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Abstract

A facile, one-step method was developed for in situ forming fluorescent silicon nanocrystals
(SINC) in microspherical encapsulating matrix. The obtained SiNC encapsulated polymeric
microcapsules (SiPM) possess uniform size (0.1-2.0 um), strong fluorescence, and nanoporous
structure. A unique two stage, time dependent reaction was developed, as the growth of SINC was
slower than the formation of polymeric microcapsules. The resulting SiPM with increasing
reaction time exhibited two levels of stability, and in correspondence, the release of SiNC in
aqueous media showed different behaviors. With reaction time < 1 h, the obtained low-density
SiPM (LD-SiPM) as matrix microcapsules, would release encapsulated SiNC on demand. With >1
h reaction time, resulting high-density SiPM (HD-SiPM) became stable SiNC reservoirs. SiPM
exhibits stable photoluminescence. The porous structure and fluorescence quenching effects make
SiPM suitable for bioimaging, drug loading and sorption of heavy metals (Hg2* as shown) with
intrinsic indicator. SiPM was able to reduce metal ions, forming SiPM/Metal oxide and SiPM/
Metal hybrids, and their application in bio-sensing and catalysis were also demonstrated.

Graphical Abstract

Correspondence to: Xuewu Liu, x| i u@oust onmet hodi st . org.

Electronic Supplementary Information (ESI) available: [details of any supplementary information available should be included here].

See DOI: 10.1039/x0xx00000x



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 2

J/Si nanocrystal APTES coating @ Polymer matrix

Introduction

Silicon-derived nanostructures (SiNC,! nanowires,? and porous silicon,3 etc.) have
demonstrated excellent potential in the applications of photonics,*® electronics’10 and
biotechnology!: 12 owing to their unique photonic properties,13 biocompatibility, readily
available surface chemistryl4 and biodegradability.1®> Recently, SINC have attracted
particularly research interests for their unique luminescence properties as result of quantum
confinement effect.}1 Compared to traditional fluorescence dyes and quantum dots, SiNC
show better biocompatibility and fluorescence stability while eliminating toxic heavy metals
contained in conventional quantum dots, which makes SiNC promising for both in vitro and
in vivo long-term bioimaging.1 Various methods have been developed to produce SiNC,
including reducing inverse micelle method,” Zintl salts in inert organic solvents,18
reduction of silane precursors by sodium metal,1° laser pyrolysis of silane and plasma
synthesis.20 Surface modification strategies were also studied to tailor SINC’s
hydrophobicity and surface charge to enrich functionalities and extend biomedical
applications.! A few recent studies reported one-pot synthesis of amino modified SINC by
directly reducing aminosilanes.1® 21

However, current applications of SiNC are quite limited. This is partially due to the
constraints on size range of SiNC that can emit fluorescence. To achieve quantum
confinement effect, the SiNC size has to be in a narrow range near Si excitation Bohr
radius.11: 22-24 Separation of small SiNC usually relies on costly dialysis process or
ultrafiltration centrifugal devices.?

Recent researches attempted to overcome these issues by cross-linkling SiNC into bigger
nanoparticles,28 or assemble existing SINC inside larger structures, such as mesoporous
organosilica?” and polymers.28: 29 These hybrids integrated the properties of SiNC and
matrix to achieve synergistic effects, thus could greatly extend their potential in areas such
as fluorescence probe, optics, photonics, catalyst and energy.3? In addition, the supporting
matrix also may form excellent SiNC storage to maintain robust photostability under harsh
conditions.31 However, due to the complexity of current procedures used for assembling
SINC hybrids, very few studies have been reported, and the application of SiNC has been
limited to imaging. A simple method to synthesize SiNC containing microcapsules that may
release SINC on demand is desired to extpand the field of SINC applications.
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Here, for the first time, we reported a single-step, highly efficient approach to
simultaneously synthesize fluorescent SiNC contained in polymeric microcapsules by
controlling the reaction of aminosilane and L-ascorbic acid (L-AA). The reaction was
carried out in alcohols at room temperature. While the resulting SiPM exhibit the typical
fluorescence of SiNC, their sphere size (0.1 — 2.0 um), fluorescence intensity, porous
structure and stability are tunable by controlling the reaction condition. Matrix
microcapsules that will release SiNC in biological media can be synthesized. Taking the
advantage of integrated properties of SINC and porous structure of SiPM, we are able to
develop a versatile platform for imaging, biosensing, catalysis, and removal of heavy metal
contamination. The nanoporous structure and abundant amine groups make SiPM suitable in
sorption of heavy metals (Hg?*), and the fluorescence intensity of SiNC inside can be used
as a probe to monitor the amounts of heavy metals (Hg2*) in SiPM. We also demonstrate
that porous SiPM can reduce metal ions, forming SiPM/Metal oxide (SiPM/MnO;) and
SiPM/Metal composites (for example, SiPM/Au and SiPM/Pt), which show potential in bio-
sensing and catalysis.

