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ABSTRACT: In this work we demonstrate time-gated
confocal fluorescence imaging on live cancer cells immunos-
tained by antibody-conjugated silicon quantum dot nano-
particles (SiQD-NPs) and organic dyes, for simultaneous
detection of two biological targets and removal of background
autofluorescence. With almost all radiative recombinations
occurring through oxide-related defect states located on the
SiQD surface, the SiQD-NPs have very long photolumines-
cence lifetimes of about 25 s, in contrast to the nanosecond-
range lifetimes of other commonly used biological fluoro-
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phores. This drastic lifetime difference enables a time-gated imaging method here, in which the time-resolved photon distribution
of each pixel of a fluorescence image is measured by using a time-correlated single-photon counting technique. Then, by
integrating the photon histogram of each pixel over respective time windows, the long-lived component of the fluorescence image
comprising only the fluorescence emitted from the SiQD-NPs is separated from all other short-lived signals resulting from the
organic dyes and the cell endogenous luminescence. For instance, the membrane and nucleus of a single cancer cell or two types
of cancer cells, immunostained with the SiQD-NPs and the organic dyes, respectively, can be clearly distinguished from each
other by time-gating, which otherwise cannot be accomplished by conventional multiplexing due to spectral overlap in the

wavelength domain.
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luorescent silicon nanomaterials, such as porous silicon

nanoparticles and micelle-encapsulated silicon quantum
dots,' ™ owing to their exceptional biocompatibility and
biodegradability, have shown great potential as biomedical
markers and drug carriers for cancer diagnosis and therapeutics.
Particularly, unlike conventional direct band gap semiconductor
quantum dots, which emit photoluminescence (PL) predom-
inantly through direct band-to-band transitions, silicon
quantum dots (SiQDs) with surface oxidation exhibit a unique
PL process: the vast majority of the photoexcited electron—hole
pairs are first fast trapped to the oxide-related surface defect
states in picoseconds and then recombine slowly in micro-
seconds to emit PL photons.* ® Since the transitions occur
primarily between two groups of defect states on the edge of
the valence and conduction bands, respectively, the oxidized
SiQDs have a broad PL bandwidth with a full width at half-
maximum (fwhm) of up to 100 nm,”® in contrast to about 30
nm of highly monodisperse CdSe quantum dots, of which the
energy band gap is solely determined by the particle size.”
Furthermore, due to spatial separation of the surface-trapped
electron—hole pairs,” the oxidized SiQDs have a very long PL
lifetime (7), normally 10 to 30 us,'>"" which is at least 2 orders
of magnitude longer than the nanosecond-range lifetimes of
other commonly used biological fluorophores, such as core—
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shell CdSe-ZnS quantum dots (7 = 10.3 ns) and conventional
organic dyes (r = 1 to S ns)."” In addition to the surface-
trapping model, the PL lifetime behavior of silicon nanostruc-
tures in general can be also explained by the exchange-splitting
model, in which the PL radiative lifetime (7,,9) is determined by
transitions from the excitonic singlet and triplet states, and the
singlet—triplet exchange splitting energy is enhanced due to the
spatial confinement of photoexcited excitons.'”'* Moreover,
the high luminescence efficiency of the silicon nanostructures
partly results from the exceptionally slow nonradiative process,
which is attributed to resonant coupling between the quantum
confined electronic states and the surface vibrations of silicon—
oxygen bonds, such as Si—O—Si, as revealed by the fine energy
splitting of PL spectra observed for the individual porous silicon
nanoparticles.”'* Lastly, the indirect band gap nature also plays
an essential role in the long PL lifetimes of the silicon
nanostructures. For instance, the oxygen-free, hydrogen-
terminated SiQDs, which emit PL through phonon-assisted
quasi-direct band gap recombinations, have low PL radiative
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Figure 1. (A) A hydroxyl-terminated SiQD-NP, comprising a Si core and clusters of SiQDs attached on the Si core’s surface, is surfaced-activated by
p-toluenesulfonyl chloride (TsCl), followed by substitution reaction with 2,2'-(ethylenedioxy)diethanethiol (EDDT), to form a thiol-terminated
SiQD-NP dispersible in nonpolar organic solvents. For rendering water-solubility and antifouling property, BSA is grafted onto the thiol-terminated
SiQD-NP through a short bifunctional linker, 1-(2-isothiocyanatoethyl)-1H-pyrrole-2,5-dione (MaNCS), to form a BSA-coated SiQD-NP. Finally,
for the immunofluorescence imaging application, the antibody is conjugated to the BSA-coated SiQD-NP through a PEG linker (Myy = 20 000) with
both ends functionalized with isothiocyanate (—N=C=S). (B, C) SEM images showing the overall particle size and the specific surface
morphology of the thiol-terminated SiQD-NPs. (D) HRTEM image taken at the edge of a thiol-terminated SiQD-NP, showing clusters of sphere-
like SiQDs of diameters about 3 to 5 nm attached to a Si core. Direct measurement of the lattice spacing (space group Fd3m and dy;; = 3.14 A)
confirms the attached SiQDs are composed of crystalline silicon. (E) FFT electron diffraction pattern obtained at the same region as the HRTEM
image, confirming that the SiQDs shown in (D), while having different orientations, have high crystallinity.

