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ABSTRACT: Fluorescent silicon nanoparticles (SiNPs), as the most important zero-
dimensional silicon nanostructures, hold high promise for long-awaited silicon-based
optic applications. There currently remain major challenges for the green,
inexpensive, and mass production of fluorescent SiNPs, resulting in difficulties in
sufficiently exploiting the properties of these remarkable materials. Here, we show
that fluorescent small-sized (∼3.8 nm) SiNPs can be produced through biomimetic
synthesis in rapid (10 min), low-cost, and environmentally benign manners. The as-
prepared SiNPs simultaneously feature bright fluorescence (quantum yield (QY),
∼15−20%), narrow emission spectral width (full width at half-maximum (fwhm),
∼30 nm), and nontoxicity, making them as high-quality fluorescent probes for
biological imaging in vitro and in vivo.

■ INTRODUCTION

Silicon, known as the second richest element in the earth
(behind oxygen), is the leading element and dominates the
current semiconductor industry. In the past decade, silicon
nanotechnology has developed as one of the most important
branches in the field of nanoscience, potentially revolutionizing
silicon-related basic research and practical applications. Silicon
functional nanomaterials are fundamental tools for promoting
the advancement of silicon nanotechnology.1 Among them,
fluorescent silicon nanoparticles (SiNPs), as representative
zero-dimensional silicon nanostructure, have shown great
promise for various optic applications.1f−j Recent years have
witnessed exciting progress in the production of fluorescent
SiNPs,2,3 including our latest achievement in the design of
water-dispersed and highly luminescent SiNPs.2 However,
expensive, toxic, or flammable silicon resources (e.g., silicon
wafer, organosilicone molecules, etc.) or additional chemical
reagents (e.g., hydrofluoric/nitric acid, glutaric acid, etc.) are
generally required as reaction precursor, which therefore
hinders the facile availability of SiNPs and may lead to
potential environmental contamination.2 Moreover, despite
strong fluorescence, most of the prepared fluorescent SiNPs
feature relatively broad fwhm values (generally >70 nm).2,3 As
thus, there exists scanty information concerning SiNPs-based in
vitro and in vivo multicolor imaging, limiting SiNPs-based
wide-ranging applications in the bioimaging field.
On the other hand, diatoms, which widely exist in the Earth’s

wet and damp habitats, are known as a typical kind of single-
celled plant. They are unicellular algae with a hallmark intricate
siliceous cell wall composed of two valves that fit together like
the two halves of a Petri dish. Moreover, diatoms contains

sufficient silicon element that exists in the forms of silicate,
silicic acid, and porous amorphous silica.4 Significantly, taking
advantages of their unique merits (e.g., silica framework with
controlled morphologies, photonic crystal properties, complex
quasi-periodic mechanical structure, etc.), diatoms have been
extensively exploited as one of the most important subjects for
biomimetic applications, including fabrication of three-dimen-
sional photonic devices, construction of natural optical sensor,
design of controllable assembly structures, etc.5 Of our
particular interest, the approximate μm level of diatoms is a
suitable scale for nanostructure production. For example,
Sandhage and co-workers converted diatoms into co-continu-
ous and nanocrystalline silicon replicas, which were efficacious
for gas-sensing applications, by reaction with magnesium gas
through a magnesiothermic reduction process at 650 °C.5a

Inspired by these studies, we present a novel biomimetic
strategy for the preparation of fluorescent SiNPs with a
production yield of ∼40% in facile, rapid, cheap, and green
manners. Significantly, small-sized (diameter, ∼3.8 nm) and
fluorescent (QY, ∼15−20%) SiNPs with high crystallization
can be readily formed in 10 min of microwave irradiation by
using diatoms as accessible and nontoxic silicon precursor,
without requirement of any other additional chemical reagents.
Of particular note, in addition to strong fluorescence and
favorable biocompatibility, the SiNPs exhibit extremely narrow
emission spectral width, with a notably low fwhm value of ∼30
nm, enabling feasibility of dual-color bioimaging in vitro and in
vivo.
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■ RESULTS AND DISCUSSION
The biomimetic synthetic strategy is schematically illustrated in
Figure 1a. Typically, elliptical-shaped Hantzschia amphioxys,