Results and discussion

Synthesis and characterization of SiPM

SiPM were synthesized by controlling the reaction of aminosilanes with L-AA. A proposed
scheme of SiPM synthesis is illustrated in Fig. 1A. In a typical preparation, (3-
aminopropyl)-trimethoxysilane (APTES) and L-AA (molar ratio [APTES]: [L-AA] #3:1)
were used as starting materials to synthesize SiNC and polymer matrices. The reaction was
carried out in isopropanol (IPA) containing a small portion (~5 %) of water, which was
essential for modulating the hydrolysis of APTES. A part of the APTES was hydrolyzed and
condensed to form siloxane-like polymer,32-35 as illustrated in Supporting Information (SI)
Equation 1, while another part of the APTES was reduced by L-AA to yield SiNC.36 L-AA
attached on the siloxane-like polymer mainly by non-covalent bonding (electrostatic
adherence, etc) or hydrogen bond, which accelerated the formation of polymeric matrices.
As the matrices condensed further, APTES, L-AA, and SiNC crosslinked into a larger
spherical structure, which became a porous scaffold for further in-situ growth of more SiNC.
After this reaction, the SiPM were separated through centrifugation, and washed with IPA
three times followed by storing in IPA.

Unlike reported methods for preparing SiNC that involve microwave heating, 1% 37. 38 yv
irradiation?! or instant laser ablation,3° our one-step synthesis method can be carried out by
simply mixing starting materials in alcohols at room temperature. Obtained SiNC embedded
microcapsules have uniform sizes ranging between 0.1-2.0 um (prepared so far). The yield
can reach about 60% in terms of Si content from the staring APTES. As-prepared porous
SiPM are positively charged, water dispersive, highly fluorescent, biocompatible and
biodegradable.

Fig. 1B-E shows typically synthesized porous SiPM, encapsulated SiNC and induced
fluorescence. As shown in scanning electron microscopy (SEM, Fig. 1B) and transmission
electron microscopy (TEM, Fig. 1C inset) images, SiPM appear as uniform-sized spheres (1
um shown, <10% variation by estimation). High-resolution TEM (HRTEM, Fig. 1C and Fig.
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S1) images of SiPM (70 nm thin slices) show that SiINC (~2 nm in diameter) are uniformly
distributed whose morphology and size are similar with results shown in previous studies,
and the lattice spacing of the crystal is 0.31 nm, which matches the diamond lattice of Si
(111). Elemental analyses of the SiPM (EDS, Fig. S2; XPS, Fig. S3) confirm the presence of
Si, C, N and O. Both fresh SiPM and hydrolyzed SiPM are positively surface-charged (zeta
potential, Fig. S4), most likely due to the presence of positively-charged amine group
derived from APTES. This aminopropyl group becomes a side chain of polymer matrices
after condensation. Similarly SiNC also show positive zeta potential (Fig. S4B) due to
APTES surface coating. Positive charges are beneficial to keep SiPM dispersed in aqueous
solutions. Fig. 1D shows absorption and photoluminescence spectra (PL) of SiPM. The
broad absorption curve could be a result of light scattering of polymer matrices in SiPM.
The as-prepared SiPM exhibit green fluorescence under UV irradiation. Inset shows
captured photos of dispersed SiPM with and without UV irradiation at 365 nm. Fig. 1E
shows N2 adsorption/desorption isotherms of SiPM (24 h reaction time), showing a
microporous structure. Pore-size distribution curve (inset) is obtained from the adsorption
branch through Dubinin-Astakov (DA) method.*0

Formation process of SiPM

In SiPM synthesis, formation of spherical polymer matrices and SiNC can be monitored
through particle analysis and fluorescence measurement, respectively. A Beckman
Multisizer 4 coulter counter was used to measure the size and concentration of SiPM (0.4-
12 um detectable range with 20 um aperture). As shown in Fig. 2A and 2B, particle analysis
has revealed a unique two-stage process. SiPM properties from two stages are distinctive. In
the first stage (from beginning to about 1 h), both mean sphere size and amounts (sphere
>0.4 um) increase rapidly. Then both rates drastically drop by ~40 folds (calculated by
comparing the slope of curves of each stage) after 1st h (starting second stage). During the
second stage, there is no obvious change of size and amounts of SiPM. This drastic drop is
likely due to the significant consumption of starting materials and the existence of critical
concentration. However, if we change the concentration of starting APTES and L-AA, the
size and yield of final SiPM are correspondingly affected. As seen in Fig. S5, SiPM with
size range 0.4~2.0 um were successfully synthetized by varying APTES concentration. By
using other aminesilanes (such as N-(2-aminoethyl)-3-(trimethoxysilyl)propylamine or 2-[2-
(3-trimethoxysilylpropylamino)ethylamino]ethylamine) instead of APTES, SiPM as small as
0.1 um had been obtained. The photoluminescence intensity of SiPM at 500 nm (excitation
wavelength: 420 nm) also increased with reaction time (Fig. S6). However, unlike the trends
observed for sphere size and amounts, the fluorescence intensity increased quite linearly in
the first 2 h, then changed to a standard exponential curve of first-order reaction (Fig. 2C).
This means SiNC formation process saturates slower than the sphere formation, since
fluorescence intensity represents the quantity of encapsulated SiNC. A possible explanation
is that SINC continue to be reductively formed in pores. Even though spherical porous
matrices are formed in 1 h, it takes longer for SiNC to fill the pores.

