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Abstract

Fluorescent probes are vital to cell imaging by allowing specific parts of cells to be visualized and
quantified. Color-switchable probes (CSPs), with tunable emission wavelength upon contact with
specific targets, are particularly powerful because they not only eliminate the need to wash away
all unbound probe, but also allow for internal controls of probe concentrations, thereby facilitating
quantification. Several such CSPs exist and have proven very useful, but not for all key cellular
targets. Here we report a pioneering CSP for in-situ cell imaging, using aldehyde-functionalized
silicon nanocrystals (SiNCs) that switch their intrinsic photoluminescence (PL) from red to blue
quickly when interacting with amino acids in live cells. Though conventional probes often work
better in cell-free extracts than in live cells, the SiNCs display the opposite behaviour, and function
well and fast in universal cell lines at 37 <C, while requiring much higher temperature in extracts.
Furthermore, the SiINCs only disperse in cytoplasm not nucleus and their fluorescence intensity
correlated linearly with the concentration of fed amino acids. We believe these nano-silicon probes
will be promising tools to visualize distribution of amino acids and potentially quantify amino

acids-related processes in live cells.
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Introduction

Optical imaging is one of the most powerful tools in cell biology, but most assays are only as good
as the probes used!2. Probes that are constantly in the on state require excess probe to be washed
away to improve the signal-to-noise ratio, which in turn means that the probe must be reintroduced
every time labelling is updated (Figure 1a). Activatable probes, that only emit light when
interacting with the specific target (Figure 1b), solve that problem, but it is still difficult to assess
the total probe concentration in any given location, which in turn makes labelling less quantitative
and reliable. Color-switchable probes (CSPs) address that challenge as well, and though they are
a relatively new member of the fluorescent probe family, they have proven very powerful by
providing more reliable information about cells (Figure 1c). Until now, most CSPs have been
based on fluorescent proteins or organic molecular chromophores with various photochemical
mechanisms for color-switching, such as Fdster resonance energy transfer (FRET) and

aggregation-induced emission (AIE)*®,

Inorganic semiconductor nanocrystals have emerged as alternatives to conventional
probing materials because of their high brightness and stability against degradation and
photobleaching®*2. However, the photoluminescence (PL) of reported inorganic probes (e.g.,
semiconductor nanocrystals) have often been insensitive to the cell or tissue environment because
the bandgap-based radiative recombination is the dominant emission process. To date, CSPs using
inorganic materials with high biocompatibility, suitable for practical bioimaging, have yet to be
demonstrated. Silicon nanocrystals (SINCs) have many advantages over conventional
semiconductor nanomaterials because of their highly tunable PL wavelengths, high
biocompatibility, and minimal toxicity'**°. Unlike other semiconducting nanomaterials, such as

I1-V1 group colloidal quantum dots, the PL of SINCs can be further tailored by the introduction of



surface ligands?%-?2, Therefore, it exhibits the potential to effectively accumulate the charge carriers
generated from the particle core and produce surface-induced PL regardless of the particle size.
Theoretically, the SINCs could effectively switch their intrinsic PL at the red-to-near-infrared
region to the surface-trap-based blue PL by incorporating nitrogen moieties on the surfaces (Figure
1d,e). Although there are abundant sources of nitrogen moieties like amino acids (AAS) in the
biological environment, such CSP has not been obtained for bioimaging due to its intrinsic
sensitivity to cell culture conditions where surface oxidation by oxygen or water can easily quench

the PL.

With the aforementioned potentials and limitations in mind, in this work, we report a two-
step surface functionalization strategy that can successfully inhibit the oxidation-induced PL loss
of SINCs and investigate its application in cell imaging as a CSP. Hydride-terminated SiNCs (H-
SINCs) with red emission were first passivated by acrolein, and subsequently interacted with
various amine species (e.g., AAs, small organic amines and peptides) via a Schiff base reaction
mechanism. This two-step passivation approach exhibited an oxidant-inert color-switch from the
initial red PL to a surface-induced blue emission, in both cell-free and cytoplasmic environments.
In different cell lines with precise control of fed AAs, the in-situ red-to-blue PL switch was found
to occur quickly and the blue PL intensity of cells responded in a dose-dependent manner,
reflecting distributions and the concentrations of AAs in different intracellular regions. Moreover,
this PL switch was only observed within live cells not dead cells, suggesting that some certain bio-
catalysis in live cells could help overcome high energy barrier of general Schiff base reaction of

the SiNCs and AAs in a cell-free environment.
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Figure 1. Mechanism of action of existing fluorescent probes and proposed mechanism of
action of color-switchable probes. Diagram of the probing mechanism of (a) the “always-on”
probe (with continuous fluorescence) and (b) the activatable probe (fluorescence generates only
after being bound to the specific target). (c) Proposed color-switchable probe with a fluorescence
change after being absorbed and incubated by a cell. (d) Photoluminescence (PL) change of a
silicon nanocrystal due to the introduction of the surface states by surface ligand engineering and
(e) proposed color-switching mechanism. The intrinsic red PL with slow lifetime decay (}s) is
generated from the radiative recombination through the indirect bandgap channel. The introduction
of the surface states by ligand engineering in which the exciton recombines radiatively and

generates blue PL with fast lifetime decay (ns).



Results and Discussion

Design of a Schiff base Reaction. In the proof-of-concept experiment, the amine sources and
SiNCs were bound based on imine structures that were created by Schiff base reactions, a class of
condensation method that were commonly used for organic cross-coupling reactions®. Due to the
high yield and functionality at ambient conditions, Schiff base reactions have been widely used in
surface chemistry and biotechnology to anchor functional complexes, ligands and biomolecules
on substrates?*?%, Motivated by the benefits of Schiff base reactions and the PL response of H-
SiNCs to amine molecules, we devised a surface functionalization approach to anchor organic
amines on SINCs via surface Si-N bonds and Schiff base linkages (Figure 2a). Our goal was to
obtain SiINC-based CSPs with PL that can be switched quickly when interacting with biomolecules
containing amine groups such as AAs and peptides. We developed a synthetic approach to obtain

aldehyde-functionalized SiNCs for further Schiff base reaction.

