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Hydrogen sulfide (H,S) is an important signaling molecule in various biological processes; however, its
real-time monitoring in living cells is hampered by long detection time for current fluorescent probes. To
overcome this challenge, we designed a phase-transfer catalyst (PTC) approach to accelerate the reaction
between the probe and the analyte by conjugating common fluorescent probes — mostly hydrophobic
small molecules — with an amphiphilic PEG-PPG-PEG polymer, enabling the controllable assembly of
H,S nanoprobes in an aqueous solution. The PEG block helps to establish a PTC microenvironment that
endows the assembled nanoprobes with a significantly reduced detection time (3-10 min; versus
20-60 min for small-molecule probes). Based on this approach, we synthesised two nanoprobes of
different wavelengths, DS-Blue-nano and DN-Green-nano, which can sensitively detect H,S in living
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macrophage cells with bright fluorescence starting at as early as 7 min and reaching stability at 15 min.
These data suggest PTC-based nanoprobes as a new and generic approach for constructing sensitive flu-
orescent probes for the real-time imaging of H,S, and perhaps other molecules in future, under biological
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Introduction

Hydrogen sulfide (H,S) is a versatile gaseous signal molecule
produced endogenously through both enzymatic and non-
enzymatic processes in living systems.' H,S plays an essential
role in vascular smooth muscle relaxation, neurotransmitter
regulation, redox status modulation and many other physio-
logical processes.” Its abnormal changes are associated with
Alzheimer’s disease, diabetes, and cardiovascular diseases.’
Developing chemical tools to detect H,S in subcellular micro-
environments will provide powerful insight into understanding
pathogenic mechanisms. Nevertheless, despite the develop-
ment of fluorescent probes for H,S for decades, one substan-
tial and common challenge still facing real-time H,S monitor-
ing in living cells is particularly a long detection time
(>20 min) in aqueous solutions.*® Since metabolic reactions
take place fast in the physiological system, such long detection
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times may easily lead to artifacts,’ e.g., unintended detection
of re-synthesized or cleared H,S. Therefore, shortening the
detection time to realise ‘real-time’ detection (e.g., within
5 min) of H,S in living systems is critical for understanding
the genuine action of this gaseous molecule in subcellular
microenvironments.’

The mechanisms of reaction-based fluorescent probes for
detecting H,S mainly include: (i) disulfide exchange, (ii) aryl
nitro thiolysis and (iii) azide reduction,'®* all based on the
high reducibility and nucleophilicity of H,S. However, in
aqueous solutions, H,S is primarily in the monoanionic form,
HS™."* Moreover, fluorescent probes are typically constructed
from hydrophobic dyes with large n-conjugation. The hydro-
phobic probes and hydrophilic analyte (HS™) may have low
reaction efficiency, which is a possible reason for the long
detection time. Although co-organic solvents are commonly
used to solve this issue, they can only be used in preliminary
tests without living cells due to their obvious toxicity to cells.

To solve this problem, we proposed the conjugation of
common fluorescent probes for H,S - mostly hydrophobic
small molecules - with an amphiphilic triblock poly(ethylene
glycol)-poly( propylene glycol)-poly(ethylene glycol) (PEG-
PPG-PEG) copolymer. In aqueous solutions, the polymer-
probe conjugates self-assemble into nanoparticles via the
micelle packing mechanism.'”> Here, PEG plays the role of a
phase transfer catalyst (PTC)'°™® to increase the reaction
efficiency between the hydrophobic probe and hydrophilic
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HS™, while PPG and probes offer hydrophobic units. In this
study, we set out to construct the PTC-based nanoprobes, vali-
date their efficiency in detecting H,S in aqueous solutions,
and finally assess their potential in living cell culture. Our data
suggest that the PTC-based nanoprobes were more sensitively
and effectively image H,S than conventional probes, thus
shortening the detection time from ~20-60 min to ~3-10 min
(Scheme 1).

Experimental methods
Materials and instruments

All the solvents and chemical reagents were from commercial
sources, analytical grade and used without further purifi-
cation. 'H NMR and *C NMR spectra were recorded on a
Bruker 600 MHz AVANCE III spectrometer with chemical shifts
reported in ppm at room temperature. DLS analyses were
performed using a Malvern Zetasizer Nano ZS (UK).
Absorption spectra were collected on a HACH DR6000 UV/VIS
Spectrophotometer (USA). Fluorescence spectra were obtained
on a Thermo Scientific Lumina Fluorescence Spectrometer
(USA). The fluorescence imaging of cells was performed using
a Leica DMi8 fluorescence microscope. Each experiment was
observed using 325-375 nm exciter, 435-485 nm emitter for
the blue channel, and 460-500 nm exciter, 512-542 nm
emitter for the green channel.

