900 nm near-IR window with quantum yields of ~30% and ~13% in deionized water and Tyrode’s buffer,
respectively, after a 7-day oxidation in water. The surface-functionalized Si NCs exhibit relatively small toxicity to MDA-MB-231

cells at concentrations relevant to bioimaging applications.
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B INTRODUCTION

Inorganic nanocrystals have garnered increasing interest in
biomedical applications, such as drug and gene delivery,'
biosensing,” and bioimaging.™* Specifically, silicon nanocryst-
als (Si NCs) are desirable for biomedical applications because
of their low cytotoxicity,”® biocompatibility,” biodegradabil-
ity,” and size-tunable optical properties.”'® Similar to silica or
porous silicon, Si NCs are hydrolytically unstable and dissolve
over time into water-soluble silicic acid (Si(OH),),"" which
naturally occurs in human tissues and can be excreted through
renal clearance.'”"® In addition, their size-tunable emission in
the biologically relevant red-to-near-infrared window and high
photostability makes them a potential alternative for heavy
metal based quantum dots."*

Various strategies have been applied to synthesize
luminescent water dispersible Si NCs, which can be mainly
categorized into steric stabilization and electrostatic stabiliza-
tion. The use of polymers such as polyethylene glycol
derivatives typically provides steric stabilization."*™'® Electro-
static stabilization approaches typically rely on ionic ligands
including olefinic ligands with terminal carboxylic acid'”~" or
amine functional groups.”*”>* The colloidal stability of such
surface-functionalized Si NCs in water or high ionic strength
buffer solutions greatly depends on the type of stabilization
strategy. Compared to steric stabilization, stability achieved by
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electrostatic repulsion is more strongly affected by pH or ionic
strength.”*~*°

In this work, we explored a two-step synthetic procedure
coupling steric and electrostatic repulsions to achieve colloidal
stability of Si NCs in both water and high ionic strength buffer
that is similar to biological media. First, we synthesized acrylic
acid grafted Si NCs using an all-gas-phase approach on a
millisecond time scale without any postsynthetic processing.
Plasma-assisted surface functionalization with alkene ligands to
produce luminescent Si NCs has been demonstrated earlier,
and a similar approach was employed to synthesize acrylic acid
grafted Si NCs by adjusting the plasma power and gas flow
rates.”””” Acrylic acid or poly(acrylic acid) coating of Si NCs
has been extensively studied in the solution phase to generate a
hydrophilic surface and to reduce nanoparticle agglomeration
in water or biological media.'”~"****” Acrylic acid ligands with
a terminal carboxylic acid group stabilize particles through a
combination of steric stabilization and electrostatic repulsion,
thus the colloidal stability can be affected by the presence of
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electrolytes and pH of the medium.”****7*' Hence, even
though acrylic acid grafting improves the nanocrystal
dispersibility in water, the functionalized nanoparticles are
typically slightly agglomerated with hydrodynamic diameters
around 100 nm.”®

In the second step, the acrylic acid grafted Si NCs were
reacted with polyethylene glycol (PEG) to achieve steric
stabilization. PEG, being safe and nontoxic with nearly neutral
surface charges, is one of the most popular and most effective
molecules for coating the surface of nanocrystals.”~** Surface
PEGylation of Si NCs has been achieved by utilizing covalent
Si-C bonds,***” Si-O linkage,38 chloride-terminated silicon
surfaces,”” and boron surface sites.”” As the acrylic acid grafting
enables an improved dispersibility in polar solvents that allows
for large initial surface areas available for reactions, we can
employ the reaction with PEG-OH to form Si-O-R linkages at
room temperature.41

Herein, we report the synthesis of luminescent PEGylated
acrylic acid grafted Si NCs combining gas-phase and colloidal
approaches under room temperature conditions. The synthesis
route avoids high temperatures that have been typically used
and requires a minimal amount of solvent. The surface
functionalized nanocrystals exhibit excellent dispersibility in
both water and a high ionic strength buffer media maintaining
colloidal stability for months. Furthermore, after oxidation in
deionized (DI) water, they exhibit photoluminescence
quantum yield (PLQY) up to ~30% in DI water and ~13%
in Tyrode’s buffer in NIR emission wavelengths, which is
suitable for in vivo imaging.

B RESULTS AND DISCUSSION

Acrylic acid grafted Si NCs (AA-Si NCs) were synthesized
using an all-gas-phase setup as illustrated in Scheme 1. Si NCs

Scheme 1. Schematic of the Synthesis of Acrylic Acid
Grafted Si NCs

|
Ar, SiH,
b
/\,r/\
Acrylic acid, -E: 3
Ar =@ \/[\/
— Si ;
5 /H_(}:O

were synthesized in a higher density upstream plasma region
followed by the acrylic acid ligand grafting, which occurs at the
downstream “afterglow” region or the lower density plasma
region. The plasma induced synthesis and surface functional-
ization occur on a time scale of 10 ms, which is significantly
faster than a typical colloidal synthesis of acrylic acid grafted Si
NCs. The AA-Si NCs were transferred into water and Tyrode’s
buffer through ultrasonication.

As-synthesized AA-Si NCs have crystalline cores of ~3 nm
determined by Scherrer analysis (Figure S1). We performed
Fourier-transform infrared (FT-IR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) measurements to character-
ize the surface composition of the AA-Si NCs. Figure 1a shows
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Figure 1. Characterization of acrylic acid grafted Si NCs. (a) FTIR
spectra of acrylic acid, H-Si NCs, and AA-Si NCs. XPS high-
resolution spectra of (b) C 1s peak and (c) Si 2p peaks. The peak
corresponding to adventitious carbon is shifted to 284.8 eV as a
reference.

the FT-IR spectra of acrylic acid, hydrogen-terminated Si NCs
(H-Si NCs), and AA-Si NCs. The H-Si NCs were produced
under the same synthesis conditions but without acrylic acid
injection to the flow stream. The FT-IR spectrum of AA-Si
NCs exhibits features at 2200—2100 cm™!, ~1100 cm™},
1700—1800 cm™!, and 2800—3000 cm ™!, which were assigned
to Si-H stretching, Si-O-Si asymmetric stretching, C=O0
stretching, and C—H stretching modes, respectively. The
disappearance of the C=C stretching peak at 1640 cm™' and
emergence of Si-CH, peaks at 1460 cm™" suggests that the
hydrosilylation reaction proceeds as expected, replacing C=C
and Si-H bonds with Si-C bonds.

