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S
ilicon nanomaterials hold great pro-
mise for wide-ranging optoelectronic
and biotechnological applications be-

cause of their several unique merits includ-
ing excellent optical/mechanical/electronic
properties, facile surface modification, and
compatibilitywith silicon technologies, etc.1�23

Notably, Sailor et al. reported that SiNPs
could be biodegradable in vivo in a rela-
tively short period of time (∼8 h) and the
biodegraded product, orthosilicic acid, is
biocompatible with numerous tissues and
readily cleared via renal clearance.5,17 In a
recent study of the biodistribution of SiNPs
in a healthy mouse, Prasad et al. found that
SiNPs are prone to be degraded in the liver
and spleen after two months.23

It is also worthwhile to point out that sili-
con nanoparticles (SiNPs) can yield strong
fluorescence at small sizes (diameter equal
to or smaller than∼5 nm) due to indirect-to-
direct band gap transitions arising from a
quantum-size confinement effect. For wide-
spread applications of SiNPs, it is essential to
be able to facilely prepare fluorescent SiNPs

in large quantity at low cost and mild con-
ditions. While different synthetic methods
of SiNPs (e.g., solution-phase reductive
strategy, laser ablation, mechanochemical
method, plasma-assisted aerosol precipita-
tion, sonochemical synthesis, microemul-
sion, and microwave irradiation, etc.6�13)
have been developed, they invariably
require complicated procedures, harsh
experiment conditions, and/or costly equip-
ment (please see a detailed comparison of
these methods in Supporting Information,
Table S1). Recently, we introduced a micro-
wave-assisted method capable of prepar-
ing ∼0.1 g of fluorescent SiNPs in 10 min
reaction. However, the synthesis required
high temperature (∼160 �C), high pressure
(∼10�15 times atmospheric pressure), and
costly microwave equipment.9 Despite the
extensive efforts, rapid and low-cost mass
production of highly fluorescent SiNPs un-
der mild conditions remains unavailable.
We herein introduce a mild-condition,

low-cost photochemical strategy capable
of large-quantity synthesis of fluorescent
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ABSTRACT We herein introduce a facile, low-cost photochemical method capable of rapid (<40 min)

and large-quantity (∼10 g) production of highly fluorescent (quantum yield: 25%) silicon nanoparticles

(SiNPs) of tunable optical properties (peak emission wavelength in the range of 470�560 nm) under

ambient air conditions, by introducing 1,8-naphthalimide as a reducing agent and surface ligands. The as-

prepared SiNPs feature robust storage stability and photostability preserving strong and stable fluorescent

during long-term (>3 h) high-power UV irradiation, in contrast to the rapid fluorescence quenching within

2 h of conventional organic dyes and II�VI quantum dots under the same conditions. The as-prepared

SiNPs serving as photostable nanoprobes are workable for cellular imaging in long-term manners. Our

findings provide a powerful method for mild-condition and low-cost, large-quantity production of highly

fluorescent and photostable SiNPs for various promising applications.
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SiNPs with robust storage-/photostability and tunable
optical properties (e.g., fluorescent intensities and peak
emission wavelengths (λmax)). Specifically, the present
synthesis can facilely and rapidly produce ∼10 g
fluorescent SiNPs in 40 min via one-pot reaction in
inexpensive and common glass flasks performed un-
der UV irradiation at room temperature (20�25 �C) and
atmospheric pressure. The fluorescent yield (QY) of the
as-prepared SiNPs can reach ∼25% dependent on
ligand concentrations, and the fluorescent color λmax

is tunable in the range of 470�560 nm. The resultant
SiNPs are further employed as high-performance fluo-
rescent biological probes for long-term cellular imaging
application, preserving bright and stable fluorescent
signals during 2 h continuous confocal observation.

