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Silicon nanomaterials are important nanomaterials and have
been extensively studied and explored for myriad applications
ranging from electronics to biology.!! Fluorescent silicon
nanoparticles (SiNPs) are potentially ideal fluorescent probes
for biological and biomedical studies owing to their favorable
biocompatibility and low toxicity. However, most SiNPs are
not well water-dispersible since their surfaces are covered by
hydrophobic moieties (e.g., styrene, alkyl, and octene).?! To
realize aqueous dispersibility of SiNPs, extensive efforts have
been devoted to modify SiNP surfaces with hydrophilic
species.*¥ While the exciting progresses offer versatile
strategies for fabrication of water-dispersible SiNPs, much
work is still required to enable wide-ranging bioapplications.
In particular, the current methods often invoke relatively
complicated manipulations. At least two independent proce-
dures are generally required, that is, in the first step hydro-
phobic SiNPs are prepared and subsequently these are
modified with hydrophilic moieties (e.g., acrylic acid, allyl-
amine, polymer, phospholipid micelles, etc.).’* Moreover,
for any immunoassay-related applications (e.g., immuno-
fluorescent bioimaging, tumor-specific targeting), the SiNPs
must be conjugated with proteins.F® As is well-known,
bioconjugation procedures (e.g., the cross-linking reaction
using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hy-
drochloride (EDC) and N-hydroxysuccininmide (NHS)) are
complicated, time-consuming (several hours are needed at
least), and require additional processing steps. Furthermore,
optical properties and stability of the modified SiNPs are
prone to deteriorate during treatment.*6

Herein, we present a facile microwave-assisted strategy
for preparation of biofunctional and fluorescent SiNPs by
using proteins as hydrophilic ligands. Briefly, silicon nano-
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wires (SiNWs), which were prepared by using an established
HF-assisted etching method, first break up into SiNPs in
a specialized microwave reactor at high reaction temperature
(180-200°C). Afterwards, the resultant SiNPs are further
modified with immunoglobulin G (IgG, a typical protein)
under mild microwave heating after addition of the protein as
hydrophilic ligand. Note that, to avoid protein degradation,
we employed short-time (ca. 5-10 min) and low-temperature
(30°C) microwave irradiation in our experiment. As a result,
IgG-modified SiNPs can be rapidly prepared using a short
reaction time (e.g., 15 min; see experimental details in the
Supporting Information). The as-prepared SiNPs show strong
fluorescence (photoluminescent quantum yield (PLQY):
18 %), robust photostability, pH-stability, and storage stabil-
ity, and favorable biocompatibility. Remarkably, the SiNPs
feature excellent aqueous dispersibility and biospecific prop-
erties owing to a large number of protein molecules on the
surface. Our experiment further demonstrates that such
SiNPs could be directly employed for immunofluorescent
cellular targeting, without requiring additional bioconju-
gation.

Figure 1a presents the transmission electron microscopy
(TEM) image of the as-prepared SiNPs, appearing as
spherical particles with good monodispersity. Moreover, the
well-resolved lattice planes of approximately 0.15 nm spacing
in the high-resolution TEM (HRTEM) image (inset in
Figure 1b) demonstrates the excellent crystalline structure
of the prepared SiNPs. The size distribution in Figure 2a,
calculated by measuring more than 250 particles in the TEM
image, shows the SiNPs have an average size of (3.17+
0.53) nm in the TEM image (see enlarged TEM and
HRTEM images in Figures S1 and S2 in the Supporting
Information). Note that water in the SiNP sample must be
strictly removed for TEM characterization, and protein
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Figure 1. a) TEM and b) HRTEM images of the as-prepared SiNPs.
Inset in (b) presents the enlarged HRTEM image of a single SiNP.
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Figure 2. a) The size distribution of the prepared SiNPs. b) Dynamic
light scattering (DLS) histogram of pure SiNPs without 1gG proteins
as ligands (black trace), pure 1gG (blue trace), and the prepared SiNPs
with 1gG as ligands (red trace). c) FTIR spectra of the free SINWs
(blue trace) and the prepared SiNPs (red trace). d) Energy-dispersive
X-ray spectroscopy (EDX) pattern of the SINP samples. Table in inset
presents the elemental ratios (weight and atom percentages) calcu-
lated by the EDX software (K-shell intensity ratios are indicated).

ligands are thus hardly observed by TEM owing to low
contrast. In contrast, the SINP sample in the aqueous phase
can be directly measured, and protein molecules are readily
detected by dynamic light scattering (DLS), making it feasible
to determine actual sizes of the prepared SiNPs in aqueous
solution.””! Therefore, we performed DLS characterization.
Notably, the size of the prepared SiNPs determined by DLS
(ca. 40 nm) is distinctly larger than the corresponding size
measured by TEM (red line in Figure 2b). As a control, the
size determined by DLS of the pure SiNPs, that is, SiNPs
without IgG ligands, is measured to be approximately 5 nm
(black line in Figure 2b), which is close to the size observed
by TEM of 3.2 nm but is much smaller than that of the
prepared SiNPs with IgG ligands, thus indicating that IgG
molecules are successfully linked with the prepared SiNPs.
Moreover, based on the size measured by DLS (ca. 18 nm) of
IgG molecules (blue line in Figure 2b), we thus estimate
around four IgG molecules are attached to one SiNP.

