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ABSTRACT: Stable and brightly luminescent amine-termi-
nated Si nanoparticles (SiNPs) have been synthesized from
electrochemically etched porous silicon (PSi). The surface
amine termination was confirmed by FTIR, NMR, and XPS
studies. The mean diameter of the crystal core of 4.6 nm was
measured by transmission electron microscopy (TEM), which
is in a good agreement with the size obtained by dynamic light
scattering (DLS). The dry, amine-terminated product can be
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obtained from bulk silicon wafers in less than 4 h. This represents a significant improvement over similar routines using PSi
where times of >10 h are common. The emission quantum yield was found to be about 22% and the nanoparticles exhibited an
exceptional stability over a wide pH range (4—14). They are resistant to aging over several weeks. The amine-terminated SiNPs
showed no significant cytotoxic effects toward HepG2 cells, as assessed with MTT assays.
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1. INTRODUCTION

Over the last 20 years, silicon nanoparticles (SiNPs), or
“quantum dots” (QDs), have attracted tremendous interest
from the scientific community because of their unique
characteristics that differ from those of their bulk counterparts,
such as novel optical, catalytic, electronic, and mechanical
properties.”> At nanometer scales, silicon exhibits visible
photoluminescence (PL) because of the quantum confinement
effect that can be exploited for uses in electronic and photonic
devices.>* Indeed, silicon has several advantages to be an ideal
nanoparticle material such as size-dependent tunable light
emission,””’ high brightness,8 and their great stability against
photobleaching compared to organic dye molecules.”'® These
properties have helped establish silicon-based nanoparticles in a
whole swathe of diagnostic and assay roles as fluorescent
112 purthermore, silicon exhibits a low
inherent toxicity in comparison with the heavy elements of
several other types of semiconductor quantum dots which can
pose significant risks to human health."”~"> The combination of
these properties opens a new avenue of applications of SiNPs
for optoelectronic and bioimaging purposes.'¢™ '8

Silicon is an indirect bandgap material and shows remarkable
changes in its optical properties when the particle diameter is
reduced to less than the bulk Bohr exciton radius (4.6 nm for
silicon).'”?° Silicon nanoparticles can be synthesized by a wide
range of chemical or physical methods, including solution
routes using a variety of reducing agents’"** the micro-
emulsion technique,zo’23 ultrasonic dispersion of electrochemi-

cellular markers.
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cally etched silicon,>**** laser-induced pyrolysis of silane,***”

synthesis in inverse micelles."’ Chemical routes tend to have
higher product yields, though often at the expense of particle
homogeneity and tight size control, while physical routes
generally produce small quantities mainly for physical or
electronic applications. Nanoparticles produced by chemical
routes may also be compatible with the conjugation of
biological molecules at the particle surface.”®

For silicon quantum dots to be employed within biomedical
applications, it is essential that they are water-soluble and
hydrophilic to prevent aggregation and precipitation in a
biological environment, have a substantial photoluminescence
quantum yield in the visible region and a fast radiative
recombination rate. The chemical process used to terminate the
surfaces of the silicon QDs changes the internal electronic
structure and thus plays an important role in the resultant
emission wavelength and radiative lifetime, and ultimately
determines the solubility.”” The visible luminescence from Si
nanocrystals has been attributed to the decay of quantum-
confined excitons,*® as well as decay mechanisms mediated by
surface atoms.®’ The exciton can occur via an energy level
located in the band gap,®” or via energy transfer to a covalently
attached dye with a suitable excitation energy.”> Quantum
confinement and thus the PL emission is controlled by the size
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of the core of the NPs, but because of the high surface to
volume ratio, the chemistry at the NPs” surface also plays a
crucial role.