Preparation of nanoprobes

Probe-polymer was dissolved in THF (50 pL) and swiftly added
into an aqueous solution (5 mL) under ultrasound. Nitrogen
was then used to dislodge THF, obtaining an aqueous solution
of the nanoprobe.

Conventional strategies
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Characterization of polymeric micelles

The mean particle size and polydispersity index (PDI) of nanor-
eactors were determined by dynamic light scattering (DLS).
The polymeric micelle concentrations were kept at 0.5 mg
mL™" for DLS measurements. The measurements were per-
formed in triplicate for each sample. The nanoparticle tracking
analysis technique (NanoSight NS500) was applied to visualize
the nanoprobe dispersed in an aqueous solution and quanti-
fied the relevant number weighted distributions.

Results and discussion

First, our data confirmed a common concern that fluorescent
probes reacted to the analyte H,S much slower in an aqueous
solution than in an organic co-solvent system. We examined
the response of common fluorescent probes to H,S in absolute
phosphate buffered saline (PBS; 10 mM, pH 7.4) or mixtures of
ethanol in PBS (10%, 20%, and 30%, respectively, v/v). As
shown in Fig. 1, we synthesized three fluorescent probes
DS-Blue, DN-Green, and AZ-Green, representing the three
detection principles of disulfide exchange, aryl nitro thioly-
sis, and azide reduction, respectively.>’">> With the addition
of 20 equivalents of H,S (Na,S as the donor) to each solution
of the three probes in absolute PBS (10 mM, 7.4), reaction
times of 22 min, 30 min, and 60 min were observed.
However, it decreased with the gradual increase in ethanol
from 10% to 30% in a PBS solution (10 mM, pH 7.4, v/v).
Also, a higher percentage of ethanol always meant a shorter
reaction time. These results suggested that the organic co-
solvent solution accelerated the reaction time, agreeing with
our assumption that the probe hydrophobicity could
account for their low reactive efficiency for the hydrophilic
HS"™.

Our work
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Scheme 1 lllustration of the PTC-based approach to construct self-assembled nanoprobes for H,S, based on conventional strategies of fluorescent

nanoprobe development.
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Fig. 1 Co-solvent effect on the reaction time of fluorescent probes to H,S. (a—c) Chemical structure and the detection mechanism of DS-Blue,
DN-Green, and AZ-Green. (d) Time course of DS-Blue (10 pM) with the addition of 20 equivalents H,S. (e) Time course of DN-Green (10 pM) with
the addition of 20 equivalents H,S. (f) Time course of AZ-Green (10 pM) with the addition of 20 equivalents H,S. Solutions are PBS, 10% ethanol,
20% ethanol, and 30% ethanol in PBS (10 mM, pH 7.4, v/v), respectively.
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Fig. 2 Synthesis and characterization of probe—polymer conjugates. (a—c) Chemical structure of the fluorescent probe—polymer conjugates,
DS-Blue-polymer, DN-Green-polymer, and AZ-Green-polymer. (d) *H NMR spectra of polymer, DBCO, DBCO-polymer, DS-Blue-polymer,
DN-Green-polymer, and AZ-Green-polymer in DMSO-ds. (e—g) Absorbance of DS-Blue, DS-Blue-polymer, DN-Green, DN-Green-polymer,

AZ-Green, and AZ-Green-polymer in DMSO.
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To form a self-assembled nanoreactor of PEG in aqueous
solutions, the amphiphilic copolymer PEG-PPG-PEG was
selected as the key conjugation unit, which has hydrophilic
PEG blocks and hydrophobic PPG blocks.>® DS-Blue-polymer
and DN-Green-polymer conjugations were obtained by grafting
DS-Blue-Azido and DN-Green-Azido onto PEG-PPG-PEG in two
steps: first to produce dibenzocyclooctyne (DBCO)-polymer
grafted by the EDC/NHS coupling chemistry reaction between
DBCO and PEG-PPG-PEG, followed by grafting of DS-Blue-
Azido and DN-Green-Azido onto the DBCO-polymer through a
click reaction. AZ-Green was obtained directly by the coupling
chemistry reaction between AZ-Green-COOH and PEG-PPG-
PEG. The final structures of DS-Blue-polymer, DN-Green-
polymer, and AZ-Green-polymer are shown in Fig. 2a-c. The
conjugate formation of the DBCO-polymer and probe-polymer
was confirmed by Fourier-transform infrared spectroscopy