As shown in Figure 1b,c, XPS data further confirm the
effective surface functionalization of AA-Si NCs. The survey
XPS spectrum (Figure S2) confirms the presence of Si, C, and
O with atomic concentrations of 33%, 46%, and 21%
respectively. The C 1s high-resolution spectrum exhibits a
peak at 288.8 eV, which is consistent with the COOH/COOR
functionalities, indicating the retention of carbonyl groups in
acrylic acid grafted Si NCs. The COOH/COOR concentration
is around 8%, which is typical among the other studies of
acrylic acid plasma coatings."”** In accordance with the Si 2p
high-resolution spectrum, the peak at 99.4 eV corresponds to
the Si(0) component and two shoulders located at 100.1 and
101.9 eV indicate the oxidized Si species.

The hydrophilic nature of AA-Si NCs enables the dispersion
of functionalized particles in polar organic solvents and
water.'”"® The improved dispersibility of AA-Si NCs can be
attributed to a combination of steric stabilization and
electrostatic stabilization induced by negative surface
charges.”®*” Similarly, plasma-synthesized AA-Si NCs sponta-
neously form a clear and stable solution in methanol and are
readily dispersible in both water and Tyrode’s buffer.
Hydrodynamic diameters of AA-Si NCs in both water and
Tyrode’s buffer were evaluated using dynamic light scattering
(DLS) measurements. AA-Si NCs have hydrodynamic
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diameters of 67 + 20 nm in water and 48 + 12 nm in Tyrode’s
buffer (Figure S3). However, AA-Si NCs in Tyrode’s buffer
degrade completely within 2 h. Furthermore, they do not
exhibit photoluminescence when introduced to either water or
Tyrode’s buffer.

Having demonstrated that AA-Si NCs exhibit improved
dispersibility in water and Tyrode’s buffer but with low stability
and negligible photoluminescence (PL), we carried out a room
temperature colloidal PEGylation reaction to achieve enhanced
photoluminescence along with long-term stable dispersions.
Briefly, AA-Si NCs were dispersed in a mixture of methanol
and PEG-OH (molecular weight = 400), and methanol was
subsequently evaporated. Then, AA-Si NCs and PEG-400 were
allowed to react at room temperature for 72 h. The PEGylation
reaction with a partially oxidized Si surface is expected to occur
via the covalent reaction of the —OH group with the Si-H"' or
Si-0-Si** on the Si NC surface.

We carried out FT-IR analysis of PEGylated AA-Si NCs to
gain further information about the surface chemical conditions.
As shown in Figure 2b, the FT-IR spectrum of the PEGylated
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Figure 2. (a) Schematic of the PEGylation reaction and (b) FT-IR
spectra of PEG-OH 400 and PEGylated AA-Si NCs.

AA-Si NCs is mainly dominated by the PEG ligand features.
While the characteristic Si-H peaks diminished in the
spectrum, the peak at 1700 cm™' confirms the existence of
C=0 species. This observation confirms the presence of PEG-
400-grafted AA-Si NCs.

Purified PEGylated AA-Si NCs form a clear dispersion when
introduced into water or Tyrode’s buffer at 0.5 mg/mL, and
these dispersions remain colloidally stable for months without
any visible precipitation. Hydrodynamic diameters of

PEGylated AA-Si NCs in both water and Tyrode’s buffer
were evaluated using DLS. The hydrodynamic diameter in
water and Tyrode’s buffer were both measured to be 24 + 6
nm (Figure 3a). The hydrodynamic diameters increased from
24 &+ 6 nm to 36 + 7 nm after 7 days of dispersion in water,
indicating minor agglomeration during this period.

The hydrodynamic diameters were confirmed by trans-
mission electron microscopy (TEM) measurements (Figure
3b,c). For TEM characterization, PEGylated AA-Si NCs were
dispersed in water or Tyrode’s buffer at 0.5 mg/mL
concentration and drop-cast onto TEM grids. TEM images
from both water and Tyrode’s buffer dispersed PEGylated AA-
Si NCs show small agglomerates within the size range of 20—
30 nm. These results imply that PEGylated AA-Si NCs are not
individually passivated but rather small PEG encapsulated
nanocrystals.

To study the effect of having an acrylic acid grafted surface
prior to PEGylation, we carried out a control experiment with
pristine H-terminated Si NCs. The reaction was carried out
under identical experimental conditions with hydrophobic Si
NCs. We observed instant precipitation of PEGylated H-
terminated Si NCs when introduced into water or Tyrode’s
buffer without forming a stable dispersion. This result suggests
that the acrylic acid surface is crucial for effective surface
functionalization with PEG-400 ligands, yielding stable
dispersions in water and Tyrode’s buffer.

On the basis of the above observations, we postulate that the
hydrophilic nature of the acrylic acid grafted surface enables
better dispersibility in methanol, allowing large initial surface
areas available for PEGylation reaction. To test this hypothesis,
AA-Si NCs with varying surface ligand coverages were
synthesized by adjusting the distance between the powered
electrode and the acrylic acid injection point. This distance was
fixed at 3—4 cm for our typical experiments. Varying the
distance between the electrode and the injection point affects
the electron density where the ligands meet the nanoparticles,
which ultimately influences the ligand grafting reactivity. As
indicated by the decrease of the C=0 absorption at 1700—
1800 cm ™" relative to the SiH, absorption at ~2100 cm™" seen
in Figure 4a, the surface ligand coverage decreases as the
distance from the electrode to the injection point increases. As
shown in Figure 4b, there is also a clear trend between the
electrode-to-injection distance and solvodynamic diameters in
methanol. We observed that the solvodynamic diameters of
AA-Si NCs increased when the electrode-to-injection distance
increased, which suggests a varying degree of acrylic acid
surface functionalization. Furthermore, these results directly
correlate with the hydrodynamic diameters in water after

60

—a—'Si NC in water '

—A— Si NC in Tyrode buffer

—e— Si NC in water 7 days

—4— Si NC in water 7 days,
redispersed in buffer 4

—
Q
~

Percentage
S
o

N
o

10 20 50 100

Hydrodynamic diameter (nm)

(c) 3nm Si, Tyrode buffer

Figure 3. (a) DLS of PEG-Si NCs dispersed in water, Tyrode’s buffer, water after 7 days, and water for 7 days and then redispersed in Tyrode’s
buffer, each at 0.5 mg/mL. TEM of PEG grafted Si NCs dispersed in water (b) and buffer (c).