Here we have demonstrated a simple room-temperature
synthesis of amine-terminated silicon nanoparticles, which are
soluble in water and exhibit strong blue photoluminescence at
room temperature. Here, the nanoparticles are derived from
hydrogen-terminated SiNPs, a common starting material for
that is ideally suited to further functionalization, cleaved from
the porous layer of an electrochemically etched silicon wafer in
hydrofluoric acid (HF) and ethanol in a simple and short
reaction step. This is a key difference from other reported
routines of aminoalkyl-terminated SiNPs which typically
involve an intermediate step via bromination before the final
capping layer is formed and reaction times of upward of at least
10 h3*73¢ Here, a dried powder of nanoparticles can be
obtained in under 4 h, at room temperature, and uses a simple
metallic catalyst which is easily removed and ensures a highly
pure final product. The advantages of using porous silicon as a
starting material lie in the relative simplicity of its preparation,
the high product yields gained, and excluding the necessary
etching fluids, is a relatively environmentally friendly process.
The latter point is of particular concern as the applications of
nanomaterials continue to expand and more people come into
contact with them. Nanoparticles are widely anticipated to find
uses in a growing number of commercial and clinical products
and devices,”” and so health and environmental impact of the
synthesis and handling procedures used is likely to come under
increasing scrutiny.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Amine-Capped SiNPs. A hydrogen-terminated
porous silicon layer was formed by galvanostatic anodization of a
boron-doped p-Si (100) chip (size approximately 1.25 cm X 1.25 cm,
10 Q cm™! resistivity, Compart Technology, Peterborough, UK.) in a
1:1 v/v solution of 48% aqueous HF and ethanol using our modified

Scheme 1. Synthesis of Hydrogen-Terminated Silicon
Nanoparticles Using Porous Silicon

si+ 6HF —2 9o 1 giF, + Hy + np-Si-H + 20" + 2¢”

method as described by Chao et al,®> see Scheme 1. The
electrochemical cell was machined from PTFE and circular in cross-
section (1 cm diameter). The silicon wafer was sealed to the base using
a Viton O-ring. The etching was carried out using a constant current
source (Keithley SourceMeter 2601). A layer of luminescent porous
silicon was made at high current density (at 400 mA cm™ for S min).
The reacted solution was decanted, and the hydrogen-terminated
porous silicon chips were dried under vacuum for 2 h. Amine-
terminated nanoparticles were obtained by reacting the hydrogen-
terminated porous silicon with allylamine (0.5 mL) within a Schlenk
flask under N,, in the presence of 0.05 M H,PtCl, (40 uL) catalyst in
isopropanol. After 30 min of sonication, the resulting reaction mixture
was filtered and dried. The resulting amine-terminated SiNPs were
washed three times with dichloromethane in order to remove the
impurities and dried under vacuum, see Figure S8 in the Supporting
Information. A solid brown powder of the amine-terminated SiNP
product was obtained, see Scheme 2. Thirty milligrams of dry powder
was obtained from each reaction. This powder was redissolved in water
for further characterization. After ultrasonic induced attachment of
amine onto the silicon nanoparticle, the surface dispersed grafted
particles become soluble, highly stable in water and show blue-green
visible photoluminescence when exposed to ultraviolet light.
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Scheme 2. Functionalization of Hydrogen-Terminated
Silicon Nanoparticles Using Allylamine and Catalytic
Amount of Pt Catalyst
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2.2. Size Measurement with TEM and DLS. Transmission
electron microscopy (TEM) studies were performed with a JEOL
(JEM- 2000 Ex) microscope and high-resolution TEM was performed
with a Philips CM200 FEGTEM microscope. TEM samples were
prepared by dipping a carbon-coated 300 mesh copper grid into a
filtered solution of SiNPs in water. The solvent was evaporated and
TEM micrographs were typically taken at different spots of each grid.

Dynamic light scattering (DLS) measurements were recorded using
the Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Samples from
pure amine-terminated silicon nanoparticles were dissolved in water
and the effective diameters were measured at room temperature.

2.3. Surface Chemical Bonding Information by FTIR, NMR,
and XPS. FTIR measurements (Perkin-Elmer FTIR spectrometer)
were carried out using a liquid cell that is made up of calcium chloride.
The sample was dissolved in chloroform and injected into the liquid
cell, and the measurements were then carried out by correcting the
background.

'"H NMR (400 MHz) spectra of samples in D,0 and CDCl; were
recorded on a Varian Unity Inova 400 MHz spectrometer. The fresh
sample was dried under vacuum and redissolved in D,O and CDCl,,
respectively.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a SCIENTA ESCA300 XPS analyzer at the National
Centre for Electron Spectroscopy and Surface Analysis (NCESS),
Daresbury Laboratory, UK.. A few drops of the suspension of SiNPs
in dichloromethane were cast onto a freshly cleaned gold substrate.
The sample was introduced immediately into a nitrogen-filled load-
lock and allowed to dry before being transferred into the instrument
chamber where the base pressure was kept below 1 X 107 mbar. All
spectra were acquired at room temperature in normal emission, and
the energy resolution was kept under 0.4 eV. In all photoemission
spectra, binding energies (BEs) were referenced to the Aud4f,), line
measured on a gold foil in direct electrical contact with the sample,
which was found at a BE of 83 eV.