recognized as one typical kind of diatom, are employed as
environmentally friendly silicon resources in our experiment. As
shown in Figure 1b (I and II), the aqueous solution dispersed
with the diatoms is obviously turbid and exhibits faint, dark-red
light under UV irradiation, which is due to luminescence of
chlorophyll that exists in the diatoms.6 Moreover, on the basis
of morphology characterizations of optical microscope and
transmission electronic microscopy (TEM), this kind of diatom
features an amorphous structure with approximately μm level in
sizes (∼10−30 μm in length and ∼2−3 μm in diameter, as
shown in Figure 1b (III and IV) and Figure S1). Strikingly, after
10 min of microwave treatment, such large-size diatoms are
transformed into ultrasmall SiNPs (∼3.8 nm in diameter) with
high crystallinity (Figure 1c (III)). More importantly, the
resultant SiNPs sample solution is completely transparent in
ambient environment and produces strong pink luminescence
under UV irradiation, indicating excellent aqueous dispersibility
and high fluorescence of the resultant SiNPs (Figure 1c (I and
II)). The prepared SiNPs with spherical structures possess
good monodispersity (Figure 1d), with the well-resolved (220)
lattice planes of ∼0.19 nm spacing in the high-resolution TEM
(HRTEM) image (obtained as an average over 5 measurements
to reduce the error to 5%),7 demonstrating excellent
crystallinity of the resultant SiNPs. The diameter distribution

in Figure 1e, determined through the measurement of over 250
particles in the TEM image, displays an average size of 3.8 ±
0.8 nm, a bit smaller (∼6.50 nm) than that determined by
dynamic light scattering (DLS), which is due to distinct surface
states of the SiNPs samples under the different measurement
environments.2 The energy-dispersive X-ray (EDX) pattern
further qualitatively demonstrates the existence of Si and O in
the SiNPs (Figure S2). It is worthwhile to note that microwave
dielectric heating is of essential importance to take advantage of
several unique merits of microwave irradiation.2c,8 In our
experiment, the diatom is heated under the same reaction
temperature and time through electric heating jacket as a
control. The resultant product shows amorphous and
ambiguous structures with feeble fluorescence (Figure S3),
which is in sharp contrast to the high crystallinity and strong
fluorescence of the SiNPs prepared via microwave irradiation
(Figure 1). In addition, other types of diatoms (e.g., Nitzschia
sp., Melosira varians, Chaetoceros muelleri, etc.), serving as
reaction precursor, are also efficacious for the production of
fluorescent SiNPs, whose optical properties are similar to those
of SiNPs prepared via Hantzschia amphioxys, implying
versatility of this presented biomimetic synthetic strategy
(Figures S4−S6).
The “like dissolves like” theory is further employed for

differentiating the red fluorescence of as-prepared SiNPs and
chlorophyll naturally contained in diatoms.9 In our case,
chloroform, known as a classic type of organic solvent with
hydrophobic property, is first mixed with water. Compared to
that of chloroform (1.5 g/cm3), water with lower density (1 g/
cm3) is located in the upper layer. Upon addition of the
prepared SiNPs in the mixture, the SiNPs featuring hydrophilic
property are well dispersed in water, which is due to their
similar polarity. As a result, the upper layer shows distinct pink
fluorescence of the SiNPs (the left bottle in Figure 2a). When
the chlorophyll extracted from the diatoms is dispersed in the
mixture instead, dark-red fluorescence of the chlorophyll is
observed in the lower layer, which is owing to similar polarities

Figure 1. (a) Schematic illustration of biomimetic synthesis of SiNPs.
(b) I and II indicate the diatom precursor solution under ambient light
(left) and 365 nm irradiation (right), respectively; III and IV present
microscope photo and TEM image of the diatoms, respectively. (c) I
and II indicate as-prepared SiNPs sample solution under ambient light
(left) and 365 nm irradiation (right), respectively; III shows HRTEM
image of SiNPs with high crystallinity. Inset in (III) presents the
enlarged HRTEM image of a single SiNP. (d) TEM images of the as-
prepared SiNPs. (e) TEM diameter distribution and the DLS
spectrum of the SiNPs.