In the first stage, formation of siloxane-like polymer matrices is very fast and SINC
embedding is much slower, which results a highly-porous, low density SiPM (LD-SiPM).
Then the sphere formation slows down significantly to maintain a critical size and
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concentration, while the SiNC continue to be formed in the polymer matrices. Finally less
porous, high density SiPM (HD-SiPM) were obtained. As shown in Fig. 2D and 2E, LD-
SiPM have a smooth appearance, while HD-SiPM show nano-topographic structure possibly
due to clustered surface SiINC. The increase in hardness along with time is also verified via
force-displacement curves (shown in Fig. 2F). Moreover, the solution color of HD-SiPM is
darker than LD-SiPM (Fig. S7). The elemental composition (Table S1) also demonstrates
increasing ratio of Si in HD-SiPM. All this data indicates that SINC continue to form in
second stage of the reaction with time. More detailed SEM analysis of SiPM (Fig. 3) shows
that soft siloxane-like polymer matrices are formed in the first 10 min, while during next 10
min matrices are changed from aggregated state to uniformly-sized spheres, Then, the color
of solution changes from ivory-white to light-yellow (without UV irradiation, shown in Fig.
S8), which indicates SINC embedding starts later than matrices formation HD- and LD-
SiPM exhibit distinctive porous structure. BET analyses of LD-SiPM after 30 min of
reaction time and HD-SiPM after 24 h of reaction time (Fig. S9 and Fig. 1E) show
mesoporous (~2.8 nm) and microporous (~0.9 nm) structure, respectively, indicating SINC
packing associated with reduced pore size in SiPM. As physical absorption specificity is
heavily determined by the porous structures, two distinctive porous SiPM may perform
differently in molecular absorption, which is under investigation.

SiNC releasing from SiPM

LD- and HD-SiPM are distinctive in hydrolytic degradability. The hydrolysis curves of both
SiPM were calculated through measuring PL spectra of released SiNC from microcapsules
in DI water and PBS, and shown in Fig. 4A. Clearly, SINC were released faster in PBS, cell
culture medium than H20. In fact, the structure of LD-SiPM (reaction time 30 min)
collapsed in 2 h, as 100 % SiNC were released. However, HD-SiPM shows higher stability,
with less than 30 % SiNC clustered nanoparticles (SiNP) falling off from SiPM. This is
likely due to more complete cross-linking, denser SiNC packing, and smaller pore size. Fig.
4B shows residual of LD-SiPM after 24 h soaking in H,O. Many SiNP (<100 nm) are found
from collapsed structure of microcapsules, which indicates unstable crosslinking of SiNP
and siloxanes in capsules. The LD-SiPM dispensed solution become clear (Fig. 4C) in 24 h.
LD-SiPM are able to be hydrolyzed in PBS as soon as in a few hours, depending on the
reaction time (as seen in Fig. S10, the hydrolysis time-reaction time curve). However, there
is no obvious change for HD-SiPM. In order to quantify the hydrolytic behavior of HD-
SiPM, Mutisizer was used to quantify the size and amounts of HD-SiPM during hydrolysis.
Fig. 4D shows there is decreasing trend for diameter of HD-SiPM but without a
corresponding decrease in particle amounts. There are much less SiNP fall off from HD-
SiPM (Fig. 4E, inset SEM images and Fig. S11), which is also in accordance with Mutisizer
results (The diameter of HD-SiPM changes from 1.6 pm to 1.39 um) and released curve
measured by ICP-OES (Fig. S12).

Compared with free-standing SiNC of a few nanometers, SiPM has several advantages due
to their size. First, they are easy to handle. They can be collected, processed and stored
through standard centrifugation and filtration processes. The microcapsule (LD-SiPM) can
be used for SINC storage, where SiNC can be released on demand. Second, nanopores in
SiPM provide structural basis for absorption of molecules, making it possible for chemical
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detection,*! catalysis,*2 drug delivery and controlled release. With their fluorescence, SiPM
are also promising as fluorescent probes. Integration of these functionalities opens broad
opportunities, deserving further investigations. We explored the capability of SiPM to adsorb
and reduce metal ions in aqueous solution, and confirmed that SiPM were able to reduce
noble metal ions to generate metal oxides and metal nanoparticles in SiPM, which also
indicates the existence of L-AA in SiPM. This also altered the fluorescence of SiPM.
Resulting SiPM-metal hybrid particles may have potential applications in catalysis*3 and
sensing.44

