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ABSTRACT: Merocyanines adsorbed into the mesopores of mSiO, shell of NaYF,:
20% Yb, 2% Er, 0.2% Tm nanocrystals are demonstrated as ratiometric upconversion
luminescence (UCL) probe for highly selective detection of HS™ in living cells
through inhibition of energy transfer from the UCL of the nanocrystals to the
absorbance of the merocyanines. The UCL probe has been used for ratiometric

sensing of H,S with high sensitivity and selectivity.
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ydrogen sulfide (H,S) has been considered as a notorious

toxic gas for centuries because of its characteristic foul
odor of rotten eggs and harmfulness to different systems in the
body. Recent studies have established that H,S is the third
endogenously generated gaseous signaling compound (gaso-
transmitter) with cytoprotective proIperties besides nitric oxide
(NO) and carbon monoxide (CO)." H,S is involved in a wide
range of physiological Sprocesses, including vasodilation,>
angiogenesis,” apoptosis, inflammation,® and neuromodula-
tion, and an abnormal H,S level is correlated to diseases such as
Alzheimer’s disease,” Down’s syndrome,8 diabetes,” and liver
cirrhosis.'® However, the mechanism of the physiological and
pathological functions of H,S still has not been fully elucidated.
Hence, the rapid, facile and reliable detection of this small
molecule in a living system is crucial to understand its roles in
biology and medicine, which has been a research hotspot in
recent years.

Optical detection of trace amounts of analytes has received
considerable interest because of its simplicity, high sensitivity,
and compatibility with real-time monitoring. Fluorescence
microscopy is a powerful tool for nondestructive detection of
analytes in live cells, tissues and animals."'™** Organic
fluorophores have been extensively used as bioimaging reagents
due to their high absorptivities and emission quantum yields,
providing excellent detectability. Recently, a lot of examples of
organic fluorophore-based probes have been designed to detect
H,S based on different sensing mechanisms,"> such as azide
reduction,'*™*® quencher (such as Cu?*) removal,®' and
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nucleophilic reactions.”>”° Although a rapid progress has
been achieved in last three years, there are still problems to be
solved. For example, most reported probes need ultraviolet or
visible light as the excitation source, which is harmful to live
cells. Moreover, many probes are based on organic 7-skeleton
and exhibit poor water solubility. Biologically toxic solvents,
such as dimethyl sulfoxide (DMSO), tetrahydrofuran (THF),
and acetonitrile (CH;CN), are required to prepare homoge-
neous solutions for sensing and bioimaging. Furthermore, the
biocompability of H,S probes should be considered in the
design of probes for in vivo applications.

Recently, lanthanide-doped upconversation nanoparticles
(UCNPs), which convert near-infrared (NIR) radiation to
visible light, have received considerable attention for
applications in sensing and bioimaging due to their several
outstanding features.””~>° UCNPs offer high photostability and
thermal stability. In addition, the NIR excitation source
(typically 980 nm) not only offers a substantially higher tissue
penetration depth (up to 10 mm) and causes less damage to
biological samples than UV excitation source, but also features
minimum interference from background autofluorescence by
biomolecules in the living systems, resulting in significantly
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improved signal-to-noise ratios. Thus, UCNPs become good
candidates for realizing excellent H,S probes.

In the present study, to solve these problems, we designed a
H,S probe (Figure 1) based on lanthanide-doped upconversion
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Figure 1. (A-a) Design strategy and synthetic route of nanoprobe
UCNPs@SiO,-MC. (A-b) Sensing mechanism and LRET process of
UCNPs@SiO,-MC toward HS™. TEM (B-a, B-b) and HRTEM (B-g,
B-h) images of OA-UCNPs. (B-c, B-d) TEM images of UCNPs@
mSiO, and(B-e, B-f) UCNPs@mSiO,-MC. (UCNPs = NaYF,: 20%
Yb, 2% Er, 0.2% Tm).

nanoparticles. Additionally, mesoporous silica (mSiO,) was
involved in the probe because of its fascinating properties, such
as large surface area, good water dispersibility, excellent
biocompatibility, high stability, and facile surface functionaliza-
tion. Furthermore, we tried to achieve the ratiometric
detection, because compared to intensity-based optical probes
whose intensity changes in response to H,S, ratiometric probes
show increased sensitivity and allow the accurate and
quantitative measurement of the intracellular H,S by measuring
the ratio changes of the luminescence intensities at two
different wavelengths, which can minimize the external
environment influences.