Figure 2. Hydrophilic property of the SiNPs. (a and b) Photographs
of the water and chloroform mixture dispersed with the as-prepared
SiNPs (left) or chlorophyll extracted from diatom (right) under 365
nm irradiation or ambient light. (c and d) Photographs of the water
and ethyl acetate (EA) mixture dispersed with the as-prepared SiNPs
(left) or chlorophyll extracted from diatom (right) under 365 nm
irradiation or ambient light.
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between the chlorophyll and chloroform (the right bottle in
Figure 2a). To further confirm the result, ethyl acetate (EA),
whose density (0.9 g/cm3) is lower than that of water (1 g/
cm3), is also utilized as another typical kind of hydrophobic
organic solvent for phase-separation investigation. Again,
according to the “like dissolves like” theory, the as-prepared
SiNPs are well dispersed in the water phase owing to their
similar polarities, exhibiting strong pink fluorescence in the
lower layer (the left bottle in Figure 2c). Instead, the
chlorophyll with dark-red fluorescence is located in the upper
layer, because its polarity is similar to that of EA (the right
bottle in Figure 2c). Parts b and d of Figure 2 display the
corresponding photographs imaged under the ambient environ-
ment, showing obvious stratification, and the as-prepared SiNPs
are well dispersed in water due to their excellent aqueous
dispersibility. These results provide further demonstration of
pink fluorescence and hydrophilic property of the SiNPs.
Systematic characterizations including powder X-ray dif-

fraction (XRD), high-resolution X-ray photoelectron spectros-
copy (XPS), photoluminescence (PL) decay curves, and
Fourier-transform infrared (FTIR) spectroscopy are further
performed to investigate the physical/chemical features of the
resultant SiNPs in a detailed way. As shown in Figure 3a, the

SiNPs exhibit three standard diffraction peaks at 28.4° (111),
47.3° (220), and 56.1° (311), while the pure diatoms show a
broad unassigned diffraction peak arising from the amorphous
SiO2-like matrix.10 Taken together with TEM/HRTEM results
revealing the ultrasmall size of SiNPs (diameter, ∼3.8 nm), we
deduce the quantum confinement effects and high crystal-
lization as two significant contributors to the observed pink
fluorescence, well supported by previous reports.11 The XPS
spectrum of the SiNPs shows two peaks at ∼99 and ∼103 eV

(Figure 3b), readily assigned to zerovalent silicon and oxides of
silicon, implying a silica “skin” on the prepared SiNPs.10 The
oxidation state(s) of the SiNPs was further evaluated, as shown
in Figure 3c. An intense emission at 99.3 eV ascribed to Si(0)
was detected, while other peaks located at 100.3, 101.3, 102.4,
and 103.4 eV were attributed to Si suboxides. Accordingly, the
ratio value of Si(0)/Si(IV) is determined to be as high as
3.46:1.12 In contrast, the XPS spectrum of the pure diatoms
exhibits only one peak at ∼103 eV, attributed to oxides of
silicon. These XPS data suggest that Si(IV) contained in diatom
precursor can be largely reduced to Si(0) that exists in the as-
prepared SiNPs by the microwave irradiation.
PL decay measurement of both diatom and SiNPs is also