SiPM as a photostable fluorescent drug delivery vector

It is worth noting that gel-like siloxane-derived hybrids have also been reported with
comparable fluorescence properties.33: 34 45 However, special treatments such as
calcination?8: 47 and instant ablation3° are required for the synthesis. Based on our
experiments, APTES in hydrochloric acid solutions formed ivory-white hybrid, but did not
show fluorescent property (data not shown). According to previous reports, carboxylic acids
are critical by forming C substitutional defect for Si, to induce fluorescence in APTES-based
hybrids.*® These treatments are neither available nor needed for SiPM to trick the
fluorescence. Moreover, SiPM lose their fluorescence if calcinated in air, implying the effect
of SiNC oxidation (data not shown). On the other hand, the emission spectrum of
hydrolyzed products of SiPM (mainly composed of SiNC) is similar to that before
hydrolysis. These suggest the embedded SiNC (rather than the polymer matrices) to be the
source of fluorescence of SiPM.

Besides quantum size effect of SiNC, the surface effects may also have an impact on their
fluorescence.1! The surface-capping molecules such as allylamine*® and APTES® play an
important role in the radiative combination mechanisms in 1-2 nm SiNC,0 since their
electronic charge distribution can be modified by the polar nature of their capping ligands.
Therefore, the size and amine group on SiNC in SiPM are responsible for their fluorescent
emission SiPM exhibits strong fluorescence, and the quantum yield (QY) of released SiNC
is similar to that of free SINC (QY: ~20 %, PL spectrum of quinine sulfate, as a reference,
shown in Fig. S13) prepared before,36 and siloxane-like matrices do not seem to quench the
fluorescent emission, making SiPM attractive for bio-imaging. The photostability of SiPM
and free SiINC was also evaluated under UV irradiation. As shown in Fig. 5A, the PL
intensities of both samples continuously decreased along with illumination time. SINC
shows a much faster decay rate than SiPM, and the remained PL intensity of SINC decreased
to 25 % while the SiPM maintained a higher PL intensity value of 62 %. We assessed
submicron SiPM’s fluorescence performance and biocompatibility for cell imaging. The cell
uptake and intracellular behavior of SiPM by Hela cells were also explored by monitoring
green fluorescence (ex. 488 nm, em. 500-550 nm). To co-localize particles, DAPI and Alexa
fluor 555 Phallodin were used for staining nuclei and actin respectively. The particles
eventually accumulate in cytoplasm near cell nuclear envelopes after 4 h (Fig. 5B). In
addition, nanopores in SiPM provides structural basis for absorption of molecules, making it
possible for chemical detection,*! catalysis,*? drug delivery and controlled release. With
their porosity, SiPM also are promising as bi-functional delivery vectors (for imaging and
drug delivery).>1 We tested the loading of doxorubicin in SiPM, and corresponding loading
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capacity is shown in Fig. S14. SiPM demonstrates high biocompatibility with Hela cells
with over 95 % viable cells after 24 h, even with very high particle concentration (> 1
million/mL SiPM) (Fig. 5C). When cells are incubated with SiPM/DOX and free DOX,
concentration-dependent cell death is observed. Higher concentration of DOX would result
in decrease of cell viability. The integration of these functionalities with fluorescence
property opens broad opportunities, deserving further investigations.

SiPM/MnO> hybrids for glutathione (GSH) detection

Glutathione (y-L-glutamyl-L-cysteinyl-glycine; GSH), as the main non-protein thiol source,
exists in most mammalian tissues.5? It is necessary to monitor level of glutathione due to its
biological significance in diseaces such as cancer,>3 HIV>* and heart problems.>> SiPM
were able to in situ reduce KMnQy4 to MnO» sheets by immersing SiPM in KMnO,4 aqueous
solutions (here we used HD-SiPM). Formed MnQO, sheets were able to quench the
photoluminescence of SiPM, which is recoverable when GSH was added.>8 The relationship
between KMnO,4 amounts and quenching efficiency of formed MnO, on SiPM was shown in
Fig. 6A and 6B. Inset in Fig. 6B is a photo of corresponding SiPM/MnQO, solutions. MnO,
formed by using 2 mM KMnQy in reaction reached about 98 % quenching efficiency on
SiPM. The morphology of SiPM/MnO, slices (thickness: 70 nm) is observed through TEM
(Fig. 6C). The morphology of SiPM is not significantly changed but on enhanced contrast.
The existence of Mn on SiPM/MnOs is also verified by EDS (Fig. S15). The recovery of
photoluminescence is realized through red-ox reaction between MnO> in SiPM and GSH,
and the fluorescent spectra of this process is shown in Fig. 6D. The amount of
photoluminescence that is recovered is proportional to the GSH concentration. It is noted
that there is hardly fluorescence recovery for control sample in Fig. 6D compared with other
samples (with GSH addition). Therefore, SiNC releasing causes little influence on final
results. The limit of detection (LOD) LOD is adjustable by changing amounts of KMnOy, in
reaction and SiPM/MnO;, in detection.