2.4. Absorption and Luminescence Spectroscopy. Absorption
spectra were recorded in a quartz cuvette (10 X 10 mm), using a
PerkinElmer 35 UV-vis double-beam spectrophotometer. The
recorded spectra were scanned over a 300—700 nm range at a rate
of 900 nm per min and corrected by subtracting the background
contribution from the dispersing solvent.

The PL spectra were collected with a PerkinElmer LSS5
spectrophotometer with an excitation slit width of 10 nm and an
emission slit width set at S nm. The excitation wavelength was fixed at
360 nm. The emission spectra were corrected using the solvent
emission as background.

The quantum yield of the amine-capped SiNPs was calculated with

eq 1
R 2 ( )

Where Q is the quantum yield, grad is the gradient from a plot of
integrated fluorescence intensity against absorbance. The subscript R
refers to the reference fluorophore of known quantum yield. Here
Quinine Sulfate was used as reference, which has a quantum yield of
54.6% when dissolved in IN H,SO, IN (0.5M) H,SO, had a

grad

Q gradR
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Figure 1. (a) TEM image of amine-terminated SiNPs and inset showing a high-resolution TEM image of an individual silicon nanocrystal screening
the crystal lattice planes. (b) Histogram showing size distribution of amine-terminated SiNPs. (c) Dynamic light scattering spectrum displays the size

and distribution of amine-capped silicon nanoparticles in water.

refractive index 7 of 1.346, whereas the refractive index 1 of water was
1.33.

Different pH buffer solutions were prepared using pH 4 tablets and
values were adjusted using 1 M NaOH solutions. For PL
measurements at various pH values, the SiNPs were immersed in
each pH solution for 2 days prior to measurement.

2.5. MTT Assay and Luminescence Staining of HepG2 Cells.
To evaluate the cytotoxicity of synthesized nanoparticles, we
performed an MTT [3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazo-
lium bromide] assay to determine cell proliferation.**™* MTT
measures mitochondrial activity within cells using tetrazolium salts
as mitochondrial dehydrogenase enzymes cleave the tetrazolium ring,
which occurs only in living cells.* Briefly, HepG2 (human liver
hepatocellular carcinoma) cells were seeded in a 96-well plate for 24 h.
Then the cells were treated with amine-capped SiNPs at various
concentrations (0, 1, 5, 10, 50, 100, and 200 pg mL™") for a period of
48 h. All experiments were repeated at least three times. After
incubation the medium was removed and followed by washing the
cells with phosphate buffered saline (PBS). Then, the medium was
changed and incubated with the MTT solution (S mg mL™") for 2 h.
The medium was removed, and formazan was solubilized in
dimethylsulfoxide (DMSO). The absorbance was recorded on a
microplate reader at the wavelength of 540 nm. The percentage of
viable cells was estimated by direct comparison against the untreated
control cells.

To prepare slides for confocal microscope imaging, HepG2 cells
were seeded in a 35 mm Petri dish containing one slide each (density 1
x 10°) in day 1. Amine-capped SiNPs (100 yug mL™") were added in
day 3 (cells reach 50% confluence). The slides were incubated for 24 h
at 37 °C inside a humidified incubator with a 5% CO, environment.
The cells were washed twice with PBS, fixed with ice cold methanol for
S min, then washed with PBS again. After this, they were stained with
1 mL of DAPI solution (20 uL stock diluted in SO mL of PBS),
incubated at room temperature for 30 min in the dark. Three
microliters of mounting medium was used, and the slides were then
coated with a solvent-based sealant. The slides were stored in a dark
environment at —4 °C before images were taken.
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3. RESULTS AND DISCUSSION

To determine the size and size distribution of the synthesized
SiNPs, high-resolution TEM and DLS measurements were
undertaken. The solid powder of pure amine-terminated SiNPs
was dissolved in water and further measurement was conveyed.
Figure la shows a TEM image of a number of amine-capped
SiNPs on a carbon-coated copper grid.