employed, as displayed in Figure 3d. Typically, the PL decay
curve of SiNPs is well fit to a second-order exponential decay.
The decay times of the fast and slow components are 1.4 and
10.9 ns, respectively, with a calculated average lifetime of 10.8
ns. As is well-known, the existence of surface states would lead
to a long radiative lifetime (generally over 10 ns) because the
carriers are prone to be trapped by the surface states, while the
intrinsic core-state recombination facilitates the decrease of
lifetime.13a In comparison, the PL decay curve of the diatoms
also can be fit to a second-order exponential decay. However,
the decay times of the fast and slow components are 433 ps and
2.7 ns, respectively, with a calculated average lifetime of 1.1 ns.
The shorter lifetime is attributed to the conventional
fluorescent chromophore of the chlorophyll molecule, while
the longer lifetime is caused by the greater structural rigidity of
the chlorophyll molecule.13b It is worth pointing out that
previous studies have revealed that average lifetimes for most
organic dyes are <5 ns.1g,13b In marked contrast, fluorescent
nanoparticles (e.g., semiconducting quantum dots) feature
longer average lifetime values, equal to or larger than 10
ns,1g,13a well consistent with the previously mentioned results
(i.e., fluorescent SiNPs exhibit an average lifetime of 10.8 ns,
much longer than that (1.1 ns) of pure diatoms). Moreover,
FTIR (Figure S7) provides additional demonstration of
excellent aqueous dispersibility of the as-prepared SiNPs.
Previous studies have demonstrated that the nanoscale biosilica
that exists in diatoms contains a large amount of silaffins (a
typical kind of protein having amino acids).4b,14 Therefore, the
resultant SiNPs are naturally surface-covered with the
carboxylic acid groups and amino groups without affecting
the nanoparticle crystallization (please also see a proposed
mechanism in detail in Supporting Information).
Remarkably, the as-prepared SiNPs feature ultranarrow

emission spectra width, with a fwhm value of ∼30 nm, which
is the lowest value ever reported for the water-dispersed SiNPs.
Figure 4 diaplays the normalized UV-PL spectra of the as-
prepared SiNPs, showing a distinct absorption peak and an
extremely narrow PL peak located at 410 and 620 nm (red
lines), respectively. In comparison, the control group (i.e., the
pure diatom sample) with ambiguous absorption peak exhibits
maximum emission wavelength at 680 nm (blue lines),
obviously red-shifted compared to that of the SiNPs. In
addition, the UV-PL spectrum of another kind of previously
reported blue-emitting SiNPs,2c prepared by using organo-
silicon small molecules (e.g., (3-aminopropyl)trimethoxysilane,
C6H17NO3Si) as silicon resource, is also presented as a control
in our study (organo-silicon-derived SiNPs, black line).
Typically, the organo-silicon-derived SiNPs exhibit a relatively
broad emission peak with a large fwhm value of ∼100 nm,
similar to those (70−150 nm) of SiNPs prepared using bulk

Figure 3. Systematic characterizations of the resultant SiNPs. (a) XRD
spectra of the as-prepared SiNPs (red trace) and the pure diatoms
(blue trace). (b) XPS of the as-prepared SiNPs (red trace) and the
pure diatoms (blue trace) deposited on an indium tin oxide (ITO)
conducting glass. (c) For clarity, only spectra with Si 2p3/2 signal are
exhibited. (d) PL decay curves of the as-prepared SiNPs (dark-red
trace) and the pure diatoms (dark-blue trace).
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silicon and silicon wafer as silicon precursor.2,3 In marked
contrast, our diatoms-derived SiNPs feature the lowest fwhm
value ever reported, significantly down to ∼30 nm. We deduce
the narrow emission peak of diatoms as the dominant
contributor to the observed low fwhm value of the prepared
SiNPs (e.g., fwhm values of both diatoms and SiNPs are <50
nm). Besides, narrow size distribution and high monodisper-
sibility of the prepared SiNPs (as mentioned in Figure 1d) are
considered as additional factors, facilitating elimination of the
effect of inhomogeneous broadening due to size fluctuations at
room temperature.15