Specifically, we synthesized a SiNCs/SiO2 composite via thermal annealing of an
amorphous siloxane polymer (HSiO15)n obtained from the hydrolysis of trimethoxylsilane (see
Methods and Figure S1). SiNCs were subsequently liberated by hydrofluoric acid (HF) etching
and functionalized by the freshly-prepared ligand acrolein using radical-driven hydrosilylation
(Figures 2a, Figures S2-4). This process resulted in red-emitting, aldehyde-functionalized SiNCs
(A-SINCs) of average size ~2 nm as determined using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, Figures 2b, and Figures S5-S7), with a good
dispersity in water (Figure S8). FT-IR spectroscopic results (Figure 2c, Figure S9) showed that the
original absorption associated with the surface Si-Hx bonds (~2100 cm™) was replaced by the
intense vibration features attributed to C-Hy (~2800-3050 cm™) and C=0 stretching (~1730 cm™),

consistent with surface aldehyde functionalization.



The FT-IR spectrum clearly showed the absence of C=0 signal and emergence of C=N
stretching signal at ~1700 cm™, indicating the successful formation of the imine linkage (Figure
2c, Figure S10). X-ray photoelectron spectroscopy (XPS) gave insight into the evolution of the
elemental oxidation states of SINCs following surface modification (Figure 2d, e). High-resolution
XPS results of A-SiNCs clearly showed the emissions raising only from silicon, carbon, and
oxygen. The emission compositions at 99.4 eV, 100.3 eV, 101.5 eV, 102.4 eV, and 103.4 eV can
be assigned to elemental silicon, Si-C linkages and silicon suboxides (Figure 2d)?’. A new
component emerged at 287.4 eV in the carbon 1s spectra of the imine-functionalized SiNCs
(Figure 2d), consistent with the formation of imine (C=N) linkage?®. An increase of signal intensity
of the Si (I11) and Si (IV) components occurred in the imine-functionalized SiNCs (Figure 2d),
which may be due to the surface Si-N bonds formed from the reaction between the amine end

group (-NH_) and the residual hydride on A-SiNC surfaces??.

We next investigated the effectiveness of Schiff base reaction on A-SiNCs using organic
amines (e.g., butylamine (BA), allylamine (ALA), benzylamine (BZA) and phenylethylamine
(PEA)). After the reaction for 12 h, a new blue PL appeared and replaced its initial red emission
(Figure 2b). TEM analyses confirmed that the red-to-blue PL switch did not come from the change
in particle size nor from a change of crystalline nature of SINCs (Figure 2b; Figure S7). The
absorption features of the imine-functionalized SiINCs were similar to that of the original A-SiNCs,
as defined by the density of states of the Si core (Figure 2f)?. The initial PL maximum of A-SiNCs
was at 880 nm and had a relatively broad PL line width (full width at half maximum, fwhm = 230
nm) (Figure 2g). Following the Schiff base reactions, an emergence of nano-second scale blue PL
was observed at 445 - 470 nm, whereas the intrinsic red PL intensity with micro-second scale

lifetime was notably diminished (Figure 2g,h). The corresponding PL quantum vyield was



decreased (Table S1). We therefore ascribed this to the formation of Si-N surface states that created

trap-based radiative recombination pathways, where Si core acted as a sensitizer?.

a b Vis UV
™ X, R
i R =z
~H H N~ ()
H <
T s 7 2 OH
NH, ©/\/ HzN\)I\OH HzN""'zt §
R-NH, = ) o s SH &
Gly-Phe-A
N = NH, {Arg-Gly-Asp-d-Phe-Lys} é
c .
UCH) v(SiH) &(CH) d Si2p e C1s
A-SiNCs
El 0 S / { ~
S S (IV‘ /\ :
§ ‘E ' 9 :;.-‘,
£ i 5 . a0 - @
S P £ BA-A-SINCs|  £|BA-A-SINCs
g v(C=0) = o
= 3

! |

3500 3000 2500 2000 1500 105 104 103 102 101 100 99 98 200 288 286 284 282

Wavenumbers (cm™) Binding Energy (eV) Binding Energy (eV)

f g h
S04 BA-A-SiNCs S04 -~
s ALA-A-SINCs | © :
808 ——BzAASINCs | >g5) <
S —— PEA-A-SiNCs 2 >
So64 ———A-SiNCs 26l B
@ 1 =" <
Q ) e
< o ©
3 04 N
i :
T 02+ £
§ 5 02 5
p4 | o \ z

: : , . Zoo == } i : -

300 400 500 600 700 400 600 800 1000 1200 0 10 20 30 40

Wavelength (nm) Wavelength (nm) Time (ns)

Figure 2. Surface ligand engineering and characterizations of red- and blue-emitting SiNCs.
(a) Schematic representation of the PL change of SiNCs due to a two-step hydrosilylation/Schiff
base ligand functionalization. Various types of amines are listed in the box, {Gly-Phe-Arg} and
{Arg-Gly-Asp-d-Phe-Lys} represent the peptide sequences. (b) Photograph of aldehyde-

passivated SINCs (A-SiNCs) suspension in chloroform and imine-SiNCs (ALA-A-SiNCs)



suspension in DI water under visible light and UV illumination and HRSTEM images of single
SiNCs (scale bar:1 nm). (c) FT-IR spectra of hydride-terminated SiNCs (i), A-SiNCs (ii), and BA-
A-SiNCs (iii). High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (d) Si 2p and
(e) C 1s regions of A-SiNCs and imine-SiNCs. Fits are shown for the Si 2ps/2 emissions. Si 2p1/
components are omitted for clarity. (f) absorption, (g) corresponding PL spectraand (h) PL lifetime
decay of A-SiNCs after the reaction with butylamine (BA), allylamine (ALA), benzylamine (BZA),

and phenethylamine (PEA).