HD-SiPM applied in Hg?* sorption

Mercury is one of the poisonous heavy metals where the residual level of its ionized form
(Hg?*) in drinking water remains a big problem for environmental science and pollution
research.>” Though amine terminated SiNC had been used as fluorescent probe in detecting
Hg?* in aqueous solutions via the affinity of Hg?* to N,8 previously used SiNC is
dissociated, lacking the capability to deplete Hg2*. On contrary, the highly nanoporous
structure in our SiPM is suitable in adsorbing molecules. A detection-sorption multiplexed
platform of Hg?* was developed by integrating porous structure and fluorescence of SiPM.
The adsorption curve of Hg2* at different concentrations by using SiPM is shown in Fig. 7A.
HD-SiPM shows high adsorption capacity, more than 300 mg Hg2* can be adsorbed in 1 g
SiPM. Also the adsorption process is highly efficiency, usually saturated within 1 min, thus
the small release of SiNC hardly affect detection accuracy. The relative fluorescent
quenching efficiency of Hg?* on SiPM is shown in Fig. 7B. 1073 M Hg2" shows about 50 %
fluorescent quenching on photoluminescence spectrum of SiPM, which, however, cab be
recovered with GSH addition (10~3 M). The nanoporous structure of SiPM is responsible for
adsorbing Hg2*, while SiNC in SiPM performs as fluorescent probe for monitoring adsorbed

Nanoscale. Author manuscript; available in PMC 2017 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 8

Hg?*. The detection-sorption multiplexed platforms are recyclable simply by using GSH to
recover Hg2* from the SiPM.

SiPM/Au/Pt composites for catalyzing 4-Nitrophenol (4-NP)

The SiPM were proven to reduce noble metal ions into nanoparticles from their aqueous
solutions due to the existence of L-AA in SiPM. In our SiPM, we show that reduction can
happen in situ at the nanopores. Here we demonstrate that the resulting silicon-metal nano-
composite can be used for catalysis of redox reaction. Fig. 8A shows TEM image of
SiPM/Au. The distribution of Au nanoparticles (AuNP) in SiPM seems to match the porous
structure in SiPM. AuNP are mostly seen on outer surface, and there is a blank shell portion
where no AuNP are visible. There are also AuNP visible at center, indicating SINC are also
nucleated deeply in SiPM through diffusion of ions. Fig. 8B, Fig. S16 and Fig. S17 show
EDS spectra of SiPM/Aug s/Ptg 5, SiPM/Au and SiPM/Pt (HD-SiPM were applied). The
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 was used to examine
the catalytic activity of SiPM/metal composites.>® Fig. 8C shows catalytic conversion of 4-
NP by SiPM/Aug 5Pty 5, inset is the principle of reduction. The absorption peak of 4-NP was
at 317 nm and red-shifted to 400 nm after NaBH,4 has been added, due to ionization of 4-NP.
When the SiPM/metal composites were added, the color of the reacting solution changed
from bright yellow to colorless, which reflects the diminishing absorbtion at 400 nm. The
reaction rate can be evaluated via slope of kinetic curves since concentration of NaBH, was
excessive compared with that of 4-NP. Fig. 8D shows change of In (C/Co) along with
reaction time. The plots can be linearly fitted by the equation: In (C/Co) = kt. C and Co
stand for reactive and initial absorbance intensity at 400 nm. k stands for the rate constant,
which can be used to calculate catalytic ability of these composites.®® SiPM/Aug sPtg 5
(k=0.492) demonstrate the highest catalytic ability compared to SiPM/Au (k=0.162) and
SiPM/Pt (k=0.168). Reducing metal ions (Cu, Pt, Ag and Au verified) to form SiPM/metal
composites greatly extends the potential application of SINC in applications such as
detection, antibiosis, Surface Enhanced Raman Scattering (SERS) and drug delivery.