RESULTS AND DISCUSSION

Photochemical Synthesis of Fluorescent SiNPs. As schema-
tically illustrated in Figure 1a, the synthesis first in-
volves reduction of (3-aminopropyl)trimethoxysilane
(C6H17NO3Si, APS) molecules by 1,8-naphthalimide
(C12H7NO2) molecules under UV irradiation to yield
crystal nuclei (step 1: Af B, also see a proposedmech-
anism in Supporting Information, Figure S1).24�26

When sufficient crystal nuclei are produced, the Ost-
wald ripening stage is triggered in the following reac-
tion steps. Particularly, at the beginning of Ostwald
ripening stage, growth of crystal nuclei leads to pro-
duction of silicon nanocrystals of small sizes (step 2:
B f C). As the Ostwald ripening stage continues,

further nanocrystal growth occurs at the expense of
dissolution of unstable nanocrystals featuring small
sizes. As a result, larger-size silicon nanoparticles,
which are more stable due to smaller surface-to-
volume ratio than small-size nanocrystals, are formed
in the third step.27�29 Remarkably, the whole proce-
dure is rapidly completed in less than 40 min in a
common glass flask under UV irradiation at room
temperature (20�25 �C) and atmospheric pressure
without requiring harsh conditions and expensive
instruments (See detailed description in the Experi-
mental Section). Furthermore, the process can in prin-
ciple be scaled up to produce any desirable amount of
SiNPs by using appropriately larger amount of reac-
tants. In Figure 1b�d, the transmission electron micro-
scopy (TEM) and high-resolution TEM (HRTEM) images
show that the prepared SiNPs assume a spherical
structure with good monodispersity (Figure 1b), with
lattice planes (220) of∼0.19 nm spacing in the HRTEM
image (Figure 1d) revealing the crystallinity of the
resultant SiNPs. Additional HRTEM/electron diffraction
(Supporting Information, Figures S4, S6, S8) and X-ray
diffraction (Figure 4) results provide convincing evi-
dence that SiNPs are crystalline in nature. Figure 1e
displays the normalized UV�vis photoluminescence
(PL) spectra of the resultant SiNPs, showing resolved
absorption peak and symmetrical PL peak. Note that
our method is capable of rapid mass-production of
SiNPswith strong fluorescence. In a typical experiment,
102.7 g of C6H17NO3Si and 20 g of C12H7NO2 are
dispersed in 1 L of water to serve as reaction precur-
sors. Under 30 min of continuous UV irradiation at
365 nm, the reaction solution exhibits strong green
fluorescence, indicating generation of fluorescent
SiNPs. The resultant solution is purified via centrifuga-
tion and dialysis to remove residual reactants (i.e., APS
and 1,8-naphthalimide), and then dried and weighted,
finally yielding ∼10 g of green-emitting SiNPs (inset
in Figure 1 panels f and g, see experiment details in
Experimental Section). The as-prepared SiNPs are read-
ily redispersed in water to yield a transparent solution
(Figure 1f), which exhibits intense green fluorescence
under UV irradiation (Figure 1g), demonstrating excel-
lentwater dispersibility of the as-prepared SiNPs due to
a large amount of surface-covered hydrophilic amino
groups.6�11,30,31

Tunable Fluorescent Intensities of SiNPs. The QY value of
the as-prepared SiNPs is sensitively dependent on the
concentration of 1,8-naphthalimide. In our experiment,
2, 4, 6, 8, 10, or 15 g of 1,8-naphthalimide is added to 1 L
of aqueous solution containing 102.7 g of C6H17NO3Si,
respectively. With an increasing amount of 1,8-
naphthalimide, the fluorescent intensity of the resul-
tant solution after 30 min of reaction is increasingly
enhanced (Figure 2a). Figure 2b presents the respec-
tive QY values of the six samples. It shows the QY
value increases with increasing concentration of

Figure 1. Schematic illustration of synthesis and character-
ization of SiNPs. (a) Illustration of the preparation of fluo-
rescent SiNPs: (A) reaction precursors; (B) 16 nuclei; (C) 5
small-sized, and (D) 1 large-sized silicon nanocrystals. (b,c)
TEM images of the resultant SiNPs. (d) HRTEM image of a
SiNP indicated by a circle in panel c. (e) UV-PL spectra of the
SiNPs. Images of 1 L aqueous solution dispersed with 10 g
green-emitting SiNPs under ambient light (f) or 365 nm
irradiation (g). Inset is a photograph showing 10 g of a
green-emitting SiNPs sample under ambient light (f) or
365 nm irradiation (g).
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1,8-naphthalimide from ∼2, 4, 6, 8, 10, to 15 g/L. Note
that the surface of the as-prepared SiNPs is modified
with 1,8-naphthalimide molecules containing a large
amount of delocalized electrons, whichwould facilitate
recombination of electrons and holes. As a result, the