View Article Online

Nanoscale

(FT-IR) and "H NMR spectroscopy (Fig. 2d). FT-IR spectra
showed a markedly enhanced absorption at 1735 cm™* (C=0
stretch) and decreased signal at 3450 cm ™" (O-H stretch), con-
firming the successful modification of hydroxyl groups on the
polymer chain are substituted by carbonyl groups and convert
to esters, compared with the initial polymer PEG-PPG-PEG
(Fig. S301). The "H NMR spectrum of DBCO-polymer showed
two types of characteristic peaks at 1.04, and 3.25-3.59 (attrib-
uted to PEG-PPG-PEG, indicated by black box lines in the
spectrum) and 5.05 and 7.25-7.71 (attributed to DBCO, red
box lines). In addition to these two kinds of characteristic
peaks, DS-Blue-polymer and DN-Green-polymer showed novel
peaks at 6.40-7.17 and 7.74-8.99 (attributed to the aromatic
peaks of DS-Blue-Azido and DN-Green-Azido, blue box lines).
The AZ-Green-polymer showed combined peaks of
PEF-PPG-PEG (black box lines) and AZ-Green-COOH (blue box
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Fig. 3 Construction and validation of PTC-based nanoprobes of DS-Blue-Nano, DN-Green-Nano, and AZ-Green-Nano. (a—c) Particle size distri-
butions of DS-Blue-Nano, DN-Green-Nano, and AZ-Green-Nano measured by DLS, Pdl < 0.3. The insets in Fig. 3a—c show the SEM images of the
samples and scale bars correspond to 200 nm; (d—f) time-course of DS-Blue-Nano, DN-Green-Nano, and AZ-Green-Nano (10 uM for each) with
the addition of H,S (5 pM, black; 10 pM, red; 20 pM, blue) in PBS (10 mM, pH 7.4); (g—i) fluorescent titration of DS-Blue-Nano, DN-Green-Nano, and
AZ-Green-Nano (10 pM for each) in response to different concentrations of H,S in PBS (10 mM, pH 7.4).
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lines). These peak changes confirmed successful conjugation
between fluorescent probes and PEG-PPG-PEG. Also, the
absorbance of the probe-polymer conjugation matched well
with the characteristic peaks of the free probe, indicating suc-
cessful conjugation between the fluorescent probes and PEG-
PPG-PEG polymer consistent with FT-IR and '"H NMR results
(Fig. 2e-g).

The molar concentrations of fluorescent probes in the con-
jugates, DS-Blue-polymer, DN-Green-polymer, and AZ-Green-
polymer (1 mg mL™" for each group in DMSO) were calculated
by the standard curve of each free probe in DMSO to be 40.23,
39.58, and 25.02 pM, respectively (Fig. S1-3t). Nanoprobes
were prepared through simple nanoprecipitation. Dynamic
light scattering (DLS) revealed that the nanoprobes DS-Blue-
Nano, DN-Green-Nano, and AZ-Green-Nano were successfully
prepared and presented narrow size distributions with average
diameters of 161.2, 194.1, and 178.7 nm, respectively (Fig. 3a).
From the representative SEM image of DS-Blue-Nano,
DN-Green-Nano, and AZ-Green-Nano, the size of nanoprobes
was ~200 nm (Fig. S4at), consistent with the DLS data. Similar
results were further confirmed by the nanoparticle tracking
analysis and the relevant number weighted distributions
(Fig. S4bt). Next, we examined the fluorescent response of the
nanoprobes towards H,S. With the addition of 5, 10, or 20 uM
H,S, the time-course of DS-Blue-Nano, DN-Green-Nano, and
AZ-Green-Nano (10 uM for each) showed that the fluorescence
intensity reached a steady state after 3, 5, and 10 min, respect-
ively (Fig. 3d-f). Compared with free fluorescent probes of
DS-Blue, DN-Green, and AZ-Green, the constructed nano-
probes showed a significantly reduced reaction time. Also, a
non-covalent complex formed by the addition of PEG deriva-
tives was found to produce similar results in the detection of