rates (kg = 1/7,4 = 10* to 10° s7!) like the oxidized SiQDs,
which, on the contrary, emit PL through surface defect states.'”

In view of conventional multiplexing, the broad PL
bandwidth of the SiQDs can be a major concern, as its
spectrum is likely to overlap with the spectra of other
fluorophores imaged simultaneously, leading to crosstalk in
the wavelength domain between emission filters. On the
contrary, in the time domain the long PL lifetime of the SiQDs
can be beneficial if a time-gated imaging method is employed,
in which pulsed excitation instead of continuous-wave (cw)
excitation is used, and the imaging time window following the
excitation is properly delayed such that only the slow-decaying
fluorescence emitted from the SiQDs is captured. In other
words, the fast-decaying fluorescence coming from other labels,
such as organic dyes, drops off completely prior to the
postponed imaging time window. By identifying which parts of
the fluorescence image disappear in the time-gated mode,
simultaneous detection of multiple biological targets based on
lifetime differences can be achieved. Furthermore, the contrast
of the time-gated image is greatly improved, since the
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background autofluorescence, which also decays in nano-
seconds (7 < 10 ns), is removed by time-gating at the same
time."> Last but foremost, under conventional cw excitation of
high intensity, such as the objective-focused laser beam, the
SiQDs with such a long PL lifetime may easily enter into a
multiexciton state. Subsequently, inelastic exciton—exciton
scattering, Auger recombination, and the blinking effect will
likely happen and lower the average photoluminescence
quantum yield (PLQY) of the SiQDs.'® The issue can be
alleviated by using the time-gated imaging method. The short
time span of the excitation pulse, the relatively low optical
power input, and the long intermission after the excitation
pulse allow the first photoexcited exciton inside a SiQD to
recombine before the second exciton is created. Therefore, the
chance of the SiQD entering into the multiexciton state is
decreased.

Other biological probes with slow-decaying fluorescence,
such as lanthanide probes (7 = 0.6 ms),'”"® nanoshell-capped
or silica-encapsulated transition metal complexes (7 = 10 to 200
ns or 2 us),”*° CdSe quantum dots (7 = 14 ns),”' and
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Figure 2. (A, E) Normalized PL (red line, excited by 365 nm) and excitation (green line) spectra and time-resolved PL decay transient (blue dots,
excited by 365 nm) of the thiol-terminated SiQD-NPs dispersed in ethyl acetate. (B, F) Normalized PL (red line, excited by 365 nm) and excitation
(green line) spectra and time-resolved PL decay transient (blue dots, excited by 365 nm) of the BSA-coated SiQD-NPs dispersed in PB. (C, G)
Normalized PL (red line, excited by 350 nm) and absorbance (green line) spectra and time-resolved PL decay transient (blue dots, excited by 365
nm) of Hoechst aqueous solution. (D, H) Normalized PL (red line, excited by 488 nm) and absorbance (green line) spectra and time-resolved PL
decay transient (blue dots, excited by 365 nm) of FITC aqueous solution. (I) Normalized PL spectra of the BSA-coated SiQD-NPs (blue line),
FITC (green line), and Hoechst (red line) plotted in one graph. (J) Normalized time-resolved PL decay transients of the BSA-coated SiQD-NPs
(blue line), FITC (green line), and Hoechst (red line) plotted in one graph (PL, photoluminescence; Exc, excitation; Abs, absorbance).