107

https://doi.org/10.1021/acsabm.1c00885
ACS Appl. Bio Mater. 2022, 5, 105—112


https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00885/suppl_file/mt1c00885_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

(a) C-H SiHO-c=0Si-b-si] (b)
40 - —s—3 cm
—A—4cm
6 cm % .(: N 5cm
€ —=—6cm
8 20 . \\
[}
a L]
~ ] 5cm A
3 / \\}o\
s LA ey,
] 10 20 50 100
s Solvodynamic diameter (nm)
Qo
5 ()
2| 4cm 40 . ——3cm
< —a—4.cm
I3 A —e—5cm
g ] m,—"—6cm
8 20 / \\
3cm a \ '\
I\
1
A\,
: ) ) 0 00 N X
4000 3000 2000 1000 20 50 100 200

Wavenumber (cm™) Hydrodynamic diameter (nm)

Figure 4. Effect of varying the electrode-to-ligand injection distances
at 3, 4, S, and 6 cm. (a) FTIR spectra of as-synthesized, acrylic acid
grafted Si NCs. (b) Solvodynamic diameters of samples dispersed in
methanol at 1 mg/mL. (c) Hydrodynamic diameters of these samples
after PEGylation and dispersion in water, each at 0.5 mg/mL.

PEGylation reaction (Figure 4c). As the solvodynamic
diameters in methanol range from 16 + 4 nm for the 3 cm
sample to 27 + 6 nm for the 6 cm sample, the hydrodynamic
diameters in water after PEG functionalization vary from 24 +
6 nm to 56 + 14 nm. These results confirm that acrylic acid
grafting enables a better dispersion in methanol, which will
directly affect the PEGylation reaction and hydrodynamic
diameters in water.

Near-infrared (NIR) optical imaging offers improved
contrast and depth of tissue penetration by reducing photon
scattering, lowering tissue absorption, and minimizing

autofluorescence in the NIR window."”” We examined the
optical properties of PEGylated AA-Si NCs for their potential
viability as bioimaging molecules. While PEGylated Si NCs in
water exhibit PL centered at 775 nm with a photoluminescence
quantum yield (PLQY) of 6% (Figure Sa), they exhibit PL at
775 nm with a PLQY of ~1% in Tyrode’s buffer. Figure Sb—e
shows the evolution of PL, PLQY, and peak wavelength of
PEGylated AA-Si NCs in water (Figure Sb—d) and Tyrode’s
buffer (Figure Se). As shown in Figure Sd,e, the PL wavelength
maxima blueshift and the PLQY increases over time in both
water and Tyrode’s buffer. The continued PLQY increase
coupled with PL maxima blue shift indicate surface oxidation
and effective passivation of the Si NCs with an oxide layer.
However, PLQY of PEGylated AA-Si NCs are significantly
different in water and Tyrode’s buffer as they exhibit a 30%
PLQY in water after 7 days and only 6% PLQY in the Tyrode’s
buffer. In addition, discoloration was observed in PEGylated
AA-Si NC dispersion in the Tyrode’s buffer, indicating a
significant degradation of the Si NCs due to particle oxidation
or dissolution. The degraded PLQY is presumed to originate
from charge transfer processes to the ions present in the
buffer.*® Electrolytes are also known to accelerate the
dissolution of silicon oxide’”*® and thus remove the
passivating oxide shell and create defects. As can be observed
in Figure 5d,e, the PL maxima blueshift occurs much faster in
Tyrode’s buffer than in water, indicating more rapid oxidation
in the buffer. The PL spectra of PEGylated AA-Si NCs in water
exhibit Gaussian profiles with the fwhm’s remaining relatively
constant at ~175 nm (Figure 5f).

Aged PEGylated AA-Si NCs in water exhibit higher PLQY
that can be ascribed to the formation of a protective oxide shell
that develops an enhanced stability against PL quenching and
oxidation. In order to explore the colloidal stability and PL
behavior of aged and oxidized PEGylated AA-Si NCs in
Tyrode’s buffer, we took a dried sample of PEGylated AA-Si
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Figure S. (a) Initial photoluminescence spectra of PEGylated AA-Si NCs in water and Tyrode’s buffer. (b) Photoluminescence spectra of PEG-Si
NCs dispersed in water for 0 to 7 days. The spectra are normalized with respect to the absorption measured in an integrating sphere.
Photoluminescence quantum yield (c) and peak wavelength (d,e) of PEGylated AA-Si NCs dispersed in water or buffer for 0 to 10 days. (f)

Evolution of the full width at half-maximum (fwhm) in water.
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e

NCs that was oxidized in water for 7 days and then redispered
in Tyrode’s buffer. These aged particles have a hydrodynamic
diameter of 36 + 7 nm in water and show 30% PLQY at 713
nm. Upon redispersing these aged particles in Tyrode’s buffer,
the particles form a clear dispersion with a hydrodynamic
diameter of 31 + 6 nm (Figure 3a). The PLQY dropped to
14%, which is a 53% reduction compared to that in water,
while the emission peak and shape remain similar (Figure 6a).
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Figure 6. Degradation of 7-day oxidized PEG-Si NCs in Tyrode’s
buffer at 22 °C. (a) Absorption and photoluminescence spectra and
(b) time-resolved photoluminescence of PEG-Si NCs before and after
dispersion in Tyrode’s buffer for 0, 1, and 24 h, respectively. The inset
shows a picture of the sample in Tyrode’s buffer under ambient light
and UV irradiation.

