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Water-soluble silicon nanocrystals as NIR luminescent probes for time-gated

biomedical imaging

Francesco Romano,? Sara Angeloni,® Giacomo Morselli,? Raffaello Mazzaro,*® Vittorio Morandi,? Jennifer R. Shell,¢ Xu Cao,*

Brian Pogue,“* Paola Ceroni®*

Luminescent probes based on silicon nanocrystals (SiNCs) have many advantages for bioimaging compared to more conventional quantum dots: abundancy

of silicon combined with its biocompatibility; tunability of SINCs emission color in the red and NIR spectral region to gain deeper tissue penetration; long

emission lifetimes of SiNCs (hundreds of ps) enabling time-gated acquisitions to avoid background noise caused by tissue autofluorescence and scattered

excitation light. Here we report a new three-step synthesis, based on low temperature thiol-ene click reaction that can afford SiNCs, colloidally stable in water,

with preserved bright red and NIR photoluminescence (band maximum at 735 and 945 nm for nanocrystals with diameter of 4 and 5 nm, respectively) and

long emission lifetimes. Their luminescence is insensitive to dioxygen and sensitive to pH changes in the physiological range, enabling pH sensing. In vivo

studies demonstrated tumor accumulation, 48 hours clearance and a 3-fold improvement of signal-to-noise ratio compared to steady-state imaging.

Introduction

Silicon nanocrystals (SiNCs) are an emerging class of luminescent
quantum dots,7 featuring advantages in terms of high natural
abundance of silicon, lack of biological toxicity compared to heavy
metal-based nanoparticles,®® robustness of the surface passivating
layer and bright long-lived (tens-to-hundreds of microseconds)
luminescence. The main challenge to be addressed for biological
applications of SiNCs is the coupling of bright long-lived
luminescence with colloidal stability in water: aqueous environment
facilitates (photo)oxidation of SINC surface that brings about
emission quenching. Until the current study, the main approaches
reported to make water dispersible SiNCs are: (i) encapsulation
within a water-soluble carrier, such as amphiphilic polymers,1° solid
lipid nanoparticles'* and micelles or liposomes, 1217 (ii) direct grafting
of water solubilising polymers at SiNC surface, such as polyethylene
glycol, 1820 poly(acrylic acid),2122 (iii) surface functionalisation with
highly polar moieties, such as carboxylic acids?-25> and ammonium
groups,?® or biomolecules.?’-2° Most of these approaches suffer from
formation of nano-aggregates containing multiple SiNCs and poor
luminescence properties compared to SiNCs dispersed in organic
solvents.

Here we describe a three-step synthetic protocol involving a thiol-
ene click reaction,3%3! yielding SiNCs covalently functionalised only
with PEG chains. This pegylated protective shell provides colloidal
stability in water and protects SiNCs from interactions with serum
proteins, like albumin, while keeping bright luminescence. The
novelty and advantages of the presented synthetic approach are the
following: (i) it can be applied to SiNCs of different size, e.g., average
core diameter of 4 or 5 nm; (ii) the reaction procedure occurs at low
temperature (T < 70°C); (iii) a low amount of PEG derivative is
required in the last functionalisation step, compared to the usual
quantity employed in hydrosilylation reactions; (iv) the resulting
SiNCs are colloidally stable in water, not affected by surface
photooxidation and display bright long-lived luminescence,
insensitive to dioxygen and solvent quenching. The obtained SiNCs

exhibit unique optical properties compared to molecular
fluorophores: (i) emission energy tuneable to the red and NIR
spectral region, compatible with the biological window; (ii) high
photoluminescence quantum yield; (iii) no sensitivity to molecular
oxygen; (iv) long-lived luminescence decay in the hundreds of ps,
enabling time-gated detection (vide infra). Therefore, they are ideal
candidates as luminescent probes for biomedical imaging.

Luminescence (usually fluorescence) imaging is an emerging
technique in biomedicine.32-35 It is a niche compared to tomographic
techniques (CT, MRI, PET), which rely on deep penetrating radiation
and are widely employed in clinical practice today. However,
fluorescence imaging offers advantages in terms of high temporal
(real-time) acquisition and use of non-hazardous optical excitation.
The main drawback is the limits of penetration depth: it is impossible
to image through more than a few centimetres of tissue, so that
optical imaging will never replace diagnostic radiology techniques in
the human body, but it can be used for guiding surgery:3¢-3° For
example, it is widely used in assessment of vascular flow in grafted
tissues, tumour localisation (usually in skin, head, neck or breast
cancer), sentinel-lymph node removal.

Currently, a lot of work is devoted towards NIR luminescence imaging
because of reduced scattering of excitation light, minimal absorption
and negligible autofluorescence by tissues, affording a higher signal
to noise ratio and contrast. In particular, NIR-Il chromophores32:40:41
and lanthanide nanoparticles*244 with absorption and emission in
the so-called NIR-II spectral region (usually defined as 1000-1700 nm)
are gaining wider use to increase image resolution and contrast.