In addition to the unique optical properties, the resultant
SiNPs have excellent biocompatibility due to non- or low
toxicity of diatoms and silicon,2c producing negligible
cytotoxicity during 48-h cellular incubation (Figure 5). Figure
5a exhibits that the cell viability of MCF-7 cells treated by the
SiNPs preserves >90% at different concentrations (absorbance
= 0.05−1.6) and incubation times (3−48 h), indicating SiNPs
are non- or low-cytotoxic. Figure 5b shows that, during 48-h
incubation, MCF-7 cells maintain normal morphology when
treated by the SiNPs, whose concentration is the same as that
utilized in the bioimaging studies, providing additional
demonstration of feeble cytotoxicity of the as-prepared
SiNPs. Moreover, the fluorescent SiNPs maintain relatively
stable fluorescence in wide-ranging pH values and cellular
environment (e.g., Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI-1640), offering the promising possibility
for widespread biological applications (Figures S8 and S9).
The SiNPs containing surface-covered carboxylic acid and

amino groups are easily conjugated with antibodies via well-
studied N-(3-(dimethylamino)propyl)-N-ethylcarbodiimde hy-
drochloride (EDC)/N-hydroxysuccinimide (NHS) cross-link-
ing reaction,16 producing the SiNPs−protein bioprobes ready
for immunological staining. In our experiment, of particular

significance, we for the first time simultaneously employ the
blue- and red-emitting SiNPs (both samples are prepared
through the biomimetic synthesis, whose characterizations are
shown in Figures 1 and S12) for dual-color immunofluorescent
cellular imaging. Especially, the blue-emitting SiNPs probes are
first targeted to the nucleus of Hela cells (a typical class of
cervical cancer cells17), which are beforehand incubated with an
antinucleus antibody. Afterward, a Hela cell whose nucleus is
labeled by blue-emitting SiNPs is further blocked and incubated
with monoclonal anti-α-tubulin. In the second step, the red-
emitting SiNPs probes specifically target the microtubules of
Hela cells through antibody−antigen immunoreactions. Such
resultant SiNPs-labeled cells are finally captured by a laser-
scanning confocal microscope (LSCM). As shown in Figure 6a
and b, the nuclei and microtubules of Hela cells are obviously
double-color imaged by the blue- and red-emitting SiNPs,
respectively, with clearly spectral resolution. We further
demonstrate feasibility of SiNPs-based dual-color bioimaging
in vivo by using C. elegans as well-established animal models.18

In our experiment, digestive and reproductive systems of C.
elegans are microinjected with blue- and red-emitting SiNPs,
respectively, followed with observation through confocal
microscopy. As can be seen in Figure 6c, the bright fluorescent
signal of blue-emitting SiNPs is easily visible in the gut lumen
and intestinal cells of the injected worm. Meanwhile, distinct
fluorescence that originated from red-emitting SiNPs also can
be detected in the gonad of C. elegans, with high spectral and
spatial resolution.

■ CONCLUSION
In conclusion, we mention the development of a new
biomimetic strategy and starting materials as an alternative.

Figure 4. Optical properties of SiNPs. (a) Photoluminescence and (b)
absorption spectra of the SiNPs prepared using organo-silicon
molecules (organo-silicon-derived SiNPs, black lines) or diatom
(diatom-derived SiNPs, red lines) as silicon precursor, as well as the
pure diatoms (blue lines).