This result indicates that PL quenching from ions is still
substantial regardless of a surface oxide layer. After an hour of
dispersion, the PLQY is further reduced to 6%, and this value
remained constant until 24 h after dispersion. While the PLQY
remains similar during the 1 to 24 h period, the total number
of effective Si NC emitters decreased, as is shown by the
reduced absorbance in Figure 6a and the solution color shown
in the Figure 6b inset. However, the concentration of emitters
is still substantial as indicated by the absorbance after 24 h.
Time-resolved photoluminescence (TRPL) measurements also
support that the quenching of PL occurs at a relatively fast
time scale, while the number of effective emitters continues to
drop after 1 h. The decay lifetime 7 and dispersion factor
reduced from 7 = 91 us, § = 0.82 in water to 7 = 75 us, f =
0.79 upon dispersion into Tyrode’s buffer, while the
parameters after 1 and 24 h remains similar, being 7 = 64.7
us, f=0.77 and 7 = 64.5 us, f = 0.77, respectively. The DLS,
PLQY, UV—vis, and TRPL measurements suggest that these
PEG-Si NCs remain colloidally stable and emitting for at least
24 h, which is attractive for bioimaging applications.

The above-described synthesis and functionalization scheme
can be conveniently adjusted to achieve size-tuning. While Si
NCs with 3 nm crystalline core were primarily characterized, Si
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NCs with a 4 nm core size were also synthesized and
investigated. Similarly, a transparent solution can be formed in
water and buffer, with hydrodynamic diameters of 23 + 6 nm
and 31 + 7 nm, respectively (Figure S4). During 7 days of
dispersion in water, the PLQY increased from 2% at 870 nm to
26% at 838 nm (Figure SS).

The acrylic acid grafted Si NCs after PEGylation exhibit
excellent dispersibility and red photoluminescence in a
biological buffer. These characteristics indicate that PEGylated
acrylic acid grafted Si NCs would be suitable for bioimaging
applications if they have low cytotoxicity. Hence, we evaluated
the cell-level toxicity of PEGylated AA-Si NCs using the MDA-
MB-231 cell line. Figure 7 shows the cell viability for cells
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Figure 7. Viability of MDA-MB-231 cells exposed to PEGylated AA-
Si NCs at 0, 3, 30, and 300 pg/mL after 24 and 72 h.

incubated with Si NCs at three concentrations after 24 and 72
h, respectively. For Si NC concentrations of 3 yg/mL and 30
pug/mL, the cell viability remains higher than 90% after both 1-
day and 3-day incubation. For the highest concentration, 300
ug/mL, the cell viability is at ~70% after 24 h. However, after
72 h of incubation, significant cell death is observed with the
cell viability < 5%. These results were further corroborated
using the bright-field images (Figure S6). As shown in Figure
S6, after 72 h of incubation, high numbers of live and healthy
cells can be observed at both 3 and 30 ug/mL concentrations,
whereas for the highest concentration, 300 yg/mL, most of the
cells are observed to be dead. These results indicate that the
MDA-MB-231 are tolerant of PEGylated AA-Si NCs up to at
least 30 pg/mL for relatively long-time exposure (72 h). At
concentrations between 30 to 300 ug/mL, the cells can
possibly retain relatively high viability under shorter-term
exposure to Si NCs (~24 h).

The toxicity of Si NCs is highly dependent on their surface
group, surface charges, and oxidative stress.*”*° The measured
toxicity concentration threshold (30 to 300 pg/mL) for
PEGylated AA-Si NCs is consistent with that from a recent
investigation on amphiphilic Si NCs using PEG surface
functionalization®® but lower compared to Si NCs before
surface functionalization.”’ The toxicity concentrations corre-
spond to an ICg, value of >107* nM, where ICy, is defined as
the exposure concentration for 50% cell death after 24 h.
Compared with previous values reported in the literature, this
ICso value is about 80% higher than that of cadmium-
containing quantum dots and other quantum dots,>*
demonstrating that the acrylic acid grafted and PEGylated Si
NCs are relatively nontoxic. It should be noted that these
studies were performed using different cell types, cell
concentrations, and assay types, which can all affect the results
of toxicity evaluation.
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B CONCLUSIONS

We have successfully prepared NIR emitting, water, and
Tyrode’s buffer dispersible Si NCs through a combination of
gas phase and colloidal synthesis. The acrylic acid grafted and
PEGylated Si NCs exhibit PL with a maximum peak
wavelength at ~700 nm and PLQYs of ~30% and ~14% in
water and Tyrode’s buffer, respectively. Compared to other
synthetic approaches, our entire synthetic process occurs at
room temperature with minimal amount of solvent and
without additional postsynthetic steps or catalysts. While we
demonstrate that acrylic acid grafted Si NCs can be
synthesized in an all-gas-phase setup on a time scale of 10
ms, these particles exhibit low stability and negligible PL in
biological buffer. Nevertheless, the acrylic acid grafted Si NCs
enable better dispersibility in methanol and undergo
PEGylation under room temperature to form stable dispersions
in water and Tyrode’s buffer with NIR emission, which makes
them a worthy candidate for biological imaging. The cell
toxicity of acrylic acid grafted Si NCs after PEGylation is
evaluated with the MDA-MB-231 cell line, and it is found that
the MDA-MB-231 are tolerant of PEGylated AA-Si NCs up to
at least 30 ug/mL for 72 h.

B EXPERIMENTAL SECTION
Synthesis of Acrylic Acid Grafted Si NCs. Acrylic acid

functionalized Si NCs were synthesized in a nonthermal plasma
reactor similar to the ones in previous works.””** The reactor consists
of a 0.5 cm inner diameter borosilicate tube which expands to 2 cm.
Ten to thirty standard cubic centimeters per minute (sccm) of argon
and 14 sccm of silane (5% in helium) mixture were flowed through
the tube, while the acrylic acid was injected as vapor through a
bubbler into the plasma afterglow. Fifty standard cubic centimeters
per minute of argon was used as the carrier gas for the bubbler, and
the bubbler pressure was held at ~25 Torr. The plasma was generated
by applying radio frequency (13.65 MHz) power to a pair of copper
ring electrodes with a nominal power of 60 W. The powered electrode
was fixed at 3—4 cm upstream of the acrylic acid injection port unless
specified otherwise. The pressure in the plasma region was held at
~1.4 Torr. Particles were collected downstream of the plasma using a
fine stainless steel mesh.