Figure 2. Optical properties of SiNPs synthesized from different concentrations of 1,8-naphthalimide. (a) Photographs of
SiNPs under 365 nm irradiation (left) or ambient light (right). (b) QY of SiNPs prepared using 1,8-naphthalimide of different
concentrations (0, 2, 4, 6, 8, 10, and 15 g/L, respectively). (c) Calculated density of states of a SiNP capped with one or two
1,8-naphthalimide molecules. (d) Isosurfaces of HOMO and LUMO orbitals in ground state configurations of Si35(OH)36,
Si35(OH)35(C12NH6O2), and Si35(OH)34(C12NH6O2)2.

Figure 3. Characterization of blue- and light-green-emit-
ting SiNPs. TEM and HRTEM images of the blue- (a, b) and
light-green- (g, h) emitting SiNPs. Insets in panels b and h
present the enlarged HRTEM images of a single blue- and
light-green-emitting SiNP, respectively. Panels c and i
present the photographs of blue- and light-green-emitting
SiNPs under 365 nm irradiation (left) or ambient light (right).
Panels d and j show the TEM diameter distribution of blue-
and light-green-emitting SiNPs; panels e and k display DLS
histograms of blue- and light-green-emitting SiNPs; panels f
and l present UV-PL spectra of the blue- and light-green-
emitting SiNPs.

Figure 4. XRD patterns of the SiNPs, 1,8-naphthalimide
(C12H7NO2), and APS samples. The diffraction peaks are
analyzed by commercial XRD software (PCPDFWIN).
The standard diffraction lines of cubic silicon are also shown
for comparison.
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QY value reaches as high as ∼25% at ∼15 g/L of 1,8-
naphthalimide.32�38 To understand the increase of QY
of SiNPs with 1,8-naphthalimide, we perform density-
functional tight-binding (DFTB) (Software for calcula-
tion: Material studio 6.0)39,40 calculations of SiNPs (we
simplify SiNP as Si35(OH)36 for convenient calculations).
Figure 2c presents the calculated density of states of a
SiNP cappedwithdifferent numbers of 1,8-naphthalimide
molecules (i.e., 0, 1, and 2, indicated by Si35(OH)36,
Si35(OH)35(C12NH6O2), and Si35(OH)34(C12NH6O2)2, re-
spectively). It shows that the attachment of 1,8-
naphthalimide to the surface of Si35(OH)36 introduces
new gap states in SiNP. As a result, more electrons can
be transferred from the lowest unoccupied molecular
orbitals (LUMOs) to the new gap states or highest
occupied molecular orbitals (HOMOs), thereby leading
to substantive enhancement of PL intensity. Withmore
1,8-naphalimide molecules attached to SiNP, the en-
hancement effect is increasingly larger. Similar results
have been previously reported by our group.41,42

The isosurfaces of HOMO and LUMO orbitals in the
ground state configurations of Si35(OH)36, Si35(OH)35-
(C12NH6O2), and Si35(OH)34(C12NH6O2)2 are shown in
Figure 2d. For Si35(OH)36, both HOMO and LUMO are
delocalized throughout the core of the silicon cluster.
In contrast, for 1,8-napthalimidemolecules-cappedSiNP
(e.g., Si35(OH)35(C12NH6O2) and Si35(OH)34(C12NH6O2)2),
while the HOMO remains delocalized in the silicon
cluster, the LUMO is distributed on the 1,8-naphalimide
molecule. Therefore, the excited-state charge transfer
(CT) process would occur between the delocalized

electrons of surface-covered 1,8-naphalimide (serving
as ligand and donor) and excitons of SiNP (serving as
core and acceptor), resulting in substantive improve-
ment of the PL intensity.35�38