Schiff base Reactions on Biomolecules. The size-independent PL shift of the imine-
functionalized SINCs suggested that the amine terminal groups can strongly interact with the
surface Si-H and C=0 bonds. We therefore extended the amine-containing ligands to include AAs,
e.g., glycine (Gly), threonine (Thr), L-cysteine (Cys), and L-histidine (His)) and short-chain
peptides (e.g., Gly-Phe-Arg (GFR) and Arg-Gly-Asp-d-Phe-Lys (RGD), which widely exist in
cells and therefore are ideal as imaging targets. When the AAs and predesigned short-chain
peptides were added to the A-SiNC/acetonitrile solution and mixed at 77 <C, the intensity of red
PL was gradually diminished and a new signal emerges in the blue region (Figure S11). The
reaction was complete within 12 h, as indicated by the FT-IR analysis (Figure 3a). No narrowband
N-Hy stretching signals (3000 — 3300 cm™) was observed throughout all the samples in FT-IR
studies, suggesting complete removal of unreacted amine sources®*3!. The emergence of C=N
features at ~1700 cm™ and the absence of the sharp C=0 stretching signal at 1730 cm™ from each
sample indicated an efficient imine formation on SiNCs. The broad and strong signal at 3000 —
3600 cm™ was assigned to the O-H stretching mode of the carboxyl groups on the anchored AAs.

The spectroscopic features in the 2500 — 3200 cm™ region can be assigned to the CHjx stretching



and strong intermolecular hydrogen bonding between the carboxylic and ammonium groups on
AAs*, We concluded that the Schiff base reaction can also effectively anchor AAs on A-SiNCs
through imine linkage and further improve the particle dispersity in water (Figure S8). These
chemical bonding features were retained after the reaction in an aqueous environment at 77 <C,
indicating that the reverse reaction (i.e., hydrolysis of the imine bonds) did not readily occur in the

same condition.

We next investigated the influence of AAs and peptides on the optical responses of SINCs.
The absorption in the blue region (below 500 nm) was enhanced after the Schiff base reaction
(Figure 3b, Figure 2f and Figure S12). Similar to the observations of the interaction with primary
amines (Figure 2), significant PL shifting from red to blue region was observed, and the PL line
width was reduced to ~75 nm (Figure 3c, Figure 2g). We then sought to understand the difference
in the excitation and emission properties. Static-state excitation-emission-matrix (EEM) spectra
(Figure 3d,e) showed that the red-band and blue-band PLs correspond to different excitation
regions (red: 360 — 400 nm; blue: 250 — 380 nm). The excitation patterns of A-SiNCs were
consistent with those SINC PLs from the charge carrier recombination at the band-edge whereas
the imine-functionalized samples had similar excitation behaviors as previously reported blue-
emitting SiNCs due to the radiative recombination at the surface states?>®, Significant changes in
photoluminescence quantum yield (PLQY) and PL lifetime decay can be observed after the Schiff
base reaction. The photoexcited state lifetime decay value of A-SiNCs was 70 microseconds
(Figure 3f and Table S1), similar to previously reported values for alkyl-functionalized SiNCs and
can be assigned to the Si core state radiative recombination3*. After the interaction with amines,
the PL intensity was substantially diminished with a reduced PLQY below 5% (Table S1). The

corresponding PL lifetime values were much shorter (i.e., below 10 ns, Fig. 3F and Table S1),
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consistent with the fast radiative recombination of carriers in Si surface states introduced due to

amine anchoring?%3334,
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Figure 3. Photophysical properties of amino acid anchored SiNCs. (a) FT-IR, (b) absorption,
and (c) photoluminescence spectra of amino acids anchored SiNCs and the original A-SiNCs.

Excitation-emission matrix (EEM) PL spectra of (d) A-SiNCs and (e) His-A-SiNCs; (f) PL lifetime

Cells incubation with CSP. Next, to examine the applicability of A-SiNCs as CSPs in live cells,
we explored the interaction of A-SiNCs with human acute myeloid leukemia (OCI-AML-2) cells
(Figure 4a). The AAs in the culture medium were considered as the main amino supply for cell
and thereby we quantitatively set their concentration as a control variable (Supplementary Table

2). In the proof-of-concept experiments, cells were incubated with increasing concentrations of
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AAs at 37<C for 24 h, and the phase contrast and fluorescence microscopy images were taken
before and after incubation. Initially (i.e., 0 h), we only observed red PL from the A-SiNCs outside
the cells under UV excitation. After the 24 h incubation with A-SiNCs, we observed an increase
of blue PL inside the cells, indicating that the A-SiNCs had entered the cells and reacted with AAs
(Figure 4a,b). Instead of washing away the probe, we can also choose to keep it in the media, to
constantly update the labeling, and measure both the red and blue forms for calibration (Figure 4b).
In experiments with Hela cells, we not only observed this red-to-blue PL switch was universal in
different cell lines but also found the color switch could take effect in a much shorter time (Figure
4c). Obvious blue fluorescence appeared in the cells after 1 h incubation with a considerable
intensity which gradually increased with time (Figure 4d). Since the average division cycle of the
Hela cells was report to be around 1 day®®, the increase of PL intensity of the cells from 1 h to 24
h was most likely correlated to the continuous cell growth and metabolism, with which the uptake
of AAs and AA-related reactions were highly involved. More importantly, the intensity of the blue
PL increased in a dose-response manner with the AA concentration (Figure 4e) and the
concentration of A-SiNCs (Figure S13). The good linear correlation of the AA concentration and
the PL intensity indicates the promising potential of SINC-based CSPs for quantitative bioimaging