PEGylation of Acrylic Acid Grafted Si NCs. Acrylic acid
functionalized Si NCs collected for 30 min were dispersed in a
mixture of 0.5 mL polyethelyne glycol (PEG-OH) 400 (BioChemica,
molecular weight 380—420) and 5 mL methanol. By bypassing acrylic
acid injection during the synthesis, we estimated the mass of the core
Si NCs to be ~5 mg. The nanoparticles formed a clear dispersion in
the PEG-OH/methanol mixture by briefly shaking the container by
hand. Methanol was then evaporated by flowing nitrogen over the
solution, and the AA-Si NCs and PEG-OH mixture (S mg Si NCs:0.5
mL PEG-OH) were kept at room temperature for 72 h. For
purification, 1 mg Si NCs was dispersed in 0.5 mL DI water, and
excess PEG was removed using an Amicon 3 kDa MWCO centrifuge
filtration unit (Sigma-Aldrich, Z677094) at 12000 rpm for 60 min and
repeated twice. The Si NCs were then redispersed in 0.2 mL
methanol prior to FT-IR measurements.

Si NC Characterization. The nanoparticles were characterized
with FT-IR, XPS, zeta potential measurements, DLS, and TEM. FT-
IR was performed with a Bruker Alpha spectrometer with the
attenuated total reflection (ATR) single reflective module in a
nitrogen-filled glovebox. Samples dissolved in methanol were drop-
cast and allowed to dry on the ATR crystal, and 20 scans were taken
for each measurement at 2 cm™" resolution. XPS was taken with a PHI
Versa Probe III XPS and ultraviolet photoelectron spectroscopy
(UPS) system. Nanoparticles were drop-cast and allowed to dry to
form a film. Zeta potential measurements were taken with a Stabino
Zeta potential analyzer.
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PLQY was measured with an integrating sphere setup that was
previously described.”* The excitation source is a LED centered at
395 nm, and the PL spectra were collected by an OceanOptics
USB2000 spectrometer calibrated to an OceanOptics HL-3 Plus lamp.
TRPL measurements were taken with a Horiba DeltaFlex TCSPC
Lifetime Fluorometer. The excitation source is a 407 nm laser with a
delay time of 13 us.

UV—vis measurements were carried out with a Cary 7000 UV—vis
spectrophotometer.

Toxicity of PEGylated AA-Si NCs. The toxicity of PEGylated
AA-Si NCs was evaluated using the MDA-MB-231 cell line and Cell
Counting Kit 8 (WST-8, Abcam). MDA-MB-231 cells were cultured
in a transparent 96-well plate (Thermofisher) at 7500 cells per well.
The plate was then placed in a 37 °C incubator with 5% CO,. After 18
h, media was removed from each well, and 100 yL media containing
the appropriate concentration of Si NCs, or without Si NCs as the
control group, was added to the wells. The cells were then incubated
with the Si NCs for 1 and 3 days. After 24 h, 10 4L of WST-8 solution
was added to the wells. After 4 h of incubation in a 37 °C incubator,
the absorbance at 460 nm was measured for those wells. The plate
was then returned to a 37 °C incubator. After 72 h, the cells were
tested again where the WST-8 solution was added to the remaining
wells, and absorbance was measured after 4 h of incubation.

The absorbance was measured with a TECAN Infinite M200
spectrophotometer and normalized against the values for media with
just Si NCs. Cell viability was determined using the ratio of
absorbances for experimental conditions (cells with Si NCs) to cells
with media only.

B ASSOCIATED CONTENT
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Additional characterization, including XRD, XPS, DLS
of the acrylic acid grafted, 3 nm Si NCs, and TEM, and
PL evolution of 4 nm Si NCs, and bright-field
microscopic images of MDA-MB-231 cells incubated
with PEGylated AA-Si NCs.

B AUTHOR INFORMATION

Corresponding Author
Uwe R. Kortshagen — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; ©® orcid.org/0000-0001-5944-3656;
Email: kortshagen@umn.edu

Authors

Zhaohan Li — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; ©® orcid.org/0000-0002-8155-7243

Advitiya Mahajan — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 554585,
United States

Himashi P. Andaraarachchi — Department of Mechanical
Engineering, University of Minnesota, Minneapolis,
Minnesota 55455, United States; ® orcid.org/0000-0001-
9736-1088

Yeonjoo Lee — Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States; © orcid.org/0000-0003-2096-5160

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsabm.1c00885

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acsabm.1c00885
ACS Appl. Bio Mater. 2022, 5, 105—112


https://pubs.acs.org/doi/10.1021/acsabm.1c00885?goto=supporting-info
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+R.+Kortshagen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5944-3656
mailto:kortshagen@umn.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaohan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8155-7243
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Advitiya+Mahajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Himashi+P.+Andaraarachchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9736-1088
https://orcid.org/0000-0001-9736-1088
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yeonjoo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2096-5160
https://pubs.acs.org/doi/10.1021/acsabm.1c00885?ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

B ACKNOWLEDGMENTS

This work was supported by the National Institute of Health
under Award R01DA045549. XRD, XPS, and TEM were
carried out in the Characterization Facility, University of
Minnesota, which receives partial support from NSF through
the MRSEC program Award DMR-2011401. Portions of this
work were conducted in the Minnesota Nano Center, which is
supported by the National Science Foundation through the
National Nano Coordinated Infrastructure (NNCI) Network
under Award ECCS-2025124.

B REFERENCES

(1) Singh, R; Lillard, J. W, Jr Nanoparticle-based targeted drug
delivery. Exp. Mol. Pathol. 2009, 86, 215—223.

(2) Slowing, L. L; Trewyn, B. G.; Giri, S.; Lin, V.-Y. Mesoporous
silica nanoparticles for drug delivery and biosensing applications. Adv.
Funct. Mater. 2007, 17, 1225—1236.

(3) Sharma, P.; Brown, S.; Walter, G.; Santra, S.; Moudgil, B.
Nanoparticles for bioimaging. Adv. Colloid Interface Sci. 2006, 123,
471—48S.

(4) Wolfbeis, O. S. An overview of nanoparticles commonly used in
fluorescent bioimaging. Chem. Soc. Rev. 2015, 44, 4743—4768.

(8) Xiao, L.; Gu, L.; Howell, S. B.; Sailor, M. J. Porous silicon
nanoparticle photosensitizers for singlet oxygen and their photo-
toxicity against cancer cells. ACS Nano 2011, S, 3651—3659.