cadmium-free (Zn)CulnS, or Zn—Cu—In—Se/ZnS core/shell
quantum dots (7 = 21 or 150 ns),”>** have been used for time-
resolved luminescence imaging. However, these probes are
composed of either rare earth metals (e.g,, Eu, Tb), transition
metals (e.g, Ru), or heavy metals (e.§., Cd, In), all of which are
far less biocompatible than silicon,”"** especially when under
consideration for clinical usage. Recently, time-gated fluo-
rescence imaging of tissues in vivo using biodegradable porous
silicon nanoparticles has been realized.”® With background
tissue autofluorescence eliminated by time-gating, more than
100-fold contrast improvement compared to steady-state
imaging was achieved.”” In this work, we further demonstrate
in vitro time-gated fluorescence imaging on live cancer cells
immunostained by the antibody-conjugated silicon quantum
dot nanoparticles (SiQD-NPs) and organic dyes, for the
purposes of simultaneous detection of two biological targets
and background removal. Additionally, a more versatile time-
gated imaging method was developed here: first, the time-
resolved photon distribution of each pixel of a fluorescence
image is measured by using a time-correlated single-photon
counting (TCSPC) technique. Then, the long-lived and short-
lived components of the fluorescence image can be obtained by
integrating the photon histogram of each pixel over respective
time windows. For instance, the membrane and nucleus of a
single cancer cell or two types of cancer cells, labeled with the
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SiQD-NPs and the organic dyes, respectively, can be clearly
separated and detected simultaneously by time-gating.

The brightly fluorescent SiQD-NPs with antifouling coatings
composed of bovine serum albumin (BSA) and poly(ethylene
glycol) (PEG) are synthesized by a top-down method
developed previously.”® First, a silicon wafer is electrochemi-
cally etched in an electrolyte comprising hydrofluoric acid and
methanol, creating a red-fluorescing porous silicon layer on the
wafer surface, in which microsize Si cores are covered with
clusters of nanosize SiQDs. Note that only the SiQDs with
diameters less than the exciton Bohr radius of silicon (4.9 nm)
are capable of emitting PL. Therefore, the following synthesis
steps are mainly for reducing the nonradiative Si cores, at the
same time preserving the photoluminescent SiQDs. For this
purpose, the porous silicon layer is subsequently treated with
10-undecen-1-ol (UDA) for a photochemical hydrosilylation
reaction that passivates the SiQDs with hydrocarbon ligands
through silicon carbide bonds. Then, the porous silicon layer is
harvested from the wafer surface, and the microsize Si cores are
further crumbled into small pieces by high-energy ball milling.
The resulting colloid is “selectively” etched in diluted HNO;
and HF, a commonly used etchant for isotropic etching of
silicon. During the process, the photoluminescent SiQDs that
are passivated with the hydrophobic hydrocarbon ligands in the
photochemical hydrosilylation step are protected from the
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aqueous etchant and preserved, whereas parts of the non-
radiative Si cores not covered with the SiQDs are exposed to
the etchant and etched away. Up to this step, the SiQD-NPs of
much reduced size are formed, and most remarkably, their
outmost surfaces are uniformly terminated hydroxyl groups,
some from the hydroxyl ends of UDA bonded on the SiQDs
and the other from the silicon oxide capped on the bare silicon
surfaces. For rendering the SiQD-NPs’ water-solubility and
antifouling property, BSA, an exceptionally hydrophilic plasma
protein, is grafted onto the hydroxyl-terminated SiQD-NPs
through chemical linkers (Figure 1A). Finally, the conjugation
to the antibodies is accomplished by a bifunctional polymer,
isothiocyanate—PEG—isothiocyanate, of which one end con-
nects to the BSA-coated SiQD-NPs and the other to the
antibody both through amine-isothiocyanate coupling (Figure
1A). Notably, all organic capping components discussed here
are connected to each other through stable covalent bonding,
which is generally considered more stable than micelle
encapsulation or physical absorption.