(Figure 4f).
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Figure 4. Color-switchable probing of OCI-AML-2 cells and Hela cells. (a) Schematic diagram
of the live cell probing process with A-SiNCs. (b) Representative live OCI-AML-2 cell images
after 24h incubation with A-SiNCs. From top to down: Phase contrast (PC), 430 nm (blue), and
670 nm (red) emission wavelengths. Aex max =408 nm (scale bar: 10 pum). (c) Representative live

Hela cell images with A-SiNCs after various incubation time (scale bar: 10 um). (d) Quantitative
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measurements of the emission fluorescence enhancement of cells in Figure 4c. (¢) Representative
microscopy images of live OCI-AML-2 cells incubated with different AA concentrations. Cells in
an AA-free medium (0 pg/mL) were taken as a control to compare with cells in different medium
containing different amounts of AA (scale bar: 10 um). (f) Quantitative correlation between the
emission fluorescence enhancement of cells and initial AAs feed in Figure 4e. The enhanced
intensity equals to the measured intensity minors the intensity of the control group (i.e., 0 ug/mL
and 0 h incubation) intensity. Each measurement was repeated three times to obtain an average
and standard deviation (N = 3). The concentration of A-SiNCs was maintained as 125 pg/mL in
Figure 4b, 4c, and 4e, and the concentration of AAs was maintained as 994 pg/mL in Figure 4b

and 4c.

AAs tracking by CSP. We were thereby motivated to use the A-SiNCs to probe the intracellular
distribution of AAs. For instance, we noticed that during the metaphase and anaphase stages of
mitosis (Figure 5a), the intensity of blue fluorescence was much higher in the cytoplasm compared
to the nucleus of the cell, suggesting that many more AA-related Schiff base reaction sites are
present in the cytoplasm other than the nucleus. We also found that A-SiNCs had significant
distribution overlaps with the commercial dyes Lyso-Tracker Green (LTG, labelling lysosome)
and Mito-Tracker Green (MTG, labelling mitochondria) (Figure 5b,c), and lysosome and
mitochondria are important organelles involved in AA-related cellular reactions®®. These findings
are not only consistent with previous reports that cytoplasm contains most of AAs in the cell but

also confirm the potentials of A-SiNCs for probing AAs in cells®®'.

14



It is worth noting that the PL-switching behavior of A-SiNCs interacting with AAs occurs
at distinctively different conditions. Compared to the relatively slow reaction (12 h) in the cell-
free environments at 70<C, similar PL-switching is complete within 1 h at 37<C in cells. We
therefore further investigate the role of the intracellular impact on the color-switching of A-SiNCs,
we compared the fluorescence signal between living and dead cells (Figure 5d and Figure S14).
All cells were stained with the colorimetric dye trypan blue after 24 h of incubation with the A-
SiNCs. Trypan blue is a dye commonly used to determine cell viability by exclusively labelling
dead cells and its fluorescent effect is negligible under UV excitation. Although impermeable to
live cells, it enters and stains dead cells through their compromised cell membrane; this was
observed as dark staining in phase-contrast imaging (Figure 5d). We only observed strong blue PL
from the live cells, suggesting that the reaction of A-SiNCs and AAs only occurred in live cells.
We speculate that the PL-switching undergoes some biocatalytic processes (e.g., enzymatic
activity) yet to explore only within the live cells, which significantly reduced the energy barrier of
the original Schiff base reactions in cell-free environment®®. This comparison showed that this
color-switching reaction was closely related to the viability of the cells. Thus, a single probe can

separately visualize all cells, and distinguish live and dead ones.
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Figure 5. Intracellular response and distribution of A-SiNCs. (a) Probing AAs with A-SiNCs
in cells under mitosis. Scale bar:10 um. (b) Comparison of the distributions of the A-SiNCs and
Lyso-Tracker Green (LTG) in Hela cells. (c) Comparison of distributions of the A-SiNCs and
Mito-Tracker Green (MTG) in Hela cells. (d) Live cell responsive manner of A-SiNCs. The live
(boxed in yellow) and dead (boxed in grey) OCI-AML-2 cells were classified with a colorimetric
dye trypan blue in PC imaging (scale bar: 20 um). The co-incubation time of the A-SiNCs and

cells were 24 h (A-SiNC concentration: 994 pg/mL).

4. Conclusion

We herein report a silicon-based color-switchable fluorescent probes with mixed hydride and

aldehyde surface groups. Enhanced aqueous dispersity and dramatic color tunability is performed
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by this bifunctional surface passivation strategy. The hydride surface groups serve as color-tuned
unit to exhibit near-infrared to blue PL transition (> 450 nm) by the strong interactions with amine
species. Meanwhile the aldehyde surface groups serve as dispersity-tuned unit to exhibit the
hydrophilicity of A-SiNCs at first and homogeneous colloid dispersion by the surface reaction
with amine species. These water-soluble SiNC-based CSPs show a clear single-cell resolution and
intensity and quantitatively reflect the intracellular concentration and spatial distribution of AAs.
They offer a promising path to biosystem probing and to combining with advanced microscopy to
develop in-situ cell- or tissue-level, multicolored imaging technology for numerous AA-involved
fundamental life activities. This is essential for better understanding of the complex cellular
processes as a whole, which cannot be achieved by previous fluorescent probes targeting specific