Finally, the probe was designed as an organic/inorganic
hybrid core—shell structure, where the core is made of
upconversion nanocrystals NaYF,: 20% Yb, 2% Er, 0.2% Tm
and the shell is mSiO, containing a merocyanine-based H,S
sensitive dye MC (Figure 1A-a). Upon NIR excitation at 980
nm, efficient luminescence resonance energy transfer (LRET)
from the UCNPs to MC occurred (Figure 1A-b), because of
the significant spectral overlap of the green upconversion
luminescence (UCL) of UCNPs at 514—560 nm and the
absorption of MC at 548 nm (¢ = 2.56 X 10* M™' cm™)
(Figure 2). After the reaction with HS™, the most stable form of
H,S in the physiological condition, the MC dye was converted
to MCSH (Figure 1 and Figure S3 in the Supporting
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Figure 2. Absorption spectra of MC and MCSH, and UCL spectrum
of UCNPs (NaYF,: 20% Yb, 2% Er, 0.2% Tm).

Information),”* accompanied by a considerable decrease in its
absorbance at 548 nm (Figure 2), which reduced the LRET
efficiency. Therefore, the green UCL was restored. Thus, using
the UCL at 800 nm as an internal standard, the core—shell
nanoparticles can be used for ratiometric detection of H,S with
high sensitivity and selectivity.

The preparation of UCNPs@mSiO2-MC is shown in Figure
1A-a and the Supporting Information. First, the core hexagonal
NaYF4:20% Yb, 2% Er, 0.2% Tm nanocrystal was prepared by a
solvothermal method with oleic acid (OA) as the surface ligand.
Next, it was coated with a mesoporous silica shell to form the
core—shell structure UCNPs@mSiO,. Then, MC was en-
trapped into the nanochannels of the mSiO, shell to yield the
nanoprobe UCNPs@mSiO,-MC. The structure of the UCNPs
core and core—shell nanoparticles were characterized by
transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), dynamic light scattering (DLS), energy-
dispersive X-ray analysis (EDXA), X-ray powder diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, and
nitrogen adsorption/desorption isotherms.

The TEM images (as shown in Figure 1B-a and B-b) of OA-
UCNPs revealed that UCNPs disperse well in cyclohexane and
have an average diameter of about 35 nm. As shown in Figure
S12 in the Supporting Information, the XRD pattern of OA-
UCNPs was indexed to the pure hexagonal phase (JPCDS file
number 16—0334) of NaYF,, which was also confirmed by the
HRTEM image (Figure 1B-g, h). After being coated with a
mesoporous silica shell, the surfactant hexadecyl trimethylam-
monium bromide (CTAB) was removed completely as it is
hazardous by ion exchange in ethanol to produce nanoparticles-
(UCNPs@mSiO,). To confirm the removal of CTAB
molecules the nanoparticles was investigated by FTIR
spectrophotometry. As shown in Figure S6 in the Supporting
Information, the peaks at 2927 and 2844 cm™' corresponding
to C—H stretching of CTAB molecules disappeared after the
ion exchange. The nanoparticle UCNPs@mSiO, became
uniform and monodispersed with an average diameter of
about 94 nm (Figure 1B-c and 1B-d), suggesting that the silica
layer is about 30 nm in thickness. The wormhole-like
disordered mesopores were clearly observed in the silica shells,
and the disordered nature of the mSiO, shell was consistent
with the results of small-angle XRD (see Figure S12 in the
Supporting Information). The XRD pattern of UCNPs@mSiO,
was shown in Figure S11 in the Supporting Information, and a
new peak at 20 = 22° suggested that amorphous silica was
successfully coated on the surface of the UCNPs. The nitrogen
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adsorption and desorption data of the nanoparticles showed
typical reversible type IV isotherms for UCNPs@mSiO, (see
Figure S7 in the Supporting Information), which is an
important characteristic of mesoporous materials. The specific
surface area was obtained from Brunauer—Emmett—Teller
(BET) treatment of the isotherm, and the pore volume and
pore size were estimated by using the Barrett—Joyner—Halenda
(BJH) method. UCNPs@mSiO2 showed a BET surface area of
513 m? ¢! and a pore volume of 0.991 cm® g™". The pore size
was uniform and a sharp peak located at 2.8 nm in the
distribution curve indicated the narrow distribution.