To show the changes of the dominant chemical bonding
that has occurred during the reaction, the FTIR spectra of the
pure SiNWs (Figure 2, blue line) and prepared SiNPs (red
line) were measured. Significantly, in contrast to the feeble
absorption of SiNWs, the SiNPs feature several distinct
absorption peaks ranging from 1000 to 4000 cm™'. Typically,
sharp absorbance peaks at approximately 1000-1150 cm ™' are
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ascribed to the vibration stretch of Si—O bonding, thereby
indicating that many Si—O bonds are formed under micro-
wave irradiation.***® Moreover, absorbances of 1210-1320,
1390-1440, 1600-1680, and 2800-3000 cm™', which are
assigned to the O—H bond (deformation vibration), C-O
bond (bending vibration), C=O bonds (stretching vibration),
and O—H bond (stretching vibration), respectively, indicate
abundant carboxylic acid groups in the prepared SiNPs.“e]
Notably, a distinct absorption peak at approximately
3290 cm™', which is attributed to the stretching vibration of
an N—H bond, provides convincing evidence that the resultant
SiNPs have a large number of amino groups."”! The EDX
pattern provides the elemental ratio, revealing that the SiNPs
contain Si, O, and N with 10.03 %, 8.77 %, and 2.55 % weight
concentration, respectively (Figure 2d). Note that the C and
Cu weight concentrations listed in the table are not reliable
since carbon-coated copper grids are used for the EDX test.

Figure 3a shows the resultant SiNPs possess good optical
properties with a resolved absorption peak and a strong
luminescence peak (maximum emission wavelength at ca.
660 nm). Moreover, the aqueous sample of the SiNPs displays
distinct red luminescence under UV irradiation, thereby
further demonstrating the strong fluorescence of the as-
prepared SiNPs (Figure 3b). Significantly, whereas the pre-
cursor solution with dispersed SiNWs is severely turbid, the
aqueous solution of SiNPs is transparent in ambient light
(Figure 3¢). This experiment clearly shows that the as-
prepared SiNPs are highly water-dispersible, owing to the
high number of hydrophilic IgG molecules on the surface.
Moreover, the SiNPs possess robust pH stability, preserving
stable fluorescence at pH values between 4 and 12 (Fig-
ure 3d). We attribute the high pH stability to IgG molecules,
which contain amino and carboxylic acid groups and take over
the role of a buffer. Furthermore, IgG molecules are tightly
attached to SiNPs, thereby acting as “protective shell”, which
improves stability to changes of the pH value.’***] Further-
more, the prepared SiNPs show superior photostability
compared to the FITC dye (a conventional fluorescence
label), CdTe QDs, and CdSe/ZnS core-shell QDs (recognized
as photostable fluorescent labels®™). The fluorescence of FITC
is quickly quenched after three minutes of UV irradiation
owing to severe photobleaching (Figure 3e). CdTe QDs
preserve approximately 50% of the original PL intensity
after ten minutes of UV irradiation, yet their fluorescence is
severely quenched after irradiation for additional 15 min.
CdSe/ZnS core-shell QDs exhibit better photostability than
CdTe QDs owing to protection of the ZnS shell.*! The CdSe/
ZnS QDs retain approximately 50% of the original PL
intensity after 40 min UV irradiation. Nevertheless, the
fluorescence of ZnS/CdSe QDs becomes undetectable after
approximately 80 min owing to surface deterioration under
intense UV irradiation."! In sharp contrast, the fluorescence
intensity of SiNPs decreases only slightly, and approximately
80 % of the initial intensity are retained after 120 min of UV
irradiation. We attribute such remarkable photostability to
the protection from the ligand shell and the unique PL
properties of SiNPs;?! the photostability is similar to those of
the reported acrylic acid/allylamine-capped and polymer-
coated SiNPs.P*"4¢l Furthermore, the prepared SiNPs pos-
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Figure 3. a) Absorption (blue) and photoluminescence (UV-PL, red) spectra of the as-prepared SiNPs. b, ) Photographs of reaction precursor
(left), that is, aqueous dispersion of free SINWs and IgG, and aqueous sample of as-prepared SiNPs (right) under 365 nm irradiation (b) or
ambient light (c). d) Temporal evolution of fluorescence of the SiNPs at various pH values. ) Comparison of the photostability of fluorescein
isothiocyanate (FITC; black m), CdTe quantum dots (CdTe QDs; blue @), CdSe/ZnS QDs (cyan ¥), and as-prepared SiNPs (red A). All samples
are continuously irradiated by a 450 W xenon lamp. f) Temporal evolution of fluorescence of the SiNPs during storage for three months.