peptides or organelles3¥4°,

Experimental Section

Materials. All chemicals used are commercially available and were used without any additional
purification steps: trimethoxysilane (TMQOS, 95%), hydrofluoric acid (HF, 49% aqueous solution,
electronic grade), 3,3-diethoxy propene (95%), 2,2'-Azobis-(2,4-dimethylvaleronitrile) (ADVN,
98%), butylamine (BA, 95%), allylamine (ALA, 95%), phenylethylamine (PEA, 95%), glycine
(Gly, 99%), L-histidine (His, 99%), L-cysteine (Cys, 99%), and L-threonine (Thr, 99%), ethanol
(95%), and chloroform (99.9%) were purchased from Aladdin Chemical Inc. Peptides {H-Gly-
Phe-Arg-OH} (G-F-R peptide, powders) and cyclic (Arg-Gly-Asp-D-Phe-Lys) (c(RGDfK),
powders) was purchased from GenScript and China Peptides Inc., respectively. For the cell culture

experiments, Fetal bovine serum was purchased from ATCC, Penicillin/streptomycin, RPMI
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medium with hepes and L-glutamine, Glucose solution, 0.4% trypan blue and distilled water for
cell culture media were purchased from thermofisher scientific, RPMI-1640 50x amino acid (AA)
solution, sodium bicarbonate, L-Glutamine and hepes were obtained from Sigma-Aldrich and

RPMI without L-Glutamine without AA and without Glucose was obtained from My biosource.

Preparation of oxide-embedded silicon nanocrystals (SiNCs). 63 mmol of TriMOS (7.7 mg)
was weighed out in a nitrogen-filled glovebox and transferred immediately into a 100-mL Schlenk
flask equipped with magnetic stirring under a nitrogen atmosphere. The flask was then soaked in
an ice bath to reduce the temperature to ~0<C. 10 mL of nitric acid (90 mmol) and 10 mL of
methanol (25 mmol) were then added into the flask and mixed under a continuous nitrogen flow.
Clear and white gels were immediately formed within 5 min. The temperature was then increased
to room temperature, and the product was set still without mechanical stirring under a nitrogen
atmosphere for 24 h. After the aging process, the product was first isolated from the residual liquid
by vacuum filtration and subsequently transferred to a vacuum oven and dried for 16 h. The white,
gel-like product was gradually transformed into a blue powder. Approximately 1 g of the powder
were then placed in a quartz reaction boat and transferred in a high-temperature tube furnace
(Lindberg). The sample was heated from ambient to the predesigned peak temperature of 1100<C
at 18°C/min in a slightly reducing atmosphere (5% H> + 95% Ar). The sample was maintained at
the processing temperature for 1 h and then cooled down to room temperature naturally. The
resulting amber-color powdery product was ground manually with a mortar and pestle and then
mechanically ground by a ball milling grinder (MSK-SFM-LN-192, MTI KJ Co., Ltd, shaking
frequency = 50 Hz, operating time = 3 h). The fine powders were finally stored in a 20-mL vial in

ambient conditions for further use.
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Liberation of hydride-terminated SiNCs. A conventional HF-etching protocol was applied to
liberate SiNCs from the SiO, matrix**. Approximately 0.5 g of the ground product was transferred
to a polyethylene terephthalate beaker equipped with a Teflon coated stir bar. 5 mL of ethanol and
5 mL of de-ionized water were added to the beaker with mechanical stirring to form a brown
suspension. 5 mL of HF aqueous solution (48% - 51%) was subsequently added into the mixture
in ambient conditions under mechanical stirring to initiate the etching reaction (Extreme caution
was used when handling the HF solution). After 1 h of etching, the color of the suspension
gradually changed to orange. The hydride-terminated SiNCs were extracted from the aqueous
solution by multiple additions of toluene (i.e., 3 <10 mL) and were subsequently transferred to
test tubes. The particles were finally isolated from the solution by centrifugation at 4000 rpm for

2 min.

Radical initiated hydrosilylation of acrolein-functionalized SiNCs (A-SiNCs). The ligand
acrolein was prepared freshly before the hydrosilylation reaction. 3 mL of 3,3-diethoxy propene
was added in a 100-mL polyethylene terephthalate beaker with mechanical stirring. 2 mL of HCI
aqueous solution (1 mol/L) was added into the beaker at room temperature to initiate the reaction.
After 10 min, the product acrolein was extracted from the water/ethanol solution by the multiple
additions of chloroform (i.e., 3 <5 mL). A trace amount of water was then removed from the
product by the addition of 2 g of molecular sieves (3A) and then used immediately for the
hydrosilylation. Hydride-functionalized SiNCs obtained from the centrifugation were redispersed
in 15 mL of chloroform (water was removed by the addition of 3A molecular sieves) and
transferred to a dried 100-mL Schlenk flask equipped with a Teflon-coated magnetic stir bar and
attached to a nitrogen-charged Schlenk line. Under constant nitrogen flow, 1 mg of the radical

initiator 2,2'-Azobis-(2,4-dimethylvaleronitrile) (AVDN, 4 umol), and the abovementioned,

19



freshly prepared acrolein was added to the flask under mechanical stirring. The flask was then
soaked in an oil bath, and the temperature was increased to 48 < under a static nitrogen atmosphere.
The hydrosilylation reaction was maintained for 96 h to yield a transparent orange solution. After
the reaction, the functionalized SiNCs were isolated by ultra-centrifugation at 7800 rpm for 20
min. The supernatant was decanted, and the precipitate was redispersed in 20 mL of hexane,
followed by another round of centrifugation at 7800 rpm for 20 min. The
redispersion/centrifugation/supernatant-removal procedure was repeated twice. Finally, the
precipitate was dried in vacuum, stored in a glass vial, and transferred into a nitrogen-filled

glovebox for further use.