(6) Bhattacharjee, S.; Rietjens, I. M.; Singh, M. P.; Atkins, T. M,;
Purkait, T. K.; Xu, Z.; Regli, S.; Shukaliak, A.; Clark, R. J.; Mitchell, B.
S.; Alink, G. M,; Marcelis, A. T. M,; Fink, M. J; Veinot, J. G. C;
Kauzlarich, S. M.; Zuilhof, H. Cytotoxicity of surface-functionalized
silicon and germanium nanoparticles: the dominant role of surface
charges. Nanoscale 2013, 5, 4870—4883.

(7) Bimbo, L. M.; Sarparanta, M.; Santos, H. A; Airaksinen, A. J.;
Makila, E.; Laaksonen, T.; Peltonen, L.; Lehto, V.-P.; Hirvonen, J.;
Salonen, J. Biocompatibility of thermally hydrocarbonized porous
silicon nanoparticles and their biodistribution in rats. ACS Nano 2010,
4, 3023—3032.

(8) Park, J.-H.; Gu, L.; Von Maltzahn, G.; Ruoslahti, E.; Bhatia, S.
N,; Sailor, M. J. Biodegradable luminescent porous silicon nano-
particles for in vivo applications. Nat. Mater. 2009, 8, 331—336.

(9) English, D. S.; Pell, L. E; Yu, Z.; Barbara, P. F.; Korgel, B. A. Size
tunable visible luminescence from individual organic monolayer
stabilized silicon nanocrystal quantum dots. Nano Lett. 2002, 2, 681—
685.

(10) Kang, Z.; Liu, Y.; Tsang, C. H. A;; Ma, D. D. D.; Fan, X.; Wong,
N.-B;; Lee, S.-T. Water-soluble silicon quantum dots with wavelength-
tunable photoluminescence. Adv. Mater. 2009, 21, 661—664.

(11) Yin, L,; Bozler, C.; Harburg, D. V.; Omenetto, F.; Rogers, J. A.
Materials and fabrication sequences for water soluble silicon
integrated circuits at the 90 nm node. Appl. Phys. Lett. 2015, 106,
014108S.

(12) Canham, L. T. Bioactive silicon structure fabrication through
nanoetching techniques. Adv. Mater. 1995, 7, 1033—1037.

(13) Liu, J; Yu, M.; Zhou, C.; Zheng, J. Renal clearable inorganic
nanoparticles: a new frontier of bionanotechnology. Mater. Today
2013, 16, 477—486.

(14) Henderson, E. J.; Shuhendler, A. J.; Prasad, P.; Baumann, V.;
Maier-Flaig, F.; Faulkner, D. O.; Lemmer, U,; Wu, X. Y,; Ozin, G. A.
Colloidally Stable Silicon Nanocrystals with Near-Infrared Photo-
luminescence for Biological Fluorescence Imaging. Small 2011, 7,
2507-2516.

(15) Erogbogbo, F.; Yong, K-T.; Roy, I; Xu, G; Prasad, P. N;
Swihart, M. T. Biocompatible luminescent silicon quantum dots for
imaging of cancer cells. ACS Nano 2008, 2, 873—878.

(16) Erogbogbo, F.; Yong, K.-T.; Roy, I; Hu, R;; Law, W.-C.; Zhao,
W.; Ding, H.; Wu, F.; Kumar, R.; Swihart, M. T.; Prasad, P. N. In vivo
targeted cancer imaging, sentinel lymph node mapping and multi-

11

channel imaging with biocompatible silicon nanocrystals. ACS Nano
2011, S, 413—423.

(17) Li, Z.; Ruckenstein, E. Water-soluble poly (acrylic acid) grafted
luminescent silicon nanoparticles and their use as fluorescent
biological staining labels. Nano Lett. 2004, 4, 1463—1467.

(18) Sato, S.; Swihart, M. T. Propionic-acid-terminated silicon
nanoparticles: synthesis and optical characterization. Chem. Mater.
2006, 18, 4083—4088.

(19) He, Y,; Kang, Z.-H.; Li, Q.-S.; Tsang, C. H. A.; Fan, C.-H; Lee,
S.-T. Ultrastable, Highly Fluorescent, and Water-Dispersed Silicon-
Based Nanospheres as Cellular Probes. Angew. Chem., Int. Ed. 2009,
48, 128—132.

(20) Warner, J. H.; Hoshino, A.; Yamamoto, K; Tilley, R. D. Water-
soluble photoluminescent silicon quantum dots. Angew. Chem., Int. Ed.
2005, 44, 4550—4554.

(21) Cheng, X; Hinde, E.; Owen, D. M.; Lowe, S. B,; Reece, P. J;
Gaus, K;; Gooding, J. J. Enhancing quantum dots for bioimaging using
advanced surface chemistry and advanced optical microscopy:
application to silicon quantum dots (SiQDs). Adv. Mater. 2015, 27,
6144—6150.

(22) Pujari, S. P.; Driss, H.; Bannani, F.; van Lagen, B.; Zuilhof, H.
One-pot gram-scale synthesis of hydrogen-terminated silicon nano-
particles. Chem. Mater. 2018, 30, 6503—6512.

(23) Rogozhina, E. V.; Eckhoff, D. A; Gratton, E.; Braun, P. V.
Carboxyl functionalization of ultrasmall luminescent silicon nano-
particles through thermal hydrosilylation. J. Mater. Chem. 2006, 16,
1421-1430.

(24) Chen, K. K; Mastronardi, M. L.; Kiibel, C.; Ozin, G. A. Size-
Selective Separation and Purification of “Water-Soluble” Organically
Capped Brightly Photoluminescent Silicon Nanocrystals. Part. Part.
Syst. Charact. 2015, 32, 301—306.

(25) Pfeiffer, C.; Rehbock, C.; Hiihn, D.; Carrillo-Carrion, C.; de
Aberasturi, D. J.; Merk, V.; Barcikowski, S.; Parak, W. J. Interaction of
colloidal nanoparticles with their local environment: the (ionic)
nanoenvironment around nanoparticles is different from bulk and
determines the physico-chemical properties of the nanoparticles. J. R.
Soc,, Interface 2014, 11, 20130931.