After adsorption of dye MC, the nanoparticles UCNPs@
mSiO,-MC can be monodispersed in water (Figure 1B-e, f).
The successful adsorption of MC into the nanoparticle surface
was also demonstrated by FTIR. As shown in Figure S8 in the
Supporting Information, the bands at 1097 cm™" in the FTIR
spectra of UCNPs@mSiO, and UCNPs@mSiO,-MC can be
attributed to the characteristic absorption band of Si—O band.
In comparison with the FTIR spectrum of UCNPs@mSiO,,
new intense band at 1647 cm™" attributed to C=0 stretching
vibration, can be observed in that of UCNPs@mSiO,-MC.
Moreover, the peaks at 1527 and 1572 cm™ can be attributed
to the C=C skeleton vibration. The above results have
demonstrated that MC is successfully adsorbed in UCNPs@
mSiO,.

Based on the absorption spectra of the nanoprobe in solution
(1.26 mg/mL), the concentration of the adsorped dye MC was
calculated to be 2.28 X 107 mol/L. The loading density of
MCs after the reaction was approximately 5480 + 10 molecules
per nanoparticle, as determined by UV/vis absorption spec-
troscopy, corresponding to 7.82 mg of dye MC per gram of
nanoprobe. Although dye MC was entrapped into the
nanochannels of mSiO, through physical adsorption, the
nanoprobe is stable in H,O and no evident variation in
absorption spectrum was observed in PBS (phosphate buffered
saline) solution during the test, indicating that the nanoprobe
UCNPs@mSiO,-MC is sufficiently stable for sensing and
bioimaging experiments.

The sensing performance of UCNPs@mSiO,-MC was
investigated through UV—vis absorption and photolumi-
nescence titrations. As shown in Figure 3a, the nanoprobe
exhibits intense absorption bands in the region of 450—600 nm,
which was assigned to the charge-transfer transition of the
organic dye MC. The addition of HS™ induced significant
hypochromicity at 548 nm, indicating the nucleophilic addition
reaction between dye MC and HS™. The reaction reached an
equilibrium when 115 yM of HS- were added, accompanied by
drastic color change from pink to colorless (see Figure S13 in
the Supporting Information). In the photoluminescence
titration, the nanoprobe exhibited significant green-UCL
enhancement at 514—560 nm upon addition of HS™ (Figure
3b). The intensity of the red UCL at 635—680 nm was also
increased slightly and that at 800 nm was unaffected. The ratio
Is40/Tg00 was used to reflect the concentration of HS™, which
shows a linear increase in the range of 0—115 uM HS™. The
detection limit was estimated to be as low as 0.58 uM, which
was lower than that of other merocyanine-based H,S probe (1.0
uM).** Such a low detection limit can be attributed to the
ratiometric detection and a low fluorescence background for
UCL detection. Additionally, the nanoprobe exhibited selective
preference for HS™ over other common inorganic anions
including F~, CI7, Br™, NO;~, NO,™, and SO,~ and biological
thiols such as cysteine, homocysteine, glutathione, and BSA
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Figure 3. (a) Absorption spectra and (b) UCL spectra of 22.8 uM
UCNPs@mSiO,-MC in PBS (pH 7.40) upon addition of HS™.

(see Figures S13 and S14 in the Supporting Information).
These results suggested that UCNPs@mSiO,-MC is suitable
for measurement of HS™ in an intracellular environment, where
large amounts of inorganic anions and biological thiols exist.