Chemical composition analysis of SiPM

The organic composition of SiPM is mostly APTES derived siloxane-like polymer (Equation
S1). The chemical structures are confirmed by the diverse spectroscopies. The FTIR (Fig.
S18) exhibits characteristic peaks of Si-O-Si from siloxane-like backbone, C-H stretching,
O-H stretching, stretching and bending of N-H bond, and potential C=C and C=0 stretching
vibrations, suggesting the existence of L-AA in polymeric matrices. NMR spectrum further
confirms the existence of both APTES-derived siloxane-like polymer and L-AA (Fig. 9A),
the peaks at 2.9, 1.7 and 0.6 ppm are corresponding to Propyl group in APTES, and it is
significant to note the loss of up to three ethoxy groups for APTES during coupling of
molecules in forming polymer matrices and to surfaces of silicon nanoparticles.4%: 60 For
measuring NMR spectrum of AA, “D,0 shake” occurs when using D,O as solvent in NMR
testing, in which the exchangeable protons are exchanged with the deuterium in D,0O and
disappear in spectrum.81 The pattern at 3.7 and 3.9 ppm are distinguished as -CH, group
linked with hydroxyl in AA. The signal at 4.4 ppm is attributed to the proton on the
heterocycle. A sharp peak observed at 1.1 ppm is due to the residue of IPA molecules in
samples. In 2D-TOCSY spectrum (shown in Fig. S19), one set shows typical correlation and
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chemical shift of propyl group in APTES, while the other set matches well to that of L-AA.
The resonance of former set is roughly two times stronger than the latter one, suggesting less
abundance of L-AA in matrices. This is consistent with elemental analysis and zeta potential
measurements. There are two facts worthy of noticing. First, no protons from ethyloxy
groups are observed, suggesting APTES is mostly hydrolyzed during condensation.4%: 60
Second, neither short- nor long-range coupling is observed between APTES-derived
siloxane and L-AA. This suggests that the incorporation of L-AA in the siloxane-like
backbone could be through non-covalent bonding (electrostatic adherence etc.) or hydrogen
bond. The high resolution XPS spectra (Fig. S3 and Fig. 9B) indicates chemical bonds of C-
C, C-N, C-0O, C=0 and Si-O in SiPM. While the existence of C-C, C-N and NH2 is
attributed to the aminopropyl side chain, the Si-O is attributed to siloxane-like backbone.
Fig. 9C shows UV absorbance curve of hydrolytic SiPM as compared to control of L-AA.
(Note: The peak at around 350 nm is attributed to SiNC.) Both curves have a consistent
sharp absorption at around 300 nm, suggesting L-AA is preserved in polymer matrices.

In summary, we developed a one-step method for facile, highly efficient synthesis of SINC
contained in microcapsules. The as-prepared SiPM show uniform morphology, great
aqueous dispersibility, strong photoluminescence, and porous structure. The size, yield,
porosity, fluorescence intensity, and stability of SiPM are adjustable by simply changing
reaction parameters. Combination of fluorescent SiNC and highly porous polymeric matrix
makes SiPM an excellent self-indicator in adsorption Hg2* in aqueous solution. SiPM can
also reduce metal ions in their agueous solution and alter their fluorescence. The formed
SiPM/MnO5 and SiPM/Aug 5/Ptg 5 shows excellent performance in detecting GSH and
catalytic activity of 4-NP. These SiPM/metal oxide and SiPM/metal nanoparticles can be
applied in areas such as cancer therapy,%2 biosensors** and catalysis.*3

Experimental

Materials

(3-Aminopropyl)-trimethoxysilane (APTES, 99%), L-Ascorbic acid (L-AA, 99%),
Isopropanol (IPA), hydrogen tetrachloroaurate (111) hydrate (HAuCly), silver nitrate
(AgNO3), potassium permanganate (KMnQy), mercury (I1) chloride and quinine sulfate
were purchased from Sigma-Aldrich. All chemicals were used without additional
purification.

Synthesis and characterization of fluorescent SiPM

Silicon nanocrystals (SiNC) containing polymer microcapsules (SiPM) were synthesized by
controlling the reaction of APTES and L-AA. Typically, 100 uL APTES and 1.5 mL of 0.1
M L-AA aqueous solutions were added into 30 mL IPA. The mixture was briefly sonicated,
and then kept at a specific temperature for defined time. Typical fluorescent SiPM with ~1
um diameters were then obtained. After reaction, the SiPM were first precipitated through
centrifugation at 10,000 x g for 5 min, washed three times using IPA and then stored in IPA.
Scanning Electron Microscopy (SEM, high vacuum, HV=8 kV, spot size 3.5), JEM-2100
Field Emission Gun Transmission Electron Microscope (TEM), X-ray Photoelectron (XPS)
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and EDS were utilized for characterizing the structure, morphology and elements of the
prepared SiPM. Surface chemical band was monitored by Fourier Transform Infrared
Spectroscopy (FTIR) and XPS. Malvern Zetasizer was used to assess zeta potential of SiPM.
The composition of polymer matrix was tested by 1D 1H NMR and 2D TOCSY NMR.
SiPM (reaction time, 20 min) were hydrolyzed in D,0. The hydrolytic sample was added
into NMR tube and measured by 600 MHz NMR.

Tuning the size, yield, fluorescent intensity, porosity and biodegradability/hydrolysis of

SiPM

The influence of reaction time on the size of SiPM was explored. Briefly, after mixing
APTES with L-AA in IPA, the mixture was allowed to react for various times (from 30 min
to 24 h), then the reaction was terminated by washing. In order to test the effect of reagent
concentration on the final size of SiPM, 100 uyL APTES and 1.5 mL 0.1 M L-AA aqueous
solutions were added in IPA of different volumes (from 15 mL to 180 mL). Multisizer 4
Coulter Counter (Beckman Coulter) was used to monitor the change of size and accounts of
as-prepared SiPM. The impact of reaction time on fluorescent intensity of SiPM was
investigated by measuring their photoluminescence curves by Synergy H4 Hybrid Reader
(Bio TEK). N2 adsorption/desorption isotherms of different samples were measured using
Quantachrome Automated Gas Sorption Analyzer, and the surface area and pore size
distribution were calculated by Dubinin-Astakov (DA) and Barrett-Joyner-Halenda (BJH)
method

In order to evaluate the SiNP release behavior from LD-SiPM and HD-SiPM, one billion
SiPM are immersed in 500ul DI water and PBS respectively. The dispensed solutions were
centrifuged at different time points, and the PL spectra of supernatant (SiNP) was recorded
via plate reader. The precipitate was tested by SEM and Multisizer to monitor their
morphology, size and amounts.