Tunable Fluorescent Color of SiNPs. The present method
can easily tune the peak fluorescent wavelength of
SiNPs via adjustment of reaction time. Typically, 30min
UV irradiation produces∼10 g of green-emitting SiNPs
(see Figure 1 and corresponding discussion), while 15
or 40 min irradiation, respectively, gives∼10 g of blue-
or light-green-emitting SiNPs (note that except for the
irradiation time, all other conditions, such as reactant
concentrations, are the same). Figure 3 panels a and b
display the TEM and HRTEM images of blue-emitting
SiNPs, showing that the resultant spherical SiNPs pos-
sess good monodispersity and high crystallinity, with
(220) lattice planes of ∼0.19 nm. As displayed in
Figure 3c, the resultant SiNPs exhibit distinctly blue
fluorescence (with a QY of∼25%) under UV irradiation
and arewell dispersed inwater with high transparency.
We also calculate over 200 SiNPs to measure the size
distribution of SiNPs as 2.3 ( 0.5 nm, which is slightly
smaller than that (∼3.6 nm) determined through
dynamic light scattering (DLS, Figure 3e), resulting
from various tested conditions in TEM and DLS
characterizations.43�45 The UV-PL spectra of the blue-
emitting SiNPs, as presented in Figure 3f, exhibit
resolved absorption and symmetrical photolumines-
cence peaks. Similarly, the light-green-emitting SiNPs
feature strong fluorescence (with QY of ∼25%),
good monodispersibility, and excellent crystallinity

Figure 5. FTIR spectra of the SiNPs, 1,8-naphthalimide, and APS, exhibiting obvious absorption peaks at 800�3800 cm�1.
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(Figure 3g�i). Compared to the blue-emitting SiNPs,
the light-green-emitting SiNPs are larger in diameter
(i.e., 2.8 ( 0.6 nm by TEM; 5.2 nm by DLS), which
significantly contributes to the observed red shift of
emission wavelengths (e.g., the quantum-size confine-
ment effect induces a band gap decrease of SiNPs with
increasing particle size, resulting in a redshift in fluo-
rescence and absorption energy).46�48

XRD and FTIR Characterization of SiNPs. Systematic char-
acterizations including powder X-ray diffraction (XRD)
was also performed, convincingly demonstrating that
the as-prepared SiNPs are responsible for the observed
distinct blue, green, and light-green fluorescence. As
displayed in Figure 4, the XRD spectrum of the 1,8-
naphthalimide (C12H7NO2) features characteristic and
sharp diffraction peaks at 26.3�, 28.1�, 29.7�, etc (black
line). The XRD patterns of APS (red line) characteristi-
cally show no sharp diffraction peaks. In comparison,
the resultant SiNPs samples exhibit three standard
diffraction peaks (blue, green, and yellow lines) at
28.4� (111), 47.3� (220), and 56.1� (311). Taken together
TEM/HRTEM results reveal ultrasmall size of SiNPs

(diameter:∼1.8�3.4 nm), andwe deduce the quantum
confinement effects and high crystallization as two
significant contributors to the observed blue, green,
and light-green fluorescence, well consistent with
previous reports.6�13,49�52

FTIR spectra of the SiNPs, 1,8-naphthalimide, and
APS are furthermeasured in our experiment, exhibiting
obvious absorption peaks at 800�3800 cm�1 (Figure 5).
In particular, for 1,8-naphthalimide (black line), the
characteristic FTIR peaks for the C�N�C imide group
from 1,8-naphthalimide moiety locate at 1195 and
1350 cm�1. The stretching frequencies bands vCdO

absorption are observed with very strong intensity
bands at 1698 and 1658 cm�1. The stretching vibration
of the�CH aromatic are observed at 3000�3100 cm�1

(black line). For APS (red line), the strong FTIR absor-
bance peaks at 1080, 1390�1440, 1580, 3000, and
3400 cm�1 are assigned to the vibrational stretch of
Si�O bonding, C�O vibration, N�H bending vibra-
tions, C�Hvibration, and theN�H stretching vibration,
respectively. For the three-color luminescent SiNPs
(green, yellow, and orange lines), the strong FTIR