= slope = -6058.71 + 459.33
* slope =-1382.05 + 59.35

-18

Ink
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* Slope =-1212.01 + 194.59
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H,S from literature reports.>*>® All these data confirmed the
function of PEG in accelerating the reaction of the probe to
H,S. In addition, the fluorescence intensity of DS-Blue-Nano,
DN-Green-Nano, and AZ-Green-Nano in response to H,S is
dose-dependent (Fig. 3g-i). Also, the fluorescence enhance-
ment of DS-Blue-Nano, DN-Green-Nano, and AZ-Green-Nano to
H,S shows excellent linear responses up to 75 pM, 100 pM,
and 85 pM, respectively (Fig. S5-7f). The detection limits
(LODs) of DS-Blue-nano, DN-Green-nano, and AZ-Green-nano
for H,S were calculated to be 20.3 nM, 10.2 nM, and 36.0 nM,
respectively, using the equation 38/k.>’"*° The limits of quanti-
fication (LOQ) of DS-Blue-nano, DN-Green-nano, and
AZ-Green-nano for H,S were calculated to be 67.7 nM, 33.9
nM, and 119.9 nM, respectively.’® To test the selectivity of
these nanoprobes to H,S over other analytes, we had chosen
Na“, K, CI, Br-, CO;*", SO,>7, H,PO,”, CH;COO~, HCO;",
NO;~, Cys, Hcy, and GSH (200 pM for each) as interferents. As
shown in Fig. S8, almost no fluorescent change was found in
the presence of these analytes, Implying that these analytes
did not interfere with the detection process of DS-Blue-nano,
DN-Green-nano, and AZ-Green-nano for H,S.

We next examined the thermal behaviour of the free probes
and nanoprobes (Fig. 4a—c). The thermal activation energies of
DS-Blue-Nano, DN-Green-Nano, and AZ-Green-Nano were cal-
culated from the fitting of the Arrhenius plot as 11.49 + 0.49,
10.08 + 1.62, and 6.32 + 0.11 k] mol™* (indicated with red bar),
respectively. In contrast, these were calculated to be 50.37 +
3.82, 39.45 + 3.53, and 41.17 * 5.16 kJ mol™' for DS-Blue,
DN-Green, and AZ-Green, respectively (Fig. 4d). In the latter
case, they all showed higher activation energies than nanoreac-
tors. In the Arrhenius equation, the activation energy is
defined as the minimum energy required to initiate a chemical
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Fig. 5 Detection of H,S by DS-Blue-Nano and DN-Green-Nano in living macrophage cells. Cells were treated with Na,S (100 pM) to generate
exogenous H,S, untreated cells were used as control. The cells were then incubated with DS-Blue-Nano (10 pM, as a) or DN-Green-Nano (10 pM, as
b). The photos were taken under a fluorescent microscope. Scale bar: 50 pm.

reaction. Based on these findings, we proposed that PEG as a
PTC in nanoreactors allows the reaction of the hydrophobic
fluorescent probes and hydrophilic HS™ of two different
immiscible phases via facilitating the transfer of HS™ from the
interface. And the catalyst regenerates again after the reaction
is complete, continuing the catalytic cycle (Fig. 4e). PEG under-
goes dissolution in the aqueous phase and anion exchange
with HS™ dissolved in the aqueous phase. The formed ion pair
(M'HS™) then passes through the liquid-liquid interface and
undergoes diffusion from the interface to the lipophilic phase.
In the lipophilic phase, the anion from the ion pair (M HS™) is
nucleophilic, and reacts with the organic fluorescent probes
with lower reaction barrier and forms subsequent fluorescent
products.>"??

To explore the potential applications of the PTC-based
nanoprobes in living cells, we used self-assembled DS-Blue-
nano and DN-Green-nano as proof-of-concept model probes to
image H,S in living murine macrophages (RAW 264.7) and
breast cancer cell line (MCF-7). First, cell viability tests showed
that both nanoprobes exhibited high biocompatibility at a
dose of up to 40 uM in RAW 264.7 cells and MCF-7 cells after a
24 h incubation period (Fig. S101).>* Then, cell imaging experi-
ments demonstrated that DS-Blue-nano and DN-Green-nano
afforded bright fluorescence signals in blue and green chan-
nels from as early as 7 min after their addition to the cells pre-
treated with H,S for 1 h (Fig. 5 and Fig. S11}). The fluo-
rescence signals became stable at 15 min and showed no sig-
nificant changes after a longer incubation time (up to 30 min).
Also, DS-Blue-nano and DN-Green-nano showed similar ten-
dency for fast detection in these two cells. These results high-

19054 | Nanoscale, 2021, 13, 19049-19055

lighted the high sensitivity of PTC-based nanoprobes and
rapid detection of H,S in living cells.

Conclusions

In summary, we have developed an effective and generic
approach to increase the reaction speed for fluorescent probes
to detect H,S, enabling accelerated, sensitive, and real-time
imaging of H,S in living cells. The core of this approach
entails the transformation of common H,S fluorescent probes
into phase-transfer catalyst-based nanoprobes, through the
chemical conjugation of the probes with an amphiphilic
polymer that induces self-assembly into colloidal structures.
This nanoreactor approach provides a straightforward and
effective solution to reduce the activation barrier typically exist-
ing in H,S fluorescent probes and can be applied to probes
designed from different reaction principles, hence showing
the potential to overcome the long-lasting, common challenge
for the bioimaging of H,S - an important physiological
gaseous molecule.
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