Before cellular applications, the cytotoxicity of UCNPs@
mSiO,-MC was investigated by the reduction activity of the
methyl thiazolyl tetrazolium (MTT) assay. The viability of
untreated cells was assumed to be 100%. Incubation of HeLa
cells with 100—600 g mL~' UCNPs@mSiO,-MC for 48 h did
not revealed evident difference in the cell proliferation (Figure
4j). After incubation with 500 ug mL~' UCNPs@mSiO,-MC
for 48 h, the cellular viability of HeLa cells was higher than 80%
even at a high-dose concentration, indicative of low cytotoxicity
and good biocompability of the nanoprobe UCNPs@mSiO,-
MC. These data indicate that UCNPs@mSiO,-MC can serve as
a potential probe for UCL imaging.

Furthermore, considering the sensitive optical response to
HS™ and low cytotoxicity, naonoprobe UCNPs@mSiO,-MC
was used to image the intracellular HS™ change. The
application of UCNPs@mSiO,-MC in bioimaging of intra-
cellular HS™ was carried out via laser-scanning upconversion
luminescence microscopy (LSUCLM) experiments. HeLa cells
incubated with UCNPs@mSiO,-MC (S uM) at 37 °C for 1 h
showed very weak UCL emission at green channel of 500—555
nm and red channel of 620—670 nm (Figure 4a and 4b). And
the ratio (Igreen/ L.q) of the emission intensity at green channel
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Figure 4. UCL images in (a—d) HeLa cells and (e—h) 10 yM HS™
pretreated HeLa cells incubated with $ yM UCNPs@mSiO,-MC for 2
h at 37 °C. Emission was collected via (a, e) green UCL channel of
500—555 nm and (b, f) red channel of 620—670 nm. (c, g) Overlay of
green and red UCL images. (d, h) Overlay of UCL and brightfield
imagings (1., = 980 nm). (i) Intensity analysis of green and red UCL
collected at the intracellular regions before and after treating with HS™.
(§) In vitro cell viability of HeLa cells incubated with UCNPs@mSiO,-
MC with different concentrations (0, 100, 200, 400, and 600 y1g/mL)
for 48 h at 37 °C.

to that at red channel was measured to be 0.56 (Figure 4i).
When the cells were supplemented with 10 uM HS™ in the
growth medium for 20 h at 37 °C and then incubated with
UCNPs@mSiO,-MC under the same conditions, a significant
enhancement of over 8 fold for the green UCL emission and a
slight enhancement of about 1.9 fold for the red UCL emission
were observed in the intracellular region (Figure 4e and 4f).
The ratio of Lyeen/Ireq Was changed to be 2.43 (Figure 4i). Such
an evident change of Iy.,/I.q before and after treatment of
HS™ suggests that UCNPs@mSiO,-MC was suitable for
monitoring the change of intracellular HS™ in a ratiometric
mode. Brightfield measurements with or without treatment
with HS™ confirmed that the cells remained viable throughout
the imaging experiments. Overlay of UCL imaging and
brightfield images revealed that the UCL signals were localized
in the cytosol region (Figure 4h), indicating the subcellular
distribution of HS™.

In summary, a novel core—shell UCL nanoprobe for imaging
of intracellular H,S has been prepared by adsorbing
merocyanine into the mesopores of mSiO, shell of NaYF,:
20% Yb, 2% Er, 0.2% Tm nanocrystals. Utilizing the tunable
LRET efficiency induced by the nucleophilic addition reaction
between merocyanine and HS™, the nanoprobe has been used
for ratiometric sensing of H,S with high sensitivity and
selectivity. Moreover, this UCL nanoprobe has been used for
monitoring H,S in living cells by means of LSUCLM
experiments. To the best of our knowledge, this is the first
example of a UCL probe for both sensing and bioimaging of
H,S in the ratiometric mode. The results obtained in this work
provide a useful design strategy of novel UCL probes for
physiologically relevant species (such as reactive sulfur,
nitrogen and oxygen species) in living cells.
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