To test biodegradation kinetics of Si, 1.25x1010 SiPM (n=3) were dispersed into 500 pL
Phosphate Buffered Saline (PBS, pH=7.4). The mixtures were kept in the Digital Heatblock
at 37 °C. At different time points, 10 uL SiPM solution was taken out and centrifuged, and
the precipitate was extensively washed by IPA and centrifuged at 13,000 x g for three times,
then spot on SEM stub for imaging their morphology change. At the same time point, SiPM
were spun down, and supernatant was replaced with 500 pL fresh PBS. All the supernatant
was collected and diluted in DI water, and stored at 4 °C for following Si element analysis,
which was measured by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES, Varian 720-ES).

SiNC are produced according previous method.3 Briefly, 100 uL APTES is mixed with 1
mL of 0.1 M L-AA and react for 1 h. The residual reagents were removed by dialysis (1
kDa). The resulting SiNC exhibit green fluorescence under UV irradiation.

The quatum yield of SiNC and release SiNC from SiPM were determined by using quinine
sulfate as a standard, and QY values are based on the established equation: Qx =
QrMN,2/(M;N,2).21. 63 N, M, and Q stand for the average refractive index of the solvent,
the gradient of straight line, and quantum yield. r and x indicate the reference quinine sulfate
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and the tested SiNC, respectively. The value of optical densities at the excitation wavelength
of samples were adjusted to the same values (<0.1).

CCK-8 assay and cell uptake of SiPM

The Human cervical cells Hela were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % fetal bovine serum (FBS) and antibiotics (100 pg/mL
streptomycin and 100 U/mL penicillin). Both cell lines were cultured under the condition of
5% CO, and 95 % humidity at 37 °C.

Suspensions of 1x10° cells/mL Hela were plated in Lab-Tek Chamber Slides (Thermo
Fisher Scientific, USA) and cultured overnight, followed by adding SiPM (2.5x10%/mL).
They were cultured for 1 h and 4 h separately. After washed by PBS for 3 times, the cells
were fixed with 4 % glutaraldehyde in PBS for 30 min at room temperature. The fixed cells
were stained with DAPI before observing by Nikon Al Confocal Imaging System. Counting
Kit-8 (CCK-8) assay was applied to evaluate cytotoxicity. Briefly, 1x10% Hela cells were
plated separately in 96-well plates and cultured overnight. Then they were exposed to SiPM,
SiPM/DOX and free DOX with various concentrations for 24 h. After 4 h of 10 uL CCK-8
addition, the absorption peak of medium at 450 nm and 630 nm by Synergy H4 Hybrid
Reader (Bio TEK).

Synthesis of SIPM/MnO,, for detecting glutathione (GSH) in aqueous solutions

SiPM/MnO5, composites were synthetized simply by mixing SiPM with KMnO,4 aqueous
solutions. Briefly, various volumes of 40 mM KMnQ4 was added in SiPM dispensed
aqueous solution (with about 1 x 108 SiPM), and reacted for 2 h. After reaction, the formed
SiPM/MnO5, was collected via centrifugation at 10,000 x g for 5 min, washed by IPA for
three times and then stored in IPA. In order to test GSH detection using SiPM/MnO,
composites. GSH solutions at different concentrations were added in SiPM/MnO,
composites solutions. The change of photoluminescence spectra were recorded by plate
reader.

SiPM applied in Hg2* adsorption

The stock solution of 1000 ppm of Hg?* was prepared by dissolving 13.54 mg HgCl, in 10
mL DI water. 10 pL of 1 B/mL HD-SiPM were mixed with HgZ* at different concentrations.
The PL spectra of SiPM/Hg2* were recorded by plate reader. After 5 min, the supernatant
was collected via centrifugation and measured by ICP-OES to calculate Hg amounts inside.