Structural characterizations are performed on the thiol-
terminated SiQD-NPs, which can form a clear and stable
suspension in a wide range of nonpolar organic solvents, such
as ethyl acetate here. Scanning electron microscope (SEM)
images of the SiQD-NPs are shown (Figure 1B and C). In
overall, the SiQD-NPs have highly porous surfaces and irregular
shapes with particle sizes about 100 to 150 nm. The
hydrodynamic diameters of the thiol-terminated SiQD-NPs
measured by a dynamic light scattering (DLS) method show a
similar particle size distribution (Figure S1A). The specific
surface morphology of an assembly of the SiQD-NPs observed
here (Figure 1B) is in good accordance with other porous
silicon nanoparticles of similar sizes." The photoluminescent
SiQDs synthesized by the electrochemical etching process, like
other porous silicon nanoparticles in the litera-
ture, 5! 116262729 are not freestanding, but rather attached to
the nonradiative Si cores whose sizes are significantly reduced
from a few micrometers to about 100 to 150 nm by the high-
energy ball milling and selective etching steps described earlier.
A high-resolution transmission electron microscope (HRTEM)
image taken at the edge of a thiol-terminated SiQD-NP is
shown (Figure 1D), in which clusters of sphere-like SiQDs of
diameters about 3 to S nm are found attached to a Si core and
their crystalline structures with lattice spacing d;; = 3.14 A are
clearly visible. The polycrystal-like fast Fourier transform
(FFT) electron diffraction pattern (Figure 1E) obtained at
the same region as the HRTEM image also confirms the SiQDs
in Figure 1D, while having different orientations, have high
crystallinity. Lastly, energy-dispersive X-ray analysis (EDXA) is
performed on another thiol-terminated SiQD-NP (Figure S2),
indicating the nanoparticle is made of pure silicon, with an
organic passivating layer involving carbon and oxygen on the
particle surface.

Spectral characterizations are performed on the thiol-
terminated SiQD-NPs dispersed in ethyl acetate (Figure 2A)
and the BSA-coated SiQD-NPs dispersed in 0.1 M pH 6
potassium phosphate buffer (PB) (Figure 2B). With the
suspension solvent converted from ethyl acetate to PB, the
spectral properties of the SiQD-NPs change accordingly: the
PL peak blue-shifted from 637 to 606 nm, the peaks of the
excitation spectra also blue-shifted from 379 to 353 nm, and,
most dramatically, the PLQY decreased from 42% to 9%
(Figure S3A and B, respectively). The change of spectral
properties and the enhancement of the nonradiative process
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here likely result from Coulomb interaction between the
electric dipoles of the physisorbed water molecules and the
photoexcited electron—hole pairs trapped at the oxide-related
defect states on the SiQD surface of the BSA-coated SiQD-
NPs.”” It is worth mentioning that further conjugation with
PEG and antibodies does not change the optical properties of
the BSA-coated SiQD-NPs. Although the SiQDs in this work
are passivated with hydrocarbon ligands in the photochemical
hydrosilylation step, such passivation cannot reach complete-
ness due to steric hindrance of UDA’s long alkyl chains.”’ In
other words, the SiQD surface is still partially oxidized,
especially with Si—O—Si bonds, as evidenced by the strong
Fourier transform infrared (FTIR) absorption from 950 to
1250 cm™" (Figure S$4).*® This partial surface oxidation leads to
formation of the oxide-related surface defect states, through
which almost all radiative recombinations occur. Consequently,
with either thiol-termination or BSA-coating, the SiQD-NPs
have a broad PL bandwidth (fwhm =~ 115 nm) and very long
PL lifetime (multiexponential decay, 7 & 25 us) (Figure 2E and
F). Noteworthily, if focusing on the PL dynamics during the
first 50 ns after the excitation, fast-decaying components
superimposed on the slow-decaying ones become recognizable
(Figure SS). The measured PL lifetime (7,eqquceq) i correlated
to both the radiative (7,,4) and nonradiative lifetimes (7,,,..q)
through the following equation: 1/7csured = 1/7rad + 1/ Tnonrad:
In a similar manner, the fast-decaying component observed
here may result from any radiative or nonradiative processes,
which rapidly reduce the population of photoexcited excitons at
the lowest quantized states. In the literature, SiQDs synthesized
by other methods and also passivated with hydrocarbon ligands
through silicon carbide bonds showed similar PL decay
transients, ie., fast-decaying components superimposed on
slow-decaying ones.” A relaxation model was proposed to
explain such PL dynamics: after photoexcitation, an exciton
relaxes to the lowest quantized states, from which it can either
recombine radiatively or nonradiatively (in nanoseconds) or get
trapped to the radiative oxide-related surface defect states and
then recombine to emit a PL photon (in microseconds).’
Particularly, here the fast-decaying component constitutes a
larger proportion of the total PL for the BSA-coated SiQD-NPs
(Figure SSB) than the thiol-terminated SiQD-NPs (Figure
SSA), likely because the slow-decaying PL, which is mediated
through the oxide-related surface defect states, is quenched by
the physisorbed water molecules, as explained earlier for the
dramatic decrease of PLQY. For comparison, the optical
properties of two commonly used organic dyes, Hoechst 33342
(Figure 2C and G) and fluorescein isothiocyanate (FITC)
(Figure 2D and H), are also characterized. Both dyes exhibit
fast-decaying PL (monoexponential decay, 7 < 10 ns), which is
typical of most organic fluorophores. Meanwhile, Hoechst has a
broad PL bandwidth (fwhm = 121 nm), while FITC has a
narrow one (fwhm = 55 nm). Considering conventional
spectral multiplexing (Figure 2I), the PL spectrum of the
SiQD-NPs (blue line) is extensively overlapped with the PL
spectra of Hoechst (red line) and FITC (green line), making it
impractical to distinguish between respective emissions in the
overlapped regions. However, in the time domain (Figure 2J),
the very slow-decaying PL emitted from the SiQD-NPs (blue
line) can be easily distinguished from other fast-decaying
signals (red and green lines) if the imaging time window
following the pulsed excitation is delayed for at least SO ns.
In this work, live cancer cells that are cultured in medium and
attached to the bottom of a chamber slide are imaged by an
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Figure 3. (A—C) SKOV3 cells and (M—0O) CHO cells treated with the anti-HER2-conjugated SiQD-NPs. (D—F) SKOV3 cells only and (P—R)
CHO cells only. (G—I) SKOV3 cells and (S—U) CHO cells treated with Hoechst and then the anti-HER2-conjugated SiQD-NPs. (J—L) SKOV3
cells and (V—X) CHO cells treated with just Hoechst. For all measurements here, the excitation source is a 405 nm cw laser. The fluorescence
images are obtained through a 600-to-700 nm bandpass filter. The physical dimensions of each image here are 98.4 ym X 98.4 ym. The image