Figure 1b shows histogram size distribution of amine-
terminated SiNPs. A mean size and size distribution of 4.6 +
1.9 nm was obtained by analyzing 100 nanoparticles from
different regions of the grid, which is close to the exciton Bohr
radius of silicon 4.3 nm. The inset in Figure 1a shows the highly
crystalline structure of the atomic lattices. The lattice spacing of
0.31 nm is consistent with the Si (111) plane. DLS spectra
confirm that the mean size of the amine terminated silicon NPs
is 7.5 + 1.0 nm, see Figure lc. This mean size obtained from
DLS is slightly larger than the one gained from TEM
measurements, because the amine groups render SiNPs
hydrophilicity and form a hydration shell** Additional
HRTEM images are shown in Figure S1 in the Supporting
Information.

To confirm that the surface of silicon nanoparticle is
completely covered with Si—C bonded amine moiety, we
took FTIR spectra in normal transmission alignment. The
spectrum was obtained from fresh sample dissolved in
chloroform (Figure 2). From the FTIR spectrum, the observed
bands at 1457 and 1260 cm™! are attributed to Si-CH,
vibrational scissoring and symmetric bending.*> The features
observed around 2853 to 2926 cm ™" are attributed to the C—H
stretching of alkane. The transmittance between 3500 to 3690
cm™! is assigned to the N—H stretching of an amine.** The
band at 1605 cm™ is attributed to allylamine N—H scissoring.
The features between 920 and 1110 cm™" are attributed to the
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Figure 2. FTIR spectrum of amine-capped SiNPs in chloroform (32
scans, 4 cm™! resolution).

vibrational stretching of Si-OR molecular components. The
band at 790 cm ™" is N—H wagging. These features highlight the
strength and stability of the Si—C bond formed between the
silicon nanoparticles and the allylamine as well as the minimal
number of Si-OR surface bonds present.'® Similar features can
be found in solid-phase FTIR shown in Figure S9 in the
Supporting Information.

The surface chemistry of SiNPs was further confirmed by
NMR. Figure 3 shows the NMR spectra of amine capped
silicon nanoparticles in D,0. A doublet of triplet (dt) peak is
found between 3.38 and 3.42 ppm which is attributed to the
protons adjacent to amine group.*® The protons of the amine
group were also observed at 1.18 ppm in CDCl; NMR (see
Figure S10 in the Supporting Information). The sharp singlet at
4.6 ppm is arisen from the dispersing solvent.

Furthermore, the surface chemical bonding was studied using
high resolution XPS spectroscopy. Figure 4 shows high-
resolution XPS spectra of Si2p, Cls, Ols, and Nls region of
a thin film of amine-terminated SiNPs. A full survey of the
photoelectron spectrum is shown in the Supporting Informa-
tion, Figure S11. The Si2p spectrum present in the Figure 4a is
fitted with three peaks and a Shirley background. The three
peaks are at 101.75, 102.80, and 100.74 eV. The first
component is attributed to Si—C indicating that the surface
of the SiNP is terminated with amine by replacing the hydrogen
with amine. The second component is assigned to Si—O, which
is indicative of the sample surface oxidation under ambient
conditions. The third peak at 100.74 eV is attributed to Si—Si
within silicon core of the SiNPs.*”** The Cls spectrum present
in the Figure 4b is fitted with three components and a Shirley
background. The three peaks are at 285.13, 286.45, and 284.45
eV, respectively. The first Cls peak at binding energy 285.13

eV is assigned to C—C or C—H bonding.*”** The second
broad peak at 286.45 €V is ascribed to C—N bonding,®' and
third distinct peak at binding energy 284.45 eV is attributed to
the C—Si bonding.*” The existence of a C—Si component
implies that the surface of the silicon nanoparticle changed
from hydrogen to amine termination.

The Ols spectrum presented in the Figure 4c is fitted with
two components and a Shirley background. The two
components are at binding energy 532.68 and 534.23 eV
respectively. The first distinct Ols peak at 532.68 eV is from
Si—O group of the oxidized surface of SiNPs. The second
component is possibly from hydroxide O—H group.*’” The N1s
spectrum presented in Figure 4d is fitted with a single Gaussian
and a Shirley background. The broad distinct peak is at 399.03
eV is attributed to the C—N bonding of the amine-terminated
SiNPs.*!