Figure 5. Cytotoxicity measurement of the resultant SiNPs. (a)
Cytotoxicity of MCF-7 cells treated with the SiNPs of serial
concentrations for different incubation times. (b) Cell viability and
morphology of MCF-7 cells treated with the SiNPs, whose
concentration is the same as that employed in the following
bioimaging experiments for 3, 6, 12, 24, and 48 h, respectively.
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The worldwide supply of natural diatoms has been estimated at
>10 000 000 tonnes every year.19 We have demonstrated that
high-quality fluorescent SiNPs can be produced in facile, rapid,
and green manners from diatoms, suggesting new promising
opportunities for the creation of fluorescent SiNPs from
accessible, green, and natural biomass precursors. Furthermore,
taking advantage of the ultranarrow fwhm value (∼30 nm) of
the prepared SiNPs, we for the first time demonstrate feasibility
of SiNPs-based dual-color bioimaging in vitro and in vivo.
These results will pave the way for biomimetic preparation of
fluorescent SiNPs, potentially facilitating the supply of
functional silicon nanomaterials and advancement of SiNPs-
based bioimaging field.20

■ EXPERIMENTAL METHODS
Synthesis of SiNPs. The samples of diatom were first separated

through centrifugation at 6000 rpm for 10 min. The above steps were
repeated three times to achieve the diatom free of impurity. The
concentration of diatom was determined using a spectrophotometer
by measuring the optical density (OD) at 420 nm absorbance.21 For

the preparation of SiNPs, 8 mL of diatom precursor solution with an
OD value of 1 was added into the vitreous vessel. Afterward, the vessel
was put into the microwave equipment and reacted under 150 °C/10
min to produce the SiNPs whose maximum emission is located at
∼620 nm. After microwave irradiation and the temperature being
reduced to 30 °C naturally, the SiNPs sample was removed and further
filtrated by 0.22 μm filter membrane. In comparison to the precursor
solution featuring feeble luminescence, the as-prepared SiNPs produce
strong pink fluorescence when irradiated by UV lamp.

For purification, 10 kDa Nanosep was used for ultrafiltration to fully
remove the impurities (e.g., organic matter and inorganic salts) in
solution. The purified samples were then further used for our following
experimental studies.

Note that the SiNPs with other luminescent colors and different
sizes could be prepared through simply prolonging the reaction time.
In our experiment, blue-emitting SiNPs with an average size of 2.1 ±
1.0 nm were readily obtained at 150 °C/180 min (see detailed
characterizations in Figure S12). These resultant blue- and red-
emitting SiNPs are then employed for dual-color bioimaging in vitro
and in vivo in the following experiment.

MTT Assay of Cell Viability. Antibiotics (100 μg/mL
streptomycin and 100 U/mL penicillin) and RPMI-1640 with 10%
heat-inactivated fetal bovine serum (FBS), which served as cellular
culture medium, were used for culturing human breast adenocarcino-
ma cells (MCF-7 cells) in the humidified atmosphere with 5% CO2 at
37 °C and serial incubation times (e.g., 3, 6, 12, 24, and 48 h). The
cytotoxicity of the SiNPs was determined through the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (thiazol-
yl blue tetrazolium bromide (M5655)), well-recognized as an
established assay means of cellular viability.22

pH Stability of SiNPs. HCl or NaOH was used for varying the pH
of the SiNPs sample solution, monitored using Seven Multi pH meter
(Mettler Toledo). Meanwhile, the HORIBA JOBIN YVON
FLUOROMAX-4 spectrofluorimeter is utilized for recording the PL
intensity of the SiNPs sample under different pH values. Moreover, we
also investigated the pH stability of SiNPs in DMEM medium
containing 10% fetal bovine serum (FBS) and RPMI-1640 medium
containing 10% FBS.