acquisition settings are the same for all images here.

inverted confocal microscope (TE2000E, Nikon) (Figure S6).
A fluorescence image of the cancer cells is constructed by
integrating the time-resolved photon distribution, measured by
a TCSPC technique, of each pixel of the fluorescence image.”'
The second-harmonic output at 385 or 440 nm generated from
a mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics)
with pulse duration about 80 fs and repetition rate 5.4 MHz is
used as the excitation light. The emission light is passed
through a 520 nm long-pass filter and amplified by a
microchannel-plate photomultiplier tube (MCP-PMT) before
entering into a TCSPC module (SPC-830, Becker & Hickl
GmbH). The collected time-resolved data are further analyzed
with SPC image software (Becker & Hickl GmbH). Specifically,
the short-lived and long-lived components of the fluorescence
image are obtained by integrating the measured photon
histogram of each pixel over respective time windows.

First we demonstrate that by time-gating the membrane of a
single cancer cell immunostained by the SiQD-NPs can be
separated from its nucleus stained by Hoechst 33342, a
frequently used probe in biomedical imaging to highlight cell
nuclei by binding to the deoxyribonucleic acid (DNA) strands.
As confirmed by a conventional confocal fluorescence micro-
scope (TSC SPS II, Leica), the anti-HER2-conjugated SiQD-
NPs successfully attach to the membranes of HER2-over-
expressing SKOV3 cancer cells (human ovarian carcinoma
cells) through antibody—antigen specific binding (Figure 3A—
C). In addition, here HER2-nonexpressing CHO cells (Chinese
hamster ovarian normal cells) are used as a model to evaluate
the degree of nonspecific binding. Due to the effective
antifouling coatings composed of BSA and PEG, the non-
specific absorption of the anti-HER2-conjugated SiQD-NPs on
the CHO cells is negligible (Figure 3M—0). Furthermore, in
combination with the SiQD-NPs that are attached on the cell
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membrane, Hoechst can stain the cell nucleus to highlight both
parts of a SKOV3 cancer cell in parallel (Figure 3G—I). In
contrast, only the nuclei of the CHO cells that are also treated
with both fluorophores are highlighted (Figure 3S—U). As
controls, when treated with Hoechst only, the nuclei of both
the SKOV3 cancer cells and the CHO cells become clearly
visible (Figure 3J—L and V—X). Lastly, the endogenous cell
autofluorescence, compared to the exogenous fluorescence of
the SiQD-NPs or Hoechst, is almost indiscernible (Figure 3D—
F and P-R).