Time-gated detection coupled to NIR emission represents a further
improvement in terms of signal-to-noise ratio and image contrast.
The utilization of time-gated luminescence, in which luminescence is
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Scheme 1 - Synthetic procedure for the functionalization of hydride-terminated SiNCs by allyl groups (a, Si-allyl) and post-
functionalization via thiol-ene click reaction by PEG groups (b, Si-PEG).

recorded with a certain delay after excitation, suppresses scattered
excitation light and short-lived autofluorescence of the sample. Until
now, lanthanide metal complexes, upconverting nanoparticles*>-47
and heavy-metal complexes, such as Pt or Pd have mostly been
employed for this application with ps-gating window, a time scale
that allows easy implementation and low cost of the equipment.48-51

SiNCs were already employed in luminescence imaging, for example
in sentinel lymph node mapping,1? but time-gated detection has not
been explored. Time-gated luminescence was reported for a
different silicon-based material, namely porous silicon nanoparticles,
to image cells, organs or zebrafish.52-54 However, the dimension of
the silicon core was much larger (>100 nm), the emission quantum
yield was significantly lower (ca. 5%), sensitive to dioxygen
quenching and limited to the visible region (red emission).

In the present paper, we demonstrate, for the first time, that SiNCs
are viable alternatives for in vivo time-gated luminescence imaging
in the NIR spectral window.

Results and discussion
Synthesis

Hydride-terminated silicon nanocrystals with average diameter of 4
nm and 5 nm were prepared by thermal disproportionation of
hydrogen silsesquioxane (HSQ) according to literature procedures.>>
The surface functionalization was performed by a three-step process
(Scheme 1) in order to protect the SiNCs surface before PEG linkage

tetrafluoroborate (4-DDB), as radical initiator,%¢57 (ii) Grignard
nucleophilic addition to obtain the allyl-terminated SiNCs (Si-allyl in
Scheme 1a) and (iii) thiol-ene click reaction with a previously
prepared thiol-PEG derivative to yield water dispersible nanocrystals
coated by PEG groups (Si-PEG, Scheme 1b). Silicon nanocrystals were
characterized by NMR spectroscopy (Figure S1). The size distribution
was evaluated by TEM analysis (Figure S2a) and is compatible with
the corresponding dodecyl-terminated sample (Figure S2b) and

previously reported samples of alkyl-terminated SiNCs prepared by
the same methodology>7->°.

Photophysical properties

The absorption spectra of Si-PEG exhibit an unstructured absorption
profile that is characteristic of Si nanocrystals (solid lines in Figure
1a).5>6% The photophysical data reported in Table 1 for Si-allyl and Si-
PEG in toluene demonstrate that the radiative transition is
characterized by the same energy, similar photoluminescence
intensity decays (t) and a decrease of the photoluminescence
quantum yield (PLQY) in the case of 4-nm SiNCs. This decrease of
PLQY with no effect on the lifetime might be indicative of the
complete quenching of part of the nanocrystal ensemble
(corresponding to lifetimes shorter than 5 ps). This effect can be
ascribed to partial surface oxidation during the click reaction of the
fraction of nanocrystals with incomplete surface functionalization in

step a (Scheme 1), as previously reported by some of us in a different
post-functionalisation reaction of SiNCs.%!
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and maintain their good luminescent properties: (i) hydrosilylation at
room temperature of hydride-terminated SiNCs in the presence of

dimethylvinylchlorosilane and 4-decylbenzene diazonium

Figure 1 - (a) Absorption (solid lines) and normalized photoluminescence spectra (dashed lines) of Si-PEG nanocrystals in water with an

average diameter of the silicon core of 4 nm (black-line) and 5 nm (red-line); (b) Picture of Si-PEG with a silicon core diameter of 4 nm
dispersed in water under visible light, on the left, and under 365 nm UV light, on the right.



Table 1 - Photoluminescence band maximum (Amax), quantum yield (PLQY) and lifetime (t) of Si-PEG and Si-allyl in toluene or distilled water.
The reported diameters are referred to the silicon core.

diameter =4 nm diameter =5 nm
SiNC solvent | Amax (nm) | PLQY | T(US) | Amax (nm) | PLQY | T (us)
Si-allyl | toluene 770 0.41 74 955 0.30 135
Si-PEG | toluene 770 0.20 68 950 0.29 | 130
Si-PEG water 735 0.16 60 945 0.18 120

The photophysical properties of Si-PEG in distilled water are
reported in Figure 1 and Table 1: bright red to NIR emission
(Amax=735 and 945 nm) are observed for average core diameter of 4
and 5 nm, respectively.

Stability and pH-sensitivity

Dynamic light scattering analysis (DLS) was used to evaluate
hydrodynamic volumes of Si-PEG in water and their stability as a
function of time. The results indicate diameters of around (30 + 10)
nm for both 4 and 5 nm Si-PEG nanoparticles (Figure S3). No
significant change was observed over a one-week time interval,
demonstrating no aggregation. Even the optical properties do not
change with time: the samples remained transparent for several
months when stored at room temperature. Moreover,
photoluminescence lifetime of an Si-PEG sample in distilled water
shows no change (Figure S4a) in a 1-day range and in blood serum at
37°C (Figure S4b), suggesting that the PEG surface functionalization
was able to prevent interaction with serum proteins.