Dual-Color Immunofluorescent Labeling Hela Cells Using
the SiNPs/Antibody Conjugates. N-(3-(Dimethylamino)propyl)-
N-ethylcarbodiimde hydrochloride (EDC) was used as zero-length
cross-linkers for conjugating the amino groups of blue-emitting SiNPs
with the carboxylic acid groups of the protein. In detail, 12.5 μL of
goat antimouse IgG (4 mg/mL) is first mixed with 2 μL of EDC (6.4
mg/mL in H2O), following by 15 min incubation at 25 °C to activate
the carboxylic acid groups. The treated goat antimouse IgG was then
incubated with 110 μL of blue-emitting SiNPs (in Milli-Q water,
absorption value = 0.6, λabs = 410 nm) at 25 °C for 2 h of continuous
shaking in the dark. The conjugation reaction was kept overnight at 4
°C. Afterward, centrifugation was performed to remove the isourea
byproduct and residual reagent through 10 kDa Nanosep centrifugal
devices at 5000 rpm for 15 min. The SiNPs/IgG conjugates that
remained in the upper phase were then diluted using 30 μL of
phosphate-buffered saline (PBS) (pH = 7.4, 0.1 M) buffer, finally
producing the purified SiNPs/IgG conjugates, which were stored in
the dark at 4 °C and used for the following bioimaging studies. For the
preparation of the red-emitting SiNPs/antibody bioconjugates, the
experimental procedures were identical to the above-mentioned
manipulations.

For cellular imaging, antibiotics (100 μg/mL streptomycin and 100
U/mL penicillin) and DMEM with 10% heat-inactivated fetal bovine
serum (FBS), which served as cellular culture medium, were first used
for culturing Hela cells in the humidified atmosphere with 5% CO2 at
37 °C overnight. After that, 4% sucrose and 4% paraformaldehyde
were employed for fixing the Hela cells for 20 min, followed by 40 min
blocking in PBS containing 4% BSA and 0.1% Triton X-100. PBS
containing 0.1% Tween 20 was then utilized to wash the fixed Hela
cells. For labeling nuclei, the resultant cells were first incubated with
monoclonal anti-HN RNP for 1 h and then further treated with the
blue-emitting SiNPs/IgG conjugates for another 1 h. Afterward, for

Figure 6. SiNPs-based dual-color bioimaging in vitro and in vivo. (a
and b) Photos of dual-color immunofluorescent cell images captured
by LSCM. ((left) nuclei are distinctively labeled by blue-emitting
SiNPs; (middle) microtubules are distinctively labeled by red-emitting
SiNPs; (right) superposition of the two fluorescence images. Scale bars
of (a) are 20 μm. Scale bars of (b) are 10 μm.) (c) Representative
confocal images of the as-prepared SiNPs in C. elegans by
microinjection. The gonad (left) and gut lumen (right) are stained
by blue- and red-emitting SiNPs, respectively (top). Bottom left and
bottom right are enlarged views corresponding to the boxed areas in
the top image; (top) scale bars = 20 μm; (bottom) scale bars = 15 μm.
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labeling microtubules, the treated cells were incubated with
monoclonal anti-α-tubulin for 1 h, followed by the 1-h treatment of
red-emitting SiNPs/IgG bioconjugates. Finally, the resultant samples
were mounted on slides in fluoromount (Sigma, F4680) and captured
by a confocal laser microscope (Leica, TCS-SP5). For both labeling
nuclei and microtubules, diode laser (λexcitation = 405 nm, power = 50
mW) was used as the excitation light source. Detection windows for
blue-emitting SiNPs and red-emitting SiNPs are 430−510 and 610−
670 nm, respectively. For control experiments, the power of the diode
laser (λexcitation = 405 nm) was the same. A cooled charge-coupled
device (CCD) camera was used for capturing the confocal images at
15 s intervals, which were then analyzed through image analysis
software.
C. elegans Maintenance and Microinjection. The C. elegans of

wild-type N2 Bristol was maintained on Escherichia coli OP50 seeded
nematode growth media (NGM) plates at 20 °C. To double label
different parts of C. elegans, blue-emitting SiNPs and red-emitting
SiNPs were microinjected into the digestive system and the
reproductive system of the same worm individually, and then the
injected worms were examined with confocal laser microscope. The
microinjection was performed by using Eppendorf Femtojet micro-
injector and NK2 transferman micromanipulator. In parallel, the
analysis was also performed on the untreated worm as the control.
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