As pointed out previously, because of the PL spectral overlap
(Figure 2I), it is hard to distinguish between fluorescence
signals emitted from the SiQD-NPs and Hoechst by using
different emission filters, although in this case the nuclei and
membranes are seemingly discernible by their shapes and
relative positions. To differentiate the two fluorescence signals
without any uncertainty, the aforementioned time-gated
imaging method is applied to the SKOV3 cancer cells prepared
under various conditions. For the SKOV3 cancer cells treated
with both the anti-HER2-conjugated SiQD-NPs and Hoechst
(Figure 4K—N), both the membranes and nuclei appear in the
short-lived component of the fluorescence image. However,
only the slow-decaying fluorescence emitted from the SiQD-
NPs immunostained on the membranes still exists in the long-
lived component. Therefore, by comparing the difference
between the short- and long-lived components, the fluores-
cence signals coming from the SiQD-NPs and Hoechst can be
separated and detected simultaneously. As controls, the SKOV3
cancer cells treated with only the anti-HER2-conjugated SiQD-
NPs (Figure 4A—D) show the membrane fluorescence signals
in both the short- and long-lived components, while the
SKOV3 cancer cells treated with only Hoechst (Figure 4P—S)
show the nucleus fluorescence signal in the short-lived
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Figure 4. Bright-field images, fluorescence images, short-lived components, and long-live components of the fluorescence images and time-resolved
photon distributions of (A—E) SKOV3 cells treated with the anti-HER2-conjugated SiQD-NPs, (F—J) SKOV3 cells only, (K—O) SKOV3 cells
treated with Hoechst and then the anti-HER2-conjugated SiQD-NPs, and (P—T) SKOV3 cells treated with just Hoechst, respectively. For all
measurements here, the excitation source is a 385 nm pulsed laser with a repetition rate of 5.4 MHz. The fluorescence images are obtained through a
520 nm long-pass filter. The short-lived (C, H, M, R) and long-lived (D, I, N, S) components of the fluorescence images (B, G, L, Q) are formed by
integrating the time-resolved photon distribution of each pixel of the fluorescence images over the time windows, 0 to 30 ns (red-shaded area) and
30 to 130 ns (green-shaded area) after the excitation pulse, respectively. The black arrows in the fluorescence images indicate the locations for which
the time-resolved photon distributions (E, J, O, T) are shown. The physical dimensions of each image here are 125 ym X 125 ym. It is important to
note that the cell autofluorescence of the SKOV3 cells here has much weaker intensity than either the SiQD-NPs or Hoechst, as evidenced by the
confocal images in Figure 3. Therefore, the acquisition time for the cells-only image (G) is much longer than other fluorescence images (B, L, Q).

component but nothing in the long-lived one. Most
importantly, the time-gated images displaying the SKOV3
membranes here (Figure 4D and N) contain no cell
autofluorescence in the background, as the cells-only
fluorescence image consists of only the short-lived component
(Figure 4F-1).

Besides the cellular images, the time-resolved photon
distributions at specific locations of the fluorescence images
are also shown. The Hoechst fluorescence at the nuclei (Figure
4T) and the cell autofluorescence (Figure 4]) fast decay mono-
and multiexponentially, both with lifetimes about 2.5 ns.
Furthermore, the fluorescence of the SiQD-NPs at the
membranes (Figure 4E and blue line of Figure 40) partially
decays in nanoseconds at the beginning and then remains
almost constant for the rest. The fast-decaying part is attributed
to the direct band-to-band radiative or nonradiative recombi-
nations (Figure SSB), rather than the cell autofluorescence,
which primarily originates from cell mitochondria,"* not the cell
membranes as specified here. More specifically, based on the
excitation (385 nm) and emission window (>520 nm) used
here, the cell autofluorescence should belong to nicotinamide
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adenine dinucleotide hydrate (NADH) and flavin adenine
dinucleotide (FAD) metabolized inside the mitochondria.”
Interestingly, in Figure 40, the photon histogram at the nuclei
(green line) has a small slow-decaying part, which is about 10
times in photon counts lower than the photon histogram at the
membranes (blue line). This is likely due to the antibody—
antigen specific binding of the SiQD-NPs to the part of the
SKOV3 cell membrane located on top of the nucleus. Although
not in the imaging focal plane, which is positioned lower inside
the cytoplasm part, their fluorescence can still diffuse
downward to the nucleus and therefore contribute to the
slow-decaying part here.