Schiff base reactions on A-SiNCs. 50 mg of A-SiNCs were weighted out from the glovebox,
redispersed in 10 mL of acetonitrile, and transferred to a 35-mL reaction tube equipped with
Teflon-coated magnetic stir bar. 0.28 mmol of predesigned organoamines (i.e., butylamine,
allylamine, and phenylethylamine) and amino acids (i.e., glycine, L-histidine, L-cysteine, L-
threonine) or 0.05 mmol of peptides (i.e., GFR, RGD) were fully dissolved in 20 mL of de-ionized
water and then added to the reaction tube and sealed by a Teflon cap. The tube was then soaked in
an oil bath, and the temperature was increased to 77 <C under a static nitrogen atmosphere. The
reaction was maintained for 12 h to yield a transparent light-yellow solution. After the reaction,
the solution was cooled down to room temperature. The solvent was completely removed by rotary
evaporation, and the powdery imide-functionalized SINC product was then redispersed in 400 mL

of deionized water for dialysis.

Dialysis procedures on SiNCs. The dialysis was carried out with tube dialyzers (15mL, 6-8 kDa,
Merck Millipore Inc.). Approximately 10 mL of imide-functionalized SiNC solution was

transferred to the tube dialyzer with a foam buoy. The tube dialyzer was then placed in a 500 mL
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beaker containing ~400 mL of water and a Teflon-coated magnetic stir bar. Four rounds of dialysis
were carried out with a different length of treatment time: first round: 3 h; second round: 8 h; third
round: 12 h; fourth round: 15 h. After the dialysis, the purified SiNCs dispersion was extracted
and centrifugated; large agglomerates and unfunctionalized particles were removed from the

mixed solution using a 0.45 um PTFE syringe filter.

X-ray diffraction (PXRD) and X-Ray photoelectron spectroscopy (XPS) measurements.
PXRD patterns were collected with a Rigaku Smart Lab diffractometer (Bragg-Brentano geometry,
Cu Kal radiation, A = 1.54056 A). The spectra were scanned between 20 ranges of 10-80°with
an integration of 350 mins. XPS measurements were carried out using the KAlpha XPS system
(Thermo Scientific Inc.) with a monochromatic Al Ka X-ray source (1486.7 eV, 400 um spot size).
The kinetic energy of the electrons was measured by an energy analyzer operated in the constant
analyzer energy mode at 100 eV pass energy for elemental spectra. Casa XPS software (VAMAS)
was used to interpret the high-resolution (HR) XP spectra. All spectra were internally calibrated

to the C 1s emission (284.8 eV).

Transmission Electron Microscopy measurements. High-resolution high-angle annular dark
field-scanning transmission electron microscopy (HAADF-STEM) images were acquired using a
cubed Thermo Fischer Scientific electron microscope operated at 300 kV, with a semi-
convergence angle of 20 mrad. 10 L of SiNC solution (2 mg/mL) was drop-casted on a graphene
grid and dried in vacuum overnight before use. The analysis of the particle size distribution (PSD)
of each type of SINC was based on multiple images taken from the same sample grid. Over 150

particles were measured for the preparation of the PSD summary of each sample.
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Fourier-transform infrared spectroscopy (FT-IR). FT-IR spectra of the SiNCs solid samples
were recorded by Nicolet/Nexus-670 FT-IR spectrometer in the region of 4000-400 cm™* equipped

with ATR transmission module.

Nuclear magnetic resonance (NMR) analysis. Liquid-state 1H NMR spectra were recorded

using a Bruker Avance I11 400 FT-NMR spectrometer by dissolving the desired samples in CDCla.

Absorption and photoluminescence measurements. The UV-Vis spectra of SINC solutions
were measured using a Shimadzu UV-2450 spectrophotometer. Relative absorption spectra were
obtained by subtracting and normalizing with/without sample transmission spectra.
Photoluminescence (PL) spectra of the SiNCs dispersions were recorded at room temperature
using an FLS 980 spectrometer (Edinburgh Instruments) with a Xenon lamp as a continuous wave
light source. The excitation wavelength was set as 365 nm for all samples. For spectrally-resolved
PL decay measurements, ~2 mL of SiNCs/ chloroform solution was transferred in a quartz cuvette.
The sample was pumped by a 405 nm laser (2 W/cm?). The spectral resolution of this method is ~
6 nm. The laser pulse width and repetition rate were set between 100-500 ps and 0.5-10 kHz,
respectively. The emitted photons were collected with a 100.25 NA objective and sent to a 20>20

jum avalanche photodiode (Becker & Hickl, DPC-230) via spectrometer (Andor Shamrock 500).

Quantum yield measurements. Photoluminescence quantum yield (PLQY) measurements were
carried out by home-built integrating sphere setup. Here, a laser-driven xenon plasma white-light
source (Energetiq EQ-99) coupled with a tunable monochromator was used as excitation source,
a 6-inch diameter integrating sphere (Labsphere) provides light collection, and Peltier element
cooled CCD camera (-75<C, Princeton Instruments) is connected to a spectrometer for the signal

acquisition. The setup components were connected to an integration sphere with multimode optical
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fibers. The system response curve was obtained using an excitation source with a monochromator,
where calibration was performed with an optical powermeter. This procedure was executed for
spectrometer grating center wavelengths used in measurements. The spectra of SINC solutions and
the corresponding control samples (e.g., toluene, chloroform, de-ionized water) were corrected
using a system response curve and subtracted from each other. Unless otherwise specified, the
excitation at 380 nm was employed for all the samples. The absolute photoluminescence quantum

yield was then calculated by the ratio of absorbed and emitted photons.

Cell culture conditions. OCI-AML-2 cells were cultured in RPMI 1640 media, L-glutamine, and
25 mM of HEPES (Thermo Fisher Scientific) with 10% Fetal Bovine Serum (FBS, ATCC) and 1%
Penicillin/Streptomycin solution (Thermo Fisher Scientific) at 37T and 5% CO>. The viability
and cell number were assessed before experiments with a Bio-rad TC20 automated cell counter

and 0.4% trypan blue (Thermo Fisher Scientific).