Figure 6. Optical properties of SiNPs. (a) The as-prepared aqueous samples of SiNPs retain nearly identical fluorescent
intensity during 180-day storage. (b) Photostability comparison and (c�h) photographs of aqueous solutions of FITC, CdTe
QDs, CdSe/ZnS QDs, and three different-color SiNPs under continuous UV irradiation (450 W xenon lamp) for serial times.
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absorbance peaks at 1080, 1200�1230, 1422�1430,
1550, 1650, 3000, and 3400 cm�1 are assigned to the
vibrational stretch of Si�O bonding, N�H deformation
vibration, the C�Haromatic skeletal vibration, N�CdO
vibration, CdO stretching vibration, C�H vibration,
and the N�H stretching vibration, respectively. For a
clear comparison, the enlarged spectra ranging from
800 to 880 cm�1 are shown in the pink frame. Typically,
FTIR spectra of 1,8-naphthalimide and APS show feeble
absorbance peaks. In sharp contrast, we can clearly see
the distinct absorptions at 804�866 cm�1 which are
ascribed to the vibrational stretch of Si�N bonding,
confirming the existence of Si�N bonds in the as-
prepared SiNPs.9,53�60

Ultrahigh Storage and Photostability of SiNPs. Notably,
the as-prepared SiNPs preserve extremely stable opti-
cal properties during long-term storage and high-
power UV irradiation. Specifically, the as-prepared
blue-, green-, and light-green-emitting SiNPs maintain
identical UV-PL spectra, maintaining high and stable
PL intensity during 180-day storage in ambient envi-
ronment (Figure 6a and Supporting Information,
Figures S15�S17). We compare photostability of
the as-prepared three-color SiNPs with the well-
established II�VI quantum dots (QDs) and FITC (one
kind of conventional organic dyes). Figure 6b shows
that the fluorescent signals of FITC rapidly quench
during 10 min of UV irradiation. Comparatively, CdTe
QDs preserve over 50% of the original fluorescent
intensity during 25 min of UV treatment, but their fluo-
rescence becomes negligible in 50 min owing to Te
oxidation under high-power UV irradiation.14�17,61,62

For CdSe/ZnS core�shell QDs with higher photostabil-
ity compared to CdTe QDs, their fluorescence is re-
duced to 50% in 90 min and becomes undetectable in
130 min because of UV irradiation-induced surface
deterioration.63 In marked contrast, the multicolor
SiNPs are strikingly stable, for which the fluorescence
intensities keep nearly unchanged during 210 min of
UV irradiation, which is due to the unique photolumi-
nescence features of SiNPs.6�11 Figure 6 panels c�h
present typical photographs of the above-mentioned
six samples irradiated by UV light for different times.
For the samples of FITC (Figure 6d), CdTe QDs
(Figure 6e), and CdSe/ZnS QDs (Figure 6g), their fluo-
rescence is distinct in the beginning of UV irradiation,
but gradually vanish as irradiation time increases.
Severe fluorescence quench happens within 20, 60,
and 130 min of UV irradiation, respectively. In striking
contrast, all three multicolor SiNPs samples maintain
stable and bright fluorescence during 210 min of
irradiation (Figure 6c�h), demonstrating the excep-
tional photostability of the as-prepared SiNPs. In addi-
tion to strong fluorescence and high photo/storage-/
pH-stability (e.g., the as-prepared SiNPs also maintain
stable fluorescence in the pH range of 4�10, Support-
ing Information, Figures S21 and S22), the as-prepared

SiNPs exhibit little or no cytotoxicity during 48 h of
incubation with cells attributable to favorable biocom-
patibility of silicon (Figure S23).

SiNPs/IgG Conjugates and Immunofluorescent Cell Imaging.
Taking advantages of strong fluorescence, ultrahigh
photostability, and favorable biocompatibility, the as-
prepared SiNPs are further employed as high-efficacy
fluorescent bioprobes for bioimaging applications. In
our experiment, the SiNPs are first conjugated with
protein (e.g., goat-antimouse IgG) via an established
N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide hy-
drochloride (EDC)/N-hydroxysuccininmide (NHS)) cross-
linking reaction (Figure 7a),64,65 producing the SiNPs-
IgG conjugates, which can serve as SiNPs bioprobes
capable of cellular immunofluorescent labeling.
Figure 7b displays cellular microtubules and nuclei
that are stained by the SiNPs bioprobes (green signals)
and a cell-nucleus dye Hoechst (blue signals), respec-
tively. It is worth pointing out that such SiNPs biop-
robes are superbly suitable for long-term cellular
imaging. For systematic comparison, three control
groups, namely, FITC (one kind of commercial organic
dye), CdTe, and CdSe/ZnS quantum dots (QDs, well-
studied photostable nanomaterials), are used for
cell imaging. Typically, the fluorescence of FITC is
rapid bleached within 4 min of observation under