Second we demonstrate that by time-gating two types of
cancer cells immunostained by the SiQD-NPs and FITC,
respectively, can be separated from each other, which otherwise
cannot be accomplished by conventional multiplexing in the
wavelength domain or simply observing cell morphologies.
Under the conventional confocal fluorescence microscope
(TSC SPS 1I, Leica), the anti-HER2-conjugated SiQD-NPs
show significant antibody—antigen specific binding to the
HER2-overexpressing SKOV3 cancer cells (Figure SA—C) and
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Figure S. (A—C) SKOV3 cells and (J—L) A431 cells treated with the anti-HER2-conjugated SiQD-NPs. (D—F) SKOV3 cells and (M—0O) A431
cells treated with the anti-EGFR primary antibodies, followed by the FITC-conjugated anti-mouse secondary antibodies. (G—I) SKOV3 cells only
and (P—R) A431 cells only. (S—U) SKOV3 cells and A431 cells (indicated by a white arrow), which were cultured together side by side, treated with
the anti-EGFR primary antibodies, then the FITC-conjugated anti-mouse secondary antibodies, and finally the anti-HER2-conjugated SiQD-NDPs.
For all measurements here, the excitation source is a 442 nm cw laser. The fluorescence images are obtained through a 500-to-600 nm bandpass
filter. The physical dimensions of each image here are 98.4 ym X 98.4 ym. The image acquisition settings are the same for all images here.

negligible binding to A431 cancer cells (human epidermoid
carcinoma cells), which overexpress EGFR cell-surface
receptors and also have little amount of HER2 (Figure SJ—
L).” When treated with the anti-EGFR primary antibodies
followed by the FITC-conjugated anti-mouse secondary
antibodies, the A431 cancer cells shows much stronger
immunofluorescence signal (Figure SM—O), while the
SKOV3 cancer cells, which also have little amount of EGFR
cell-surface receptors, display slight FITC staining (Figure SD—
F).* Most importantly, when both immunostaining procedures
are applied to the two types of cancer cells cultured together,
the SiQD-NPs and FITC successfully immunostain the SKOV3
and A431 cancer cells, respectively (Figure SS—U). As controls,
relative to the exogenous fluorescence of the SiQD-NPs or
FITC, the endogenous autofluorescence of the SKOV3 or A431
cancer cells is minimal (Figure SG—I and P—R).

Due to the PL spectral overlap between the SiQD-NPs and
FITC (Figure 2I), conventional multiplexing in the wavelength
domain is essentially infeasible. Moreover, unlike the previous
demonstration where the membrane and nucleus of a cancer
cell can be easily distinguished from each other by their shapes
and positions, the immunostained SKOV3 and A431 cancer
cells here look alike in the fluorescence images (Figures SS and
6L), although in the bright-field images (Figures ST and 6K,P)
the SKOV3 cancer cells are usually much flatter and smoother
at the boundaries than the A431 cancer cells. To identify each
cell type without ambiguity, the same time-gated imaging
method used for the previous demonstration is applied to the
SKOV3 and A431 cancer cells immunostained with the anti-
HER2-conjugated SiQD-NPs and the FITC-conjugated anti-
EGFR antibodies, respectively (Figure 6K—N). Both the
SKOV3 and A431 cancer cells appear in the short-lived
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component of the fluorescence image, but only the SKOV3
cancer cells immunostained with the SiQD-NPs still exist in the
long-lived component. In other words, the cells disappearing in
the long-lived component should belong to the A431 cancer
cells immunostained with FITC, of which the fast-decaying
fluorescence totally diminishes before the time-gating. As
controls, the SKOV3 cancer cells treated with only the anti-
HER2-conjugated SiQD-NPs show fluorescence signals in both
the short- and long-lived components (Figure 6A—D), while
the A431 cancer cells treated with only the FITC-conjugated
anti-EGFR antibodies show fluorescence signals in the short-
lived component but nothing in the long-lived one (Figure 6F—
I). The time-resolved photon distributions for FITC
immunostained on the A431 cancer cells (Figure 6] and
green line of Figure 60) exhibit monoexponential decay with
an average lifetime of about 2.4 ns. On the other hand, the
time-resolved photon distributions for the SiQD-NPs immu-
nostained on the SKOV3 cancer cells (Figure 6E and blue line
of Figure 60) remain almost constant, with a fast-decaying part
due to the direct band-to-band radiative or nonradiative
recombinations (Figure SSB) superimposed on top at the
beginning. Lastly, similar to the previous demonstration, the
time-gated images of the SKOV3 cancer cells here (Figure 6D
and N) are free of background autofluorescence, which fast
decays in nanoseconds (Figure 6P—T). Particularly, based on
the excitation (440 nm) and emission window (>520 nm) used
here, the cell autofluorescence should mostly come from the
FAD metabolized inside the cell mitochondria.””