(26) Mangolini, L.; Kortshagen, U. Plasma-assisted synthesis of
silicon nanocrystal inks. Adv. Mater. 2007, 19, 2513—2519.

(27) Li, Z.; Kortshagen, U. R. Aerosol-phase synthesis and
processing of luminescent silicon nanocrystals. Chem. Mater. 2019,
31, 8451—8458.

(28) Clark, R. J.; Dang, M. K; Veinot, J. G. Exploration of organic
acid chain length on water-soluble silicon quantum dot surfaces.
Langmuir 2010, 26, 15657—15664.

(29) Bywalez, R.; Karacuban, H.; Nienhaus, H.; Schulz, C.; Wiggers,
H. Stabilization of mid-sized silicon nanoparticles by functionalization
with acrylic acid. Nanoscale Res. Lett. 2012, 7, 76.

(30) Celebi, S.; Erdamar, A. K.; Sennaroglu, A.; Kurt, A.; Acar, H. Y.
Synthesis and characterization of poly (acrylic acid) stabilized
cadmium sulfide quantum dots. J. Phys. Chem. B 2007, 111,
12668—12675.

(31) Jans, H,; Jans, K; Lagae, L.; Borghs, G.; Maes, G.; Huo, Q. Poly
(acrylic acid)-stabilized colloidal gold nanoparticles: synthesis and
properties. Nanotechnology 2010, 21, 455702.

(32) Harris, J. M;; Martin, N. E; Modi, M. Pegylation. Clin.
Pharmacokinet. 2001, 40, 539—551.

(33) Euliss, L. E.; DuPont, J. A; Gratton, S.; DeSimone, J. Imparting
size, shape, and composition control of materials for nanomedicine.
Chem. Soc. Rev. 2006, 35, 1095—1104.

(34) Joralemon, M. J.; McRae, S.; Emrick, T. PEGylated polymers
for medicine: from conjugation to self-assembled systems. Chem.
Commun. 2010, 46, 1377—1393.

(35) Howard, M. D.; Jay, M.; Dziubla, T. D.; Lu, X. PEGylation of
nanocarrier drug delivery systems: state of the art. J. Biomed.
Nanotechnol. 2008, 4, 133—148.

(36) Islam, M. A,; Sinelnikov, R.; Howlader, M. A.; Faramus, A.;
Veinot, J. G. Mixed Surface Chemistry: An Approach to Highly

https://doi.org/10.1021/acsabm.1c00885
ACS Appl. Bio Mater. 2022, 5, 105—112


https://doi.org/10.1016/j.yexmp.2008.12.004
https://doi.org/10.1016/j.yexmp.2008.12.004
https://doi.org/10.1002/adfm.200601191
https://doi.org/10.1002/adfm.200601191
https://doi.org/10.1016/j.cis.2006.05.026
https://doi.org/10.1039/C4CS00392F
https://doi.org/10.1039/C4CS00392F
https://doi.org/10.1021/nn1035262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1035262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1035262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3nr34266b
https://doi.org/10.1039/c3nr34266b
https://doi.org/10.1039/c3nr34266b
https://doi.org/10.1021/nn901657w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn901657w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat2398
https://doi.org/10.1038/nmat2398
https://doi.org/10.1021/nl025538c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl025538c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl025538c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200801642
https://doi.org/10.1002/adma.200801642
https://doi.org/10.1063/1.4905321
https://doi.org/10.1063/1.4905321
https://doi.org/10.1002/adma.19950071215
https://doi.org/10.1002/adma.19950071215
https://doi.org/10.1016/j.mattod.2013.11.003
https://doi.org/10.1016/j.mattod.2013.11.003
https://doi.org/10.1002/smll.201100845
https://doi.org/10.1002/smll.201100845
https://doi.org/10.1021/nn700319z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn700319z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1018945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1018945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1018945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0492436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0492436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0492436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm060750t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm060750t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200802230
https://doi.org/10.1002/anie.200802230
https://doi.org/10.1002/anie.200501256
https://doi.org/10.1002/anie.200501256
https://doi.org/10.1002/adma.201503223
https://doi.org/10.1002/adma.201503223
https://doi.org/10.1002/adma.201503223
https://doi.org/10.1021/acs.chemmater.8b03113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b509868h
https://doi.org/10.1039/b509868h
https://doi.org/10.1002/ppsc.201400185
https://doi.org/10.1002/ppsc.201400185
https://doi.org/10.1002/ppsc.201400185
https://doi.org/10.1098/rsif.2013.0931
https://doi.org/10.1098/rsif.2013.0931
https://doi.org/10.1098/rsif.2013.0931
https://doi.org/10.1098/rsif.2013.0931
https://doi.org/10.1002/adma.200700595
https://doi.org/10.1002/adma.200700595
https://doi.org/10.1021/acs.chemmater.9b02743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102983c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102983c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1556-276X-7-76
https://doi.org/10.1186/1556-276X-7-76
https://doi.org/10.1021/jp0739420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0739420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0957-4484/21/45/455702
https://doi.org/10.1088/0957-4484/21/45/455702
https://doi.org/10.1088/0957-4484/21/45/455702
https://doi.org/10.2165/00003088-200140070-00005
https://doi.org/10.1039/b600913c
https://doi.org/10.1039/b600913c
https://doi.org/10.1039/b920570p
https://doi.org/10.1039/b920570p
https://doi.org/10.1166/jbn.2008.021
https://doi.org/10.1166/jbn.2008.021
https://doi.org/10.1021/acs.chemmater.8b04227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

Luminescent Biocompatible Amphiphilic Silicon Nanocrystals. Chem.
Mater. 2018, 30, 8925—8931.

(37) Sudeep, P.; Page, Z.; Emrick, T. PEGylated silicon nano-
particles: synthesis and characterization. Chem. Commun. 2008,
6126—6127.

(38) Das, P.; Jana, N. R. Highly colloidally stable hyperbranched
polyglycerol grafted red fluorescent silicon nanoparticle as bioimaging
probe. ACS Appl. Mater. Interfaces 2014, 6, 4301—4309.

(39) Xu, Z;; Li, Y,; Zhang, B.; Purkait, T.; Alb, A,; Mitchell, B. S;
Grayson, S. M.; Fink, M. J. Water-soluble PEGylated silicon
nanoparticles and their assembly into swellable nanoparticle
aggregates. ]. Nanopart. Res. 20185, 17, 56.