All data presented are from amine-capped SiNPs, because
“uncapped” SiNPs as such do not exist. Without any capping,
bare silicon nanoparticles are very quickly oxidized under
ambient conditions and are not biocompatible. The propensity
of nanoscale structures derived from bulk silicon through
electrochemical etching to undergo surface oxidation in
ambient conditions is a well-known effect that has been studied
with both theoretical and experimental approaches.”* >* Given
the small size of nanoparticles studied here, once they are fully
oxidized, they may no longer be described as silicon
nanoparticles, and should properly be described as silica NPs.
For the silicon nanoparticles described here, the initial
hydrogen termination layer on the etched wafer serves a dual
role: first as a convenient molecular anchor point at which
surface modification may be performed and second as an
interim guard against oxidation in order to preserve the
chemical character of the silicon core prior to subsequent
functionalization steps.

The absorption and emission spectra of amine-terminated
SiNPs in water are presented in Figure Sa. The inset shows a
photograph of the amine-capped SiNPs in water under UV
illumination at 254 nm. The gradual increase in the absorbance
with decreasing excitation wavelength from the onset wave-
length of 450 nm, corresponding to the absorption edge of 2.75
eV, is characteristic of absorption across the indirect band gap
of silicon.® The solid line shows the photoluminescence
spectrum of amine capped SiNP in water at room temperature
with the maximum emission peak centered at approximately
450 nm with a full width at half-maximum height of 107 nm
under an excitation wavelength of 360 nm.

Photoluminescence quantum yields, see Figure 5b and
Figures S2—SS in the Supporting Information, of the amine-
capped silicon nanoparticles in water were obtained using
quinine sulfate (QY = 54.6%) as a reference emitter.>® A
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Figure 3. 'H NMR spectrum amine-capped silicon nanoparticles in D,0.
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Figure 4. XPS core-level spectra of SINPs obtained in normal emission with a photon energy 1486.6 eV: dotted line is experimental data that is fitted

with various mixed components. (a) Si2p, (b) Cls, (c) Ols, and (d)

Nls.
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Figure S. (a) Dotted line shows the absorption spectrum of amine-capped SiNPs in water; the solid line shows the photoluminescence spectrum of
amine-capped SiNPs in water at an excitation at 360 nm. The inset image shows the fluorescence from a vial of amine-capped SiNPs in water when
excited with a UV lamp. (b) Integrated PL intensity versus absorbance for multiple diluted SINPs in water and for various dilution of quinine sulfate

in 0.5 M H,SO, under identical excitation conditions.

solution of SiNPs in water with absorbances between 0.1 and
0.01 was prepared and the gradient of the plot of integrated
fluorescence intensity against absorbance was found. The
quantum yield of our amine-terminated SiNPs was found to be
at approximately 22% with an excitation wavelength at 360 nm.
The observed QY value in water is comparable to values of QY
for SiNPs reported in the literature, which range from 2 to 18%

. 10,11
in water.
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It is well-known that the amine moiety can strongly quench
the emission of semiconductor quantum dots under certain pH
values,”” so it is interesting to investigate this phenomenon to
determine the effect of pH upon the emission characteristics of
amine-terminated SiNPs. With this aim, we obtained PL spectra
from SiNPs over a range of pH environments (4—14) (see
Figure S6 in the Supporting Information), and observed that
the maximum emission peak position is independent of the pH.

dx.doi.org/10.1021/am300642m | ACS Appl. Mater. Interfaces 2012, 4, 3285—-3292
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This implies that the synthesized SiNPs remain stable in
extremely acidic or in basic conditions and that the emission
with protonated (nonquencher) and nonprotonated (quench-
er) amine groups originates from the same state. At low pH the
amine group is protonated, and electron transfer between the
amine moieties and the Si core is prohibited, yielding higher
emission intensity.32 At higher pH, protonation is either
incomplete or absent, which allows involvement of the nitrogen
lone pair in relaxation processes and yields a reduced
emission.>

Table 1. Quantum Yields of Amine-Capped SiNPs in Water
Solutions of Different pH Values and PBS Expressed As the
Percentage of Photons Emitted Per Photon Absorbed, Using
Quinine Sulphate As Standard Reference

solvent (pH) quantum yield (%)

water (4) 23 +3
water (7) 22 +3
water (9) 16 £ 5
PBS (7) 1845

The lack of PL stability of nanostructured silicon is one of
the major barriers to the commercial application.'® To
investigate the PL stability in PBS and water further, we
measured time-dependent PL spectra of amine-terminated
SiNPs by monitoring the emission using an excitation
wavelength of 360 nm, see Figure 6 below and Figure S7 in
the Supporting Information.