Figure 7. SiNPs/IgG conjugates and cell imaging photos
captured by laser scanning confocal microscopy. (a) Sche-
matic illustration of conjugation of SiNPs with goat-
antimouse IgG. (figure not to scale). (b) (Left) microtubules
of Hela cells are labeled by the IgG-conjugated SiNPs
(excitation, 488 nm; detection window, 500�600 nm);
(middle) cellular nuclei are imaged by Hoechst (excitation,
405 nm; detection window, 415�485 nm); (right) super-
position of the two fluorescence images. (c�f) Temporal
evolution of fluorescent signals of FITC, CdTe QDs, CdSe/
ZnS QDs, Hoechst, and SiNPs. Scale bars: 10 μm. The green-
emitting SiNPs were employed as a model.
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laser-scanning confocal fluorescent microscopy
(Figure 7c). Comparatively, while the QDs are more
photostable than FITC, their fluorescence is neverthe-
less undetectable in less than 1 h observation, since
long-time UV irradiation would deteriorate the surface
of QDs, leading to severe fluorescence quenching
(Figure 7 panels d and e. Compared to CdTe QDs,
CdSe/ZnS QDs possess better photostability due to
protection of ZnS shell capped on their surface).7�9 In
striking contrast, the fluorescence of SiNPs remains
bright and stable during 2 h of continuous observation
(Figure 7f), suggesting the SiNPs are suitable bioprobes
for long-term bioimaging.

CONCLUSIONS

In summary, we report a mild-condition and low-
cost photochemical synthetic method capable of
large-quantity production of highly fluorescent and
stable SiNPs. Compared to prior work (Supporting
Information, Table S1), the present method is highly
attractive as the prepared SiNPs exhibit superior

properties and performance to all previous SiNPs.
Our method can facilely produce ∼10 g of blue-,
green-, and light-green-emitting SiNPs in 15-, 30-,
and 40 min of UV irradiation, respectively, at room
temperature (20�25 �C) and ambient pressure, and
can in principle be scaled up at ease to produce larger
quantities of SiNPs. The fluorescent quantum yield
and color of the as-prepared SiNPs can be readily
tuned, respectively, via varying ligand concentration
and reaction time. SiNPs with high QY (∼25%) and
tunable emission peak (∼470 to 560 nm) are readily
produced. The SiNPs can serve as high-performance
nanoprobes capable of highly efficacious, long-term
immunofluorescent cell imaging. Given the facile,
rapid, and low-cost attributes of the present synthe-
sis, the resultant highly fluorescent SiNPs of tunable
color, high storage stability, and photostability
should hold great promise for wide-ranging biologi-
cal and optoelectronic applications, including bio-
imaging, sensing, light-emitting diodes, and solar
cells, etc.14�23,66�68

EXPERIMENTAL SECTION

Materials and Devices. (3-Aminopropyl)trimethoxysilane (APS)
(97%) and 1,8-naphthalimide were purchased from Sigma-
Aldrich. CdSe/ZnS QDs were bought from Wuhan Jiayuan Co.,
Ltd. (China). All chemicals were used as received. Milli-Q water
(Millipore) was used as the solvent for preparing solutions. The
450W xenon lampwith 365 nmultraviolet light was supplied by
Spectroline, USA. The SiNPs were characterized by transmission
electronic microscopy (TEM), high-resolution TEM (HRTEM),
UV�vis absorption, photoluminescence (PL), X-ray power
diffraction (XRD), X-ray photoelectron spectra (XPS), and
Fourier-transform infrared (FTIR) spectroscopy. A PerkinElmer
Lambda 750 UV�vis�infrared spectrophotometer equipped
with exclusive quartz cuvettes was used for recording UV�vis
absorption spectra. A Horiba Jobin Yvon Fluoromax-4 spectro-
fluorimeter equipped with exclusive quartz cuvettes is utilized
for recording PL spectra (excitation wavelength = 420 nm). A
Philips CM 200 electron microscope (200 kV) was employed for
capturing the TEM/HRTEM images. A DynaPro dynamic light
scatterer (DLS) was used for performing DLS measurements
(temperature, 25 �C; scan times, 100; dispersant, water; RI, 1.330;
viscosity, 0.08872 cP; dielectric constant, 78.5). A Bruker Hyper-
ion FTIR spectrometer was employed for recording FTIR spectra
(32 scans; resolution, 4 cm�1). A Panalytical Empyrean X-ray
diffractometer was used for recording power X-ray diffraction
(XRD) spectra (40 mA, 40 kV). A Philips CM 200 electron micro-
scope equipped with EDX spectroscopy was utilized for record-
ing energy-dispersive X-ray (EDX) spectroscopy.