(40) Greenhagen, J. R;; Andaraarachchi, H. P.; Li, Z.; Kortshagen, U.
R. Synthesis of PEG-grafted boron doped Si nanocrystals. J. Chem.
Phys. 2019, 151, 211103.

(41) Michalak, D. J.; Rivillon, S.; Chabal, Y. J.; Esteve, A.; Lewis, N.
S. Infrared spectroscopic investigation of the reaction of hydrogen-
terminated, (111)-oriented, silicon surfaces with liquid methanol. J.
Phys. Chem. B 2006, 110, 20426—20434.

(42) Carton, O.; Ben Salem, D.; Bhatt, S.; Pulpytel, J.; Arefi-
Khonsari, F. Plasma polymerization of acrylic acid by atmospheric
pressure nitrogen plasma jet for biomedical applications. Plasma
Processes Polym. 2012, 9, 984—993.

(43) Rossini, P.; Colpo, P.; Ceccone, G.; Jandt, K; Rossi, F. Surfaces
engineering of polymeric films for biomedical applications. Mater. Sci.
Eng, C 2003, 23, 353—358.

(44) Hommel, H.; Facchini, L.; Legrand, A.; Lecourtier, J. Mobility
of spin labeled poly (ethylene oxide) chains grafted on silica. Eur.
Polym. J. 1978, 14, 803—806.

(45) Weissleder, R. A clearer vision for in vivo imaging. Nat.
Biotechnol. 2001, 19, 316—317.

(46) Wang, J.; Wang, D.; Miller, E. K,; Moses, D.; Bazan, G. C;
Heeger, A. ]. Photoluminescence of water-soluble conjugated
polymers: origin of enhanced quenching by charge transfer.
Macromolecules 2000, 33, 5153—5158.

(47) Dove, P. M.; Han, N.; De Yoreo, J. J. Mechanisms of classical
crystal growth theory explain quartz and silicate dissolution behavior.
Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 15357—15362.

(48) Dove, P. M.; Han, N.; Wallace, A. F.; De Yoreo, J. J. Kinetics of
amorphous silica dissolution and the paradox of the silica polymorphs.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 9903—9908.

(49) Ruizendaal, L.; Bhattacharjee, S.; Pournazari, K.; Rosso-Vasic,
M.,; de Haan, L. H,; Alink, G. M,; Marcelis, A. T.; Zuilhof, H.
Synthesis and cytotoxicity of silicon nanoparticles with covalently
attached organic monolayers. Nanotoxicology 2009, 3, 339—347.

(50) Bhattacharjee, S.; de Haan, L. H; Evers, N. M,; Jiang, X;
Marcelis, A. T.; Zuilhof, H.; Rietjens, I. M,; Alink, G. M. Role of
surface charge and oxidative stress in cytotoxicity of organic
monolayer-coated silicon nanoparticles towards macrophage
NR8383 cells. Part. Fibre Toxicol. 2010, 7, 1—12.

(51) Pramanik, S.; Hill, S. K.; Zhi, B.; Hudson-Smith, N. V.; Wu, J.
J; White, J. N.; McIntire, E. A,; Kondeti, V. S. K; Lee, A. L;
Bruggeman, P. J.; Kortshagen, U. R.; Haynes, C. L. Comparative
toxicity assessment of novel Si quantum dots and their traditional Cd-
based counterparts using bacteria models Shewanella oneidensis and
Bacillus subtilis. Environ. Sci.: Nano 2018, 5, 1890—1901.

(52) Oh, E.; Liu, R; Nel, A; Gemill, K. B,; Bilal, M.; Cohen, Y.;
Medintz, 1. L. Meta-analysis of cellular toxicity for cadmium-
containing quantum dots. Nat. Nanotechnol. 2016, 11, 479.

(53) Anthony, R. J; Cheng, K-Y.; Holman, Z. C.; Holmes, R. J;
Kortshagen, U. R. An all-gas-phase approach for the fabrication of
silicon nanocrystal light-emitting devices. Nano Lett. 2012, 12, 2822—
2828S.

(54) Mangolini, L.; Jurbergs, D.; Rogojina, E.; Kortshagen, U.
Plasma synthesis and liquid-phase surface passivation of brightly
luminescent Si nanocrystals. J. Lumin. 2006, 121, 327—334.

112

https://doi.org/10.1021/acsabm.1c00885
ACS Appl. Bio Mater. 2022, 5, 105—112


https://doi.org/10.1021/acs.chemmater.8b04227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b813025f
https://doi.org/10.1039/b813025f
https://doi.org/10.1021/am406061x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am406061x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am406061x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11051-015-2869-9
https://doi.org/10.1007/s11051-015-2869-9
https://doi.org/10.1007/s11051-015-2869-9
https://doi.org/10.1063/1.5128608
https://doi.org/10.1021/jp0624303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0624303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ppap.201200044
https://doi.org/10.1002/ppap.201200044
https://doi.org/10.1016/S0928-4931(02)00286-2
https://doi.org/10.1016/S0928-4931(02)00286-2
https://doi.org/10.1016/0014-3057(78)90177-5
https://doi.org/10.1016/0014-3057(78)90177-5
https://doi.org/10.1038/86684
https://doi.org/10.1021/ma000081j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma000081j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0507777102
https://doi.org/10.1073/pnas.0507777102
https://doi.org/10.1073/pnas.0803798105
https://doi.org/10.1073/pnas.0803798105
https://doi.org/10.3109/17435390903288896
https://doi.org/10.3109/17435390903288896
https://doi.org/10.1186/1743-8977-7-25
https://doi.org/10.1186/1743-8977-7-25
https://doi.org/10.1186/1743-8977-7-25
https://doi.org/10.1186/1743-8977-7-25
https://doi.org/10.1039/C8EN00332G
https://doi.org/10.1039/C8EN00332G
https://doi.org/10.1039/C8EN00332G
https://doi.org/10.1039/C8EN00332G
https://doi.org/10.1038/nnano.2015.338
https://doi.org/10.1038/nnano.2015.338
https://doi.org/10.1021/nl300164z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl300164z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jlumin.2006.08.068
https://doi.org/10.1016/j.jlumin.2006.08.068
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