Preparation of cell culture with different concentrations of A-SiNCs. OCI-AML-2 cells (4 x
104 cell/well) were seeded in RPMI 1640 media containing L-Glutamine, and 25 mM of HEPES
(Thermo Fisher Scientific) with 10% FBS (ATCC), 1% Penicillin/Streptomycin solution (Thermo
Fisher Scientific) in a 96-well plate and treated with different concentrations of A-SiNCs (0, 31.25,

62.5, 125 and 250 pg/mL) at 37T and 5% CO; for 24 h.

Preparation of cell culture with different concentrations of amino acids. CI-AML-2 cells (4 x
104 cell/well) were incubated with 125 pg/mL of A-SINCs and different concentrations of AAs
for 24 hours at 37 <C and 5% CO». To prepare the media with different concentration of AAs, 1.85
g of RPMI without L-glutamine, without AA and without glucose was dissolved in 200 ml of dd

H>0, stirring until completely solubilized. 0.5 g of sodium bicarbonate was added with stirring and
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the pH was adjusted to 7.4. Glucose, Hepes, FBS, and penicillin/streptomycin were added to a
final concentration of 2 g/L, 25 mM, 10% and 1%, respectively. Additional water was added to
bring the solution to 250 mL and the media was filter-sterilize using a 0.22 m membrane. The
50x AAs solution and L-glutamine were diluted to a final concentration of 1x, 0.75x, 0.5%, 0.25x

and 0x (Supplementary Table 2).

Distinguishing live and dead cells. 0.4% trypan blue was used to determine the viability of the
cells stained with 125 pg/mL of A-SiNCs. Briefly, 10 uL of cell suspension was mixed with 10

uL of 0.4% trypan blue. The mixture was observed under microscope.

Fluorescence imaging of cells. Stained cells were imaged in a Nikon Ti2 fluorescence microscope
with the excitation wavelength set from 380 nm to 417 nm, and two emission wavelengths set at
422 nm to 463 nm (blue) and from 654 nm to 734 nm (red), respectively. Each image was acquired
with an exposure time of 200 ms and a 40X magnification. The fluorescence intensity of a cell was
defined as Mean gray value = Integrated Density/Area and measured using Image J software
(Figure 4c). We segmented the cells of interest manually and the area of the cell and the mean gray
value were automatically calculated by Image J. Three different cells were collected for analysis

at each AAs concentration to obtain an average and standard deviation.
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Table S1. Summary of photoluminescence quantum yield (PLQY) and PL lifetime values of
functionalized SiNC solutions. Note that the value of Beta (f) reflected the stretched exponential

function by inserting a fractional power law into the exponential function. Note*: The stretched

exponential function could be described as fz(t) = e=(t/t0)” The closer [ is to 1, the narrower

the lifetime distribution in SiNCs is.

Sample Solvent hex Aemmax | PLQY (%) | TV lizﬁme’ Beta*
A-SiNCs chloroform 380 nm 850 nm 25 70 pus 1.00
Gly-A-SiNCs H.O 380 nm 440 nm <5 Sns 0.73
Thr-A-SiNCs H>O 380 nm 450 nm <5 3ns 0.61
Cys-A-SiNCs H-.O 380 nm 460 nm <5 4 ns 0.89
His-A-SiNCs H.O 380 nm 465 nm <5 3ns 0.62
GFR-A-SiNCs H>O 380 nm 470 nm - 7 ns -
BA-SiNCs toluene 380 nm 465 nm <5 Sns 0.77
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Table S2. Formulation of the cell culture media.

Aminoacids 50x 1x 0.75x 0.5x 0.25x
_ (ng/mlL) | (ug/ml) | (pg/mL) | (pg/mL) (ng/mL)
L-Arginine (free 10000 200 150 100 50
base)
L-Asparagine*H,O 2840.65 56.813 42.60975 28.4065 14.20325
L-Aspartic Acid 1000 20 15 10 5
L-Cystine 2500 50 37.5 25 12.5
L-Glutamic Acid 1000 20 15 10 5
Glycine 500 10 7.5 5 2.5
L-Histidine (free 750 15 11.25 75 3.75
base)
Hydroxy-L-Proline 1000 20 15 10 5
L-Isoleucine 2500 50 37.5 25 12.5
L-Leucine 2500 50 37.5 25 12.5
L-Lysine*HCI 2000 40 30 20 10
L-Methionine 750 15 11.25 7.5 3.75
L-Phenilalanine 750 15 11.25 7.5 3.75
L-Proline 1000 20 15 10 5
L-Serine 1500 30 22.5 15 7.5
L-Threonine 1000 20 15 10 5
L-Tryptophan 250 5 37.5 2.5 1.25
L-Tyrosine 1159.86 23.1972 17.3979 11.5986 5.7993
L-Valine 1000 20 15 10 5
L-Glutamine - 300 225 150 75
Total Aminoacids - 994 745.5 497 248.5
Vitamins
Biotin - 0.2 - - -
Choline chloride - 3 - - -
D-Calcium
pantothenate ) 0.25 i i j
Folic Acid - 1 - - -
Niacinamide - 1 - - -
Para-Aminobenzoic ) 1 i i i
Acid
Pyridoxine ) 1 ) ) )
hydrochloride
Riboflavin - 0.2 - - -
Thiamine ) 1 ) ) )
hydrochloride
Vitamin B12 - 0.005 - - -
i-Inositol - 35 - - -
Inorganic Salts
Calcium nitrate ) 100 i i i
(Ca(NOs3),+4H,0)
Magnesium Sulfate
(MgS0q) (anhyd.) ) 48.84 i i i
Potassium Chloride
(KCI) - 400 - - -
Sodium Bicarbonate - 2000 - - -
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(NaHCO5)

Sodium Chloride
(NaCl)

5300

Sodium Phosphate
dibasic (Na;HPO4)
anhydrous

800

Other Components

D-Glucose
(Dextrose)

2000

Glutathione
(reduced)

HEPES

5958

Phenol Red

Table S3. "H NMR characteristics of compounds in hydrolysis of 3,3-diethoxy propene.