In summary, highly fluorescent SiQD-NPs, comprising size-
reduced Si cores (about 100 to 150 nm) and clusters of
crystalline SiQDs (about S nm) attached on the surfaces of the
Si cores, are synthesized by a top-down method, including
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Figure 6. Bright-field images, fluorescence images, short-lived components, and long-lived components of the fluorescence images and time-resolved
photon distributions of (A—E) SKOV3 cells treated with the anti-HER2-conjugated SiQD-NPs, (F—J) A431 cells treated with the anti-EGFR
primary antibodies and then the FITC-conjugated anti-mouse secondary antibodies, (K—O) SKOV3 cells and A431 cells (indicated by a white
arrow), which were cultured together side by side, treated with the anti-EGFR primary antibodies, then the FITC-conjugated anti-mouse secondary
antibodies, and finally the anti-HER2-conjugated SiQD-NPs, and (P—T) SKOV3 cells and A431 cells (indicated by a white arrow) only. For all
measurements here, the excitation source is a 440 nm pulsed laser with a repetition rate of 5.4 MHz. The fluorescence images are obtained through a
520 nm long-pass filter. The short-lived (C, H, M, R) and long-lived (D, I, N, S) components of the fluorescence images (B, G, L, Q) are formed by
integrating the time-resolved photon distribution of each pixel of the fluorescence images over the time windows, 0 to 30 ns (red-shaded area) and
30 to 130 ns (green-shaded area) after the excitation pulse. The black arrows in the fluorescence images indicate the locations for which the time-
resolved photon distributions (E, J, O, T) are shown. The physical dimensions of each image here are 115 ym X 115 pm. It is important to note that
the autofluorescence of either the SKOV3 or A431 cells here has much weaker intensity than either the SiQD-NPs or FITC, as evidenced by the
confocal images in Figure S. Therefore, the acquisition time for the cells-only image (Q) is much longer than other fluorescence images (B, G, L).

electrochemical etching, photochemical hydrosilylation, high- of each pixel over the respective time windows, the long-lived
energy ball milling, and selective etching. The SiQD-NPs are component of the fluorescence image consisting of only the
further coated with BSA and PEG, rendering the nanoparticles’ fluorescence emitted from the SiQD-NPs is separated from all
water-solubility, antifouling property and capability of con- other short-lived signals resulting from the organic dyes and the
jugation to the antibodies. Due to steric hindrance of the long cell autofluorescence. In the first demonstration, the membrane

alkyl ligands used in the hydrosilylation, the silicon carbide and and nucleus of a HER2-overexpressing SKOV3 cancer cell,
hydrocarbon passivation on the SiQD surface cannot be labeled with the anti-HER2-conjugated SiQD-NPs and

thorough. As a result, the SiQD surface is partially oxidized, Hoechst, respectively, can be separated from each other by
leading to formation of the oxide-related surface defect states, time-gating. In the second demonstration, by using the same
through which almost all radiative recombinations occur. time-gated imaging method, the SKOV3 cancer cells

Consequently, the SiQD-NPs dispersible in water have immunostained with the anti-HER2-conjugated SiQD-NPs
relatively broad PL bandwidth (fwhm ~ 115 nm) and very can be distinguished from the EGFR-overexpressing A431

long PL lifetime (7 &~ 25 ps). When used in combination with cancer cells immunostained with the FITC-conjugated anti-
organic dyes that have nanosecond-range PL lifetimes, the EGFR antibodies. Such demonstrations cannot be accom-
antibody-conjugated SiQD-NPs enable a time-gated immuno- plished by conventional multiplexing methods due to extensive
fluorescence imaging method here, for detecting two different spectral overlap in the wavelength domain. Most importantly,
biological targets in parallel and removing background all the long-lived components of the fluorescence images shown
autofluorescence. First, the time-resolved photon distribution here are free of background autofluorescence, which fast decays
of each pixel of a fluorescence image is measured by using a in nanoseconds, making the time-gated imaging method here

TCSPC technique. Then, by integrating the photon histogram using the antibody-conjugated SiQD-NPs a promising solution
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for high-contrast and high-sensitivity immunofluorescence
imaging.
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