Experimental Procedure. Photochemical Synthesis of Fluores-
cent SiNPs. The SiNPs precursor solution was synthesized
through the addition of 100 mL of APS to 900 mL of Milli-Q
water dispersed with 20 g of 1,8-naphthalimide. The mixture
was thoroughly stirred for 10 min. The multicolor fluorescent
SiNPs were prepared under different experimental conditions
(e.g., reaction time). In our experiment, the reaction time for
producing blue-, green-, and light green-emitting SiNPs was
15, 30, and 40 min, respectively. After UV irradiation, the as-
prepared SiNPs samplewas collected after cooling to lower than
30 �C naturally. To exclude the influence of residual reactants,
1,8-naphthalimide was first precipitated through centrifugation
at 6000 rpm for 15min. The resultant SiNPs andAPS remained in
clear supernatant since they would not precipitate at this low
centrifugation rate. For example, SiNPs would not precipitate at

even higher centrifugation rate (e.g., 10 000 rpm) because of
their low molecular weight. The clear supernatant solution
containing the as-prepared SiNPs and APS was then collected
and further purified by dialysis (MWCO, 1000, Spectra/Pro)
against Milli-Q water to remove APS. The residual APS was fully
filtrated because of their smallermolecular weight (<1 kDa). The
SiNPs whose molecular weight is larger than 1 kDa were
collected and further diluted by Milli-Q water. The purified
SiNPs aqueous solution was dried and weighed, yielding
∼10 g of highly fluorescent SiNPs. Note that the produced
∼10 g of SiNPs is readily redispersed in 1 L of water.

Tunable Fluorescent Intensity of SiNPs. In our experiment, 2,
4, 6, 8, 10, or 15 g of 1,8-naphthalimide was added into 1 L
aqueous solution containing 102.7 g of C6H17NO3Si, respec-
tively. The mixture was thoroughly stirred for 10 min. After 30
min of UV irradiation, the as-prepared green-emitting SiNPs
sample was collected after cooling to lower than 30 �C naturally.
The as-prepared green-emitting SiNPs were used for optical
measurements. For the blue-, green-, and light green-emitting
SiNPs, their PLQY values were determined using quinine sulfate
in 0.1 M H2SO4 (QY: 58%), Rhodamine 6G (QY: 95%), and
Rhodamine B (QY: 99%) in ethanol, respectively, as a reference
standard, which was freshly prepared to reduce the measure-
ment error.9,69 In detail, the optical densities (OD) at the exci-
tation wavelength of the referenced dyes and the as-prepared
SiNPs were adjusted to the same values. To avoid reabsorption,
the dominant absorption peak of organic dyes and the first
exciton absorption peak of the SiNPs were required to be
smaller than 0.1. The integrated PL intensities (via areas calcu-
lated form PL spectra) vs corresponding absorbance were
plotted to yield two straight lines, whose gradients could be
employed for determining the PLQY values based on the
established equation: Qx = QrMxNx

2/(MrNr
2). N, M, and Q stand

for the average refractive index of the solvent, the gradient of
straight line, and quantum yield. Subscripts r and x indicate the
reference solution and the tested samples, respectively. For the
measurement, the wavelength of excitonic absorption peak of
the resultant SiNPs was the same as the excitation wavelength.