sess robust storage stability and maintain strong and stable
fluorescence for more than three months when stored in
ambient environment (Figure 3 f). To assess the possible use
of SiNPs in complex biological environment, we further
tested their fluorescence stability in biological medium.
Notably, the SiNPs preserve stable fluorescence in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) at 37°C (Figure S4 in the Supporting
Information); this medium is one of the most commonly used
cell culture media. In addition to high pH stability, photo-
stability and storage stability, the as-prepared SiNPs exhibit
little cytotoxicity owing to favorable biocompatibility of bulk
silicon (Figure S5 in the Supporting Information).>

The prepared SiNPs are further explored as high-perfor-
mance bioprobes for immunofluorescence cellular imaging.
Hela cells, typical cervical cancer cells, are selected as a model
in our studies. Notably, to prove that the resultant SiNPs
could be directly used for immunofluorescence targeting, the
cells are preincubated with a microtubules-specific anti-
tubulin antibody. Indeed, the microtubules of Hela cells are
specifically labeled by the prepared SiNPs, since IgG mole-
cules on the SiNPs are highly specific for the anti-tubulin
antibody owing to antibody-antigen immunoreactions.!!*!
As a result, the microtubules targeted by the SiNPs show
intense and clearly spectrally resolved red signals (Figure 4 a).
As a control, Hela cells are incubated with pure SiNPs, i.e.,
SiNPs without IgG as ligands, under the same experimental
conditions. In striking contrast, the pure SiNPs are non-
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specifically absorbed by the cells in the absence of IgG;
relatively uniform red fluorescence signals can be seen in the
whole cellular region (Figure 4b). This experiment demon-
strates that the as-prepared SiNPs are capable of immuno-
fluorescence biological labeling without additional protein
conjugation (see enlarged images of immunofluorescent
cellular labeling in Figure S6 in the Supporting Information).
Moreover, the resultant SiNPs are superbly suitable for long-
term cellular imaging. The red signals of the SiNPs are
extremely stable during 180 min continuous observation
under laser-scanning confocal microscopy (Figure 5a), since
the fluorescent SiNPs feature excellent photostability, in well
agreement with previous reports.***# In striking contrast, the
signals of the control groups using the CdTe QDs or FITC as
fluorescent labels almost completely disappear after irradi-
ation for short time periods (Figure 5b,c). Specifically, the
green fluorescence of FITC rapidly diminishes in three
minutes owing to severe photobleaching (Figure 5c), while
the red signals of CdTe QDs are obviously depressed and
become feeble after irradiation for 25 min (Figure 5b),
although they display bright and spatially resolved lumines-
cence in the initial ten minutes, because of their greater
photostability compared to FITC.

To summarize, we developed a facile one-pot method,
which can rapidly prepare high-quality SiNPs by using
proteins as hydrophilic ligands. Significantly, the as-prepared
SiNPs are strongly luminescent, highly stable, and biocom-
patible. Moreover, the SiNPs feature excellent aqueous
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(a) Immunofluorescence targeting

(b) Control

Figure 4. Cell images obtained by using laser-scanning confocal mi-
croscopy. a) Microtubules are specifically targeted by the prepared
SiNPs, showing strong red fluorescence signals. b) As a control, pure
SiNPs, i.e. SiNPs without IgG proteins as ligands, are nonspecifically
absorbed by Hela cells. The red signals are distributed in the whole
cellular region. Scale bar=10 um. Insets present one single cell
imaged using the prepared SiNPs (a) and pure SiNPs (b). Left panel
shows 488 nm excitation images, middle panel shows bright field
images, right panel shows superposition of fluorescence and trans-
illumination images.

(a) SINPs (b) CdTe QDs (c) FITC

90 min 10 min
— —
180 min 25 min 3 min
R — —

Figure 5. Stability comparison of fluorescence signals of Hela cells
specifically labeled with a) SiNPs, b) CdTe QDs, and c) FITC. Scale
bar=5 pm.

dispersibility and biospecific properties owing to their pro-
tein-covered surface. The SiNPs can be facilely employed for
long-term immunofluorescence labeling without requiring
additional complicated protein conjugation. Consequently,

www.angewandte.org

the present SiNPs may serve as high-performance biological
probes for various biosensing and bioimaging applications.
Moreover, by using the described synthesis method, silicon
nanomaterials can be readily modified with various proteins
with desirable biological properties, since most proteins
contain both carboxylic acid and amino functional groups.
The present synthetic strategy offers exciting new avenues for
designing multifunctional SiNPs and related silicon nano-
structures (e.g., nanowire, nanorod, etc).
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