. Chemical o Spectral Relative
Compound Signal shift (ppm) Multiplicity prediction intensity
3 1 H-C (1) 9.51 d 9.68 1
MO H-C (2) 6.20-6.40 m 6.21 1
2 H-C (3) cis 6.46 d 6.27 1
acrolein H-C (3) trans 6.44 d 6.27 1
]
~ " “OH H-C (1) 3.63 m 3.65 2
2 H-C () 1.17 t 1.10 3
ethanol
5 3 5 H-C (1) cis 5.30 t 5.41 1
~ O30~ H-C (1) trans 5.20 ¢ 5.16 1
4 j; 4 H-C (2) 5.85 m 5.89 2
V4 H-C (3) 4.80 ¢ 4.88 1
1 H-C (4) 3.50 m 3.50 2
3,3-diethoxy propene H-C (5) 1.10 t 1.10 3
3 1
H-C (1) 9.79 t 9.72 1
HO™ >y o H-C (2) 261 ¢ 2.59 2
H-C 3) 3.71 t 3.86 2

3-hydroxypropionaldehyde
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Figure S1. XRD patterns of (HSiO1.5)n precursor and SiNCs/SiO2 composite processed at

1100°C for 1 h. Broad signals at 26 = 22° may originate from the amorphous silicon oxide matrix.
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Figure S2. FT-IR spectrum of SiNCs after control radical initiation reaction. The reaction
between hydride-terminated SiNCs and the radical initiator AVDN (i.e., without the presence of

functional ligand acrolein) only yields surface-oxidized SiNCs.
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Figure S3. Liquid-state 'TH-NMR analysis of as-prepared acrolein. Zoom-in area of 'H-NMR

spectra of (a) acrolein, (b) ethanol, (c) 3-hydroxypropionaldehyde and (d) 3,3-diethoxy propene

dispersed in CDCls.

S6



6
113
—098

0
©
™

341
—229

CDCl,

-CHO

)0 95 9.0 8.5 8.0 75 7.0 65 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure S4. 'TH-NMR spectra of A-SiNCs dispersed in CDCls. Chemical shifts at 9-10 ppm are

assigned to the aldehyde group.

10 1/nm

Figure S5. Selected area electron diffraction (SAED). A SAED image of A-SiNCs, showing the

(111), (220) and (311) reflections of Si.
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ALA-A-SiNCs Gly-A-SiNCs

Figure S6. High-resolution STEM images of SiNCs. HAADF-STEM images of (a,d) A-SiNCs,

(b,e) ALA-A-SiNCs, and (c,f) Gly-A-SiNCs. Scale bars, a-c) 2 nm and d-f) 1 nm.

S8



100
2.19 nm+0.59 nm

D N o ©
o O O O
— o
T

Count number
()]
o
1
1

Size (nm)

2.31 nm+ 0.62 nm

Count number
S
o
}

1 1 1
T T T N T T T

o 1 2 3 4 5
Size (nm)

o

Figure S7. HAADF-STEM images and the corresponding particle size distribution of (a-b)
A-SiNCs (number of measured particles: 235), and (c-d) ALA-A-SiNCs (number of
measured particles: 187). The average sizes and their corresponding standard deviations were
calculated based on the measurement from more than 180 particles by the software Fiji. Scale bar

=20 nm.
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Figure S8. The dispersity of various types of SINCs in water. (a) hydride-terminated SiNCs, (b)

A-SiNCs, and (c) Gly-A-SiNCs.
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H-SiNCs I V\ J
Si-H,

A-SiNCs

/
v(C=0)

Intensity (a.u.)

/
BA-A-SiNCs v(C=N)

I N I I |

3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure S9. FT-IR spectra of H-SiNCs, A-SiNCs, and BA-A-SiNCs.
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Figure S10. FT-IR spectra of allylamine and phenylethylamine functionalized SiNCs.

Figure S11. Pictures of A-SiNCs solution under the Schiff base reaction with glycine at 77°C

with various processing times. The change of the PL color is evident when irradiated using 365

nm UV light.
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Figure S12. Photophysical properties of peptide-anchored SiNCs. (a) Absorption and (b) PL
spectra of SINCs before and after the Schiff base reaction with GFR and RGD peptides. (¢) and (d)
are molecular structures of GFR peptide (peptide sequence: Gly-Phe-Arg) and RGD peptide

(peptide sequence: cyclo RGDfK (Arg-Gly-Asp-d-Phe-Lys).
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Figure S13. Color-switchable probing with various concentrations of A-SiNCs. (a)
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Fluorescence microscopy images of OCI-AML-2 cells before (0 h) and after incubation (24 h) with
various concentrations of A-SiNCs (0, 31.25, 62.5, 125 and 250 pg/mL). The concentration of AAs
is 994 pg/mL. The PL signal was detected at 430 nm (blue) and excitation wavelength range
between 387 and 417 nm, scale bar:10 um). (b) BR PL intensity collected from cell samples listed
in Figure S12a. The contrast intensity equals to the measured intensity minus that of the control
group (i.e., 0 pg/mL, 24 h incubation). Each measurement was repeated three times to obtain an

average and standard deviation.
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Figure S14. The corresponding average signal intensity of both blue and red channels in
living and dead cells in the fluorescence images with the presence of A-SiNCs shown in Figure

5d.
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