In the results shown in Figure 6 and Figure S7 in the
Supporting Information, one can observe the PL from amine-
capped SiNPs decays over a month, but is still strong (about
two-thirds of initial PL intensity). This is a much better product
than other semiconductor QDs. Although the monolayers
formed on single crystal silicon surfaces are robust toward
oxidation over long periods, it is likely that the monolayers on
these small particles contain more defects or are less ordered
and therefore water can penetrate to the underlying Si atoms.
For SiNPs of 4—5 nm in diameter, red luminescence is
common, although there remains some dispute concerning its
origin. The blue-shifting of the emission to blue-green observed
in the NPs studied here may be indicative of surface oxidation
taking place, leading to a reduction in the particle size. Similar
shifting has been recently reported in small NPs (<10 nm) after

treatment by laser ablation was attributed to the same reason,
with PL maxima shifting from 490 nm (blue) to 425 nm.>®
Different types of nanoparticles possess their own particular
physicochemical properties, which in turn determines their
potential toxicity or lack thereof. Amine capping has been
applied to a variety of nanoparticles in order to render them
compatible with biological media.** The effect of amine-capped
SiNPs on the proliferation of cells was determined by MTT
assay. HepG2 cells were plated in 200 yL of complete culture
medium containing 0.1-200 pg mL™! concentrations of amine-
capped SiNPs in 96-well plates for 48 h. There was no evidence
of morphology change when the cells were observed under a
phase-contrast microscope. The values of cytotoxicity induced
by exposure to amine-capped SiNPs are given in Figure 7. As
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Figure 7. MTT assay of amine-capped silicon nanoparticles in HepG2
cells.

shown in Figure 7, treatment with amine functionalized
nanoparticles (0—200 ug mL™") did not remarkedly affect the
proliferation of HepG2 cells. Amine-capped SiNPs treatment
(0—200 ug mL™") did not result in a dose-dependent inhibition
of cell growth, as compared to vehicle-treated controls.
Confocal microscope images are shown in Figure 8. Nuclei
were stained with DAPI are shown in Figure 8 (a). Bright
fluorescence has arisen from the emission of SiNPs, see Figure
8b. The image observed in bright field and merged results are
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Figure 6. Aging effect on luminescence spectra for amine-capped SiNPs in water at different pH values and in PBS (excitation wavelength = 360
nm): (a) peak intensity; (b) peak wavelength. The samples were stored in glass vials in the dark under ambient conditions and no attempt was made

to purge the suspensions of oxygen.

3290

dx.doi.org/10.1021/am300642m | ACS Appl. Mater. Interfaces 2012, 4, 3285—-3292



ACS Applied Materials & Interfaces

Research Article

Figure 8. HepG2 cells observed under a confocal microscope, (a)
nuclei staining with DAPI; (b) fluorescence from the amine-capped
SiNPs; (c) bright field; and (d) combination of all three.

also shown in Figure 8¢, d. The fluorescence is almost evenly
distributed throughout the cells. However, higher concen-
trations can be observed in nuclei, where fluorescence overlaps
with the DAPI stain. Importantly, no signs of morphological
damage to cells is observed upon treatment with the amine-
capped SiNPs in DI water. Such a result is in contrast to recent
studies, which suggest the positive charge of the amine-
terminated surface can lead to an increase in cytotoxicity.*’
This is a significant advance in the biological applications of
SiNPs. Otherwise, choosing a suitable solvent would be
critical.'®®!

4. CONCLUSIONS

In conclusion, a facile method has been demonstrated to
synthesize highly stable amine-terminated silicon nanoparticle
by using electrochemically etched porous silicon. The surface of
silicon quantum dots was effectively modified by using
allylamine which rendered the silicon surface hydrophilicity.
The obtained nanoparticles have a narrow size distribution and
a very high mobility in water exposed by high-resolution TEM
images and DLS and show strong blue photoluminescence
under UV excitation with a luminescent quantum yield of 22%.
These surface functionalized nanoparticles have remarkable
photostability against degradation; they are stable for several
weeks and demonstrate a great chemical stability over a wide
pH range (4—14). The FTIR, NMR and XPS displayed the
surface chemistry and confirmed that the surface is effectively
modified with amine group. MTT assays show that amine-
capped SiNPs are nontoxic to HepG2 cells.
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