Synthesis of SiPM/Au, SiPM/Pt and SiPM/Au0.5Pt0.5 for catalytic activity on 4-Ntrophenol

For SiPM/Au, briefly, 30 uL of 20 mM HAuCI, was added in SiPM dispensed aqueous
solution (with about 1 x 108 SiPM), and reacted for 24 h. 2 uL of 300 mM K,PtCl, was
reacted with SiPM in forming SiPM/Pt. For SiPM/Aug 5Pty 5, 15 uL of 20 mM HAuCI, and
2 pL of 300 mM K,PtCl, were simultaneously mixed with SiPM solutions. After reaction,
the formed composites were collected via centrifugation at 10,000 x g for 5 min, washed by
IPA for three times and then stored in IPA.
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The reduction of 4-nitrophenol (4-NP) by NaBH4 was used to test the catalytic activity of

Si

PM/metal composites in aqueous solutions. Briefly, 2 uL of 0.1 M 4-NP and 10 pL of 1 M

NaBH4 were added in 2 mL DI water in cuvette. Then 80 pL of SiPM/metal (SiPM/Au,

si
sp

Supplement

PM/Pt and SiPM/Au0.5Pt0.5) composites were added in the cuvette. The UV-vis
ectrometer was used to record the change of absorbance curves along with time.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Proposed scheme of one-step synthesis of SiPM a) AA reduce APTES to yield SiNC
and hydrolyzed APTES form siloxance-like polymer matrices; b) formation of polymer
matrices embedded with few SiNC; c) Spherical SiPM with more SiNC. (B) SEM image of
typical synthetized SiPM (8 nm Pt/Pd sputtered). (C) TEM and HRTEM images of SiPM
slices (70 nm thickness) cut with an ultramicrotome. (D) UV-vis absorbance and
photoluminescence (PL) spectra of SiPM. Insets are picture of dispersed solution of SiPM
with and without UV irradiation at 365 nm. (E) N2 adsorption/desorption isotherms of SiPM
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(24 h reaction time), inset displays Dubinin-Astakov (DA) pore-size distribution curve
obtained from the adsorption branch.
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Formation process of SiPM. (A) Change of mean size, and (B) particle concentration of
SiPM with reaction time. (C) The change of fluorescence intensity of SiPM at A=500 nm
(excitation wavelength: 420 nm) with reaction time. (D) SEM images of LD-SiPM (left, 30
min reaction, broader size distribution) and (E) HD-SIPM (right, 24 h). (F) The force —
displacedment curves for the LD-SiPM and HD-SIPM under same indentation force.
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Fig. 3.
SEM imaging of SiPM evolution with reaction times (5 min-24 h). Scale bar is 5 um for all

images.
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Stability of SiPM with different reaction times in aqueous media. (A) SiNP release behavior
from LD-SiPM (reaction time: 30 min) and HD-SiPM (reaction time: 24 h) in PBS, DI water
and cell culture medium. (B) SEM image of remaining SiNP/Polymer matrix from LD-SiPM
in H20. (C) Digital pictures of LD-SiPM (left, 30 min synthesis) and HD-SiPM (right, 24 h
synthesis) immersed in PBS (pH=7.4) for 0 h and 24 h. LD-SiPM sample became clear in 24
h, indicating degraded substantial degradation, while HD-SiPM sample showed little change.
(D) Change of diameter and amount of HD-SiPM along with time in PBS. (E) Multisizer
results of size distribution of HD-SiPM at beginning and after 24 h immersion in PBS. Insets
are SEM images of related HD-SiPM. Scale bar is 1 um for all images.
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(A?) Remained PL emissions of Si nanoparticles and SiPM solutions along with increasing
illumination time. (Rayonet-600 photochemical reactor, 120W) (B) 3D confocal image of
Hela cells after incubated with SiPM for 4 h. (C) Cell viability of Hela cells after 24 h

incubation with free DOX, SiMP and SiMP/DOX of various concentrations DOX. Results
are the average from three independent experiments.
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Bio-sensing by using SiPM/MnO, composite. (A) Photolumunescence spectra (excitation
wavelength: 420 nm) of SiPM/MnO, resulted from various concentration of KMnOy, in
reaction. (B) The quenching efficiency of MnO, on SiPM along with increasing
concentration of KMnQy, inset is captured images of corresponding SiPM/MnQO,
composites. (C) TEM image of SiPM/MnO, composite slices (thickness: 70 nm) (D) The
fluorescence spectra (excitation wavelength: 420 nm) of SiPM/MnO, (SiPM reacted with 2

mM KMnQOy) with increasing GSH concentration.
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addition of Hg?* (1 mM, red) and after addition of GSH (green).
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(A) TEM image of SiPM/AUNP slices (70 nm thin), indicating SiPM reduced gold ions to
form AuNP (dark-phased black particles) throughout SiPM matrix. (B) EDS spectrum of
SiPM/Aug /Pty 5, inset is elements composition. (C) UV-vis spectra during catalytic
conversion of 4-NP by SiPM/Aug s/Ptg 5 over time, inset is principle of reduction of 4-NP by
NaBHj,4 to form 4-AP (D) Ln (C/Cp) versus t for the reduction of 4-NP catalyzed by
SiPM/Au, SiPM/Pt and SiPM/ Aug /Pty 5.
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Fig. 9.
(A) Solution-phase 1D 1H NMR spectrum of hydrolytic SiPM in D,0. (B) Structure

analysis of high resolution XPS spectra: Si2p. (C) UV-vis absorption spectrum of hydrolytic
SiPM and L-ascorbic acid.
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