The pH dependence on the optical properties is also a fundamental
issue for luminescent probes: at basic pH (>8) a significant decrease
of lifetime was observed and lifetime changes were not fully
reversible upon acidification to the initial pH value (Figure S5). On
the contrary, at acidic pH, we observed a significant and fully
reversible increase of lifetime (Figure 2), suggesting the possibility of
implementing a pH sensor based on the luminescent lifetime of Si-
PEG.
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Figure 3 - Luminescence lifetimes as a function of pH (values
reported in blue) in successive additions of HCl and KOH to a 7.5 x
107 M solution of 4 nm Si-PEG in water. Aex=365nm; Aem > 550nm.

It is worth noting that the lifetimes reported in Figure 2 are lower
than the value reported in distilled water (Table 1) and is due to the
effect of ionic strength in aqueous solution. In addition, the

photoluminescence lifetime was proven not to be affected by the
oxygen concentration (Figure S6), whose presence may affect the
signal detected and reduce the reliability of the sensor.

Biodistribution and luminescence bioimaging

For the evaluation of biodistribution and potential of Si-PEG to be
utilized for luminescence guided surgery, we selected an Si-PEG
sample with average diameter of 4 nm because of the higher
sensitivity of detectors in this spectral range as compared to the NIR-
Il spectral region. We found that in vivo (IV) injected Si-PEG were
primarily excreted through the liver in athymic nude mice (Figure 3),
with maximum excretion occurring at 24 h, as determined via ex vivo
imaging.
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Figure 2 - Biodistribution of Si-PEG measured ex-vivo after in vivo
injection. (a) Luminescence images of tumor, liver, kidney and
spleen at different time points. (b) Normalised luminescence
intensities as a function of time. The intensity value and error bar
for each organ are the average and standard deviation of
luminescence intensities of all pixels in the organ area.
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Figure 4 - SiNCs localize in MDA-MB-231 tumors. Si-PEG (1.5 pM) were IV injected and the luminescence in MDA-MB-231 tumors were
imaged. (a and c) White light images with skin intact and with skin removed, respectively, 2 h post injection; (b and d) luminescence images
2 h post injection with skin intact and skin removed, respectively; (e and g) white light images with skin intact and skin removed, respectively,

48 h after injection; (f and h) luminescence images 48 h post injection.

In addition, a time study of accumulation of IV injected Si-PEG in
mice with MDA-MB-231 flank tumors was conducted. Si-PEG were
found to accumulate in these tumors over time, with maximum
localization at 24 h. These SiNCs were found to remain in these
tumors for 48 h (Figure 4). Therefore, SiNCs accumulated in the liver
as well as in MDA-MD-231 tumors. Therefore, SiNCs accumulated in
the liver as well as in MDA-MD-231 tumors. The efficiency of
targeting the tumor in comparison to accumulation in the liver was
estimated by the emission intensity ratio as a function of time: an
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Figure 5 - Advantages of time-gated imaging. Si-PEG (1.5 uM) were
subcutaneously injected into athymic nude mice (a) white light
image indicating location of injection and location of quantitation of
background luminescence; (b) steady state fluorescence imaging of
SiNCs; (c) time-gated luminescence imaging; (d) difference in signal
to background ratio afforded by time-gated imaging (delay 10 ps).

injection (Figure S9).

A comparison of steady-state versus time-gated luminescence
imaging was undertaken. Si-PEG (1.5 pM) were subcutaneously
injected in athymic nude mice and the luminescence measured via
both steady-state and time-gated detection. We found that the

signal to background ratio is enhanced by a factor of 3 when utilizing
time-gated luminescence imaging compared to steady-state
luminescence imaging (Figure 5).

Conclusions

The current study demonstrates a synthesis of
polyethylene glycol functionalized silicon nanocrystals (average

core diameter of 4 and 5 nm) with advantageous optical

new

properties of NIR emission. It has also been shown that these
nanoparticles have the potential to be utilized for luminescence
guided surgery, since they accumulate in the tumor and are
excreted within 48 hours, as demonstrated in mice with MDA-
MB-231 tumors. In addition, due to the long emission lifetime
of these SiNCs (60 ps), the signal to background ratio and
background ambient light suppression can be enhanced via
time-gated luminescence imaging.

Future studies are aimed at increasing the molar absorption
coefficient of SiINCs in the red and NIR spectral region by a light-
harvesting approach. This approach was already demonstrated
in organic solvents:50-%3 upon excitation of dye molecules
appended at the nanocrystal surface, sensitized emission of the
Si core is observed. This will enable red excitation of SiNCs
coupled to time-gated NIR luminescence for deeper tissue
penetration. Furthermore, conjugation of the terminal OH
group of the PEG shell to a tumor targeting agent will be
investigated for active targeting of the tumor.
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