Photostability Comparison of FITC, CdTe QDs, CdSe/ZnS QDs,
and SiNPs. CdTe QDs were synthesized based on previously
reported microwave-assisted methods.27�29 For guaranteeing
a reliable comparison, the photoluminescence intensities
of all the samples were set as the same value. Continuous
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irradiation was imposed by using a 365 nm UV lamp with a
power of 450 W.

Cell Viability Measurement through MTT Assay. An array of
96-well plateswas used for dispersing theHela cells; 1�104 cells
and 10 μL of SiNPs whose concentrations are equal to those
used for cellular imaging were contained in each well. After
incubation in a humidified atmosphere at 37 �C (5% CO2) for
serial hours (e.g., 0.5, 3, 6, 12, 24, and 48 h), the cytotoxicity of
the SiNPs was measured through the established MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
An ELISA reader was used for establishing a linear relationship
between cell number and optical density, further enabling the
calculation of the cell viability.

pH Stability of the As-Prepared SiNPs. The pH of the SiNPs
aqueous solution was adjusted though dropwise addition of
HCl or NaOH. A Seven Multi pH meter (Mettler Toledo) was
utilized for monitoring the pH values, and meanwhile, a Horiba
Jobin Yvon Fluoromax-4 spectrofluorimeter was used for record-
ing the PL intensity fo the samples. The pH stability of SiNPs in
Dulbecco's Modified Eagle Medium (DMEM) medium containing
10% Fetal Bovine Serum (FBS) at 37 �C was also measured.

SiNPs/Antibody Conjugation. The carboxylic acid groups
of the protein were reacted with the amino groups of SiNPs
in the presence of zero-length cross-linkers, that is, N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimde hydrochloride (EDC).
For adequately activating the carboxylic acid, 2 μL of EDC
(6.4 mg/mL in H2O) was first incubated with 12.5 μL of goat
antimouse IgG (4 mg/mL) in PBS buffer for 15 min at 25 �C.
Afterward, the activated goat antimouse IgG was further in-
cubated with 110 μL of green-emitting SiNPs (absorption value,
0.3; λabs, 345 nm) for 2 h at 25 �C, and then shaken in the dark for
overnight at 4 �C. Nanosep centrifugal devices (300 kDa) were
used for filtrating the isourea byproduct and residual reagent
through centrifugation treatment (5000 rmp, 15 min). The pro-
duced SiNPs-IgG in the upper phase was finally diluted using
30 μL of PBS (pH= 7.4, 0.1M) buffer and stored at 4 �C in the dark
for the following cellular imaging experiment.

Long-Term Cellular Imaging. Dulbecco's modified Eagle's
medium (DMEM) with 10% heat-inactivated fetal bovine serum
(FBS) and antibiotics (100 μg/mL streptomycin and 100 U/mL
penicillin) were used for culturing human epithelial cervical
cancer cells (Hela cells) on a cover glass overnight. Sucrose (4%)
and paraformaldehyde (4%) were utilized for fixing Hela cells,
and PBS containing 4% BSA and 0.1% Triton X-100 was then
used for blocking, followed by washing with PBS containing
0.1% Tween20 for three times. For labeling microtubules, the
resultant Hela cells were then sequentially incubated with
monoclonal anti-R-tubulin for 1 h and the SiNPs-IgG for 1 h.
Thereafter, slides in Fluoromount (sigma, F4680) were used for
mounting the stained cells, which were ready for examination
through a confocal laser microscope (Leica, TCS-SP5). For CdTe
QDs or FITC, all procedures were the same as those mentioned
above. In our experiment, 15% power of argon laser and 3%
power of diode laser were used, since the power values of these
two laser sources were similar. Windows for FITC, QDs, SiNPs,
and Hoechst are 515�545 nm, 570�670 nm, 500�600 nm, and
415�485 nm, respectively. A cooled CCD camera was used for
capturing images at 40 s intervals. Microtubules labeled by FITC,
CdTe QDs, or SiNPs were excited by argon laser (λexcitation =
488 nm, 100 mW); 15% power of the argon laser was used in
our experiment. Windows for FTIC, CdTe QDs, and SiNPs are
515�545 nm, 570�670 nm, and 500�600 nm, respectively.
Other experimental conditions were the same in comparison
experiments. A cooled CCD camera was used for capturing each
image at 15 s intervals.
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