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The excessive use of sodium hypochlorite disinfectant for preventing COVID-19 can be harmful to the
water environment and humans. More importantly, owing to hypochlorite being a biomarker of immune
responses in living organisms, its abnormal production can damage nucleic acids and protein molecules,
eventually causing many diseases (even cancer). Exploring a reliable, rapid, and non-invasive method to
monitor the hypochlorite level in vitro and in cells can be significant. Herein, we report a novel
ratiometric fluorescence sensing strategy based on Astrazon Brillant Red 4G dye-sensitized
NaGdF,Yb>*, Er¥*@NaYF, core—shell upconversion nanoparticles (UCNPs@ABR 4G). Based on the
combination mechanism of the fluorescent resonant energy transfer effect (FRET) and redox, a linear
model of fluorescence intensity ratio and hypochlorite concentration was constructed for a fast

response and high selectivity monitoring of hypochlorite in vitro and in vivo. The detection limit was
Received 29th August 2022

Accepted 24th October 2022 calculated to be 0.39 pM. In addition, this sensing strategy possessed good stability and circularity,

making it valuable both for the quantitative detection of hypochlorite in water and for the visualization of
DOI: 10.1039/d2ra05414k intracellular hypochlorite. The proposed optical probe is promising for the efficient and stable non-

rsc.li/rsc-advances invasive detection of hypochlorite.
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1. Introduction

Since the outbreak of the Coronavirus Disease 2019 (COVID-19)
began, great effort was made to disinfect public places."?
Sodium hypochlorite (NaOCl) can produce hypochlorous acid
(HCIO) and hypochlorite (CIO™) in water for disinfection and
sterilization.*® However, the excessive use of sodium hypo-
chlorite can be hazardous to humans and the environment.
Therefore, detecting the hypochlorite concentration in the
water environment became a topic of significant current
interest. Moreover, hypochlorite as a biomarker of active
oxidation and biological immune response, plays an important
role in disease resistance.®® Nevertheless, the excessive or
misplaced production of hypochlorite will damage some vital
proteins and nucleic acids in the organisms, which can worsen
some cardiovascular diseases and even cause cancer.'**® It is
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essential to explore a reliable, fast, efficient, and non-invasive
hypochlorite detection method.

In the past few decades, researchers paid great attention on
developing the detection strategies of hypochlorite, such as
chromatography, colorimetric, spectrophotometry, electroana-
Iytical, and fluorescence."** Compared with the other
approaches, the fluorescence probe has a unique advantage for
real-time detection in situ. However, some challenges still exist
for most fluorescent strategies. For one thing, the commonly
used fluorescence probe was an organic molecule, which
possessed the shortcomings of complex preparation, low
stability, and some difficulties in recycling. Secondly, some
probes have a large bandwidth and substantial background
interference. In addition, they often use high-energy UV or
visible light as the excitation source, and will inevitably harm
healthy cells and organs, which made them inapplicable for
measuring analytes in vivo.>*>® Although scientists developed
some fluorescent probes in the near-infrared range of 700-
900 nm in previous studies,”** the limitations of a small Stokes
shift, broadband fluorescence emission, and low signal-to-noise
ratio still restrict its application. Therefore, exploring an effi-
cient and stable inorganic fluorescence probe with a large
Stokes shift and near-infrared (corresponding to the biological
transparent window) excitation may be the key to achieving the
high-performance detection of hypochlorite. As a vital fluores-
cent probe, rare-earth doped upconversion nanoparticles
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Fig. 1 Schematic illustration of CIO™ detection by using ABR 4G modified NaGdF,: Yb**, Er**@NaYF4 UCNPs.

(UCNPs) have the advantages of a large anti-Stokes shift, stable
physicochemical properties, narrowband fluorescence emis-
sion, no background interference, abundant spectral lines,
good water-solubility, high QY, and high penetration depth
when compared with quantum dots, organic polymers, and
fluorescent proteins.**** UCNP fluorescent probes are suitable
for the localization and real-time tracking of biomolecules and
drug releases in living organisms by imaging techniques.***
With the advantages of high sensitivity, fast response, and in
situ detection, it has become a critical method for detecting and
analyzing biomolecules in the biomedical field in recent years.

In this work, we propose a novel detection strategy that uses
the UCNPs@ABR 4G fluorescent probe for detecting and
imaging hypochlorite in aqueous solution and cells. The
sensing mechanism is shown in Fig. 1. ABR 4G on the UCNP
surface serves as the green emission quencher in this strategy.
The quenched green emission can be gradually recovered with
the existence of hypochlorite, which quantitatively monitors
the hypochlorite level. The UCNPs@ABR 4G fluorescent probe
also had high selectivity and sensitivity towards hypochlorite,
and was further used for visual imaging in living onion
epidermal cells. This method is a promising strategy for effi-
cient and stable non-invasive hypochlorite detection both in
water and in cells.

2. Experimental

2.1. Reagents

Rare-earth oxides (Gd,03, Yb,03, Er,03, Y,03), oleic acid (OA),
octadecene (ODE, 90%), NaOH (98%), NH,F (98%), cyclo-
hexane, hydrochloric acid, polyethylene glycol (PEG), BaCl,-
-2H,0 (99.5%), MgCl,-6H,0 (98%), CuCl,-2H,0 (99%), CaCl,
(96%), ZnCl, (98%), FeCl;-6H,0 (99%), Na,CO;-10H,0 (99%),
Na,PO,-12H,0 (98%), NaNO, (99%), and H,0O, (30%) were
purchased from Chemical Reagent Co., Ltd (Tianjin, P. R.
China). ABR 4G was obtained from BioDuly Chemical Reagent
Co., Ltd (Nanjing, P. R. China). Sodium hypochlorite (available
chlorine 10%) was purchased from Huihong Chemical Reagent
Co., Ltd (Hunan, P. R. China). The other commonly used

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solvents were purchased from Chemical Reagent Co., Ltd
(Tianjin, P. R. China). All reagents were used as received without
further purification.

2.2. Synthesis of NaGdF,:Yb**, Er**@NaYF, core@shell
UCNPs

The bare core NaGdF,:Yb*", Er*" and NaGdF,:Yb*", Er**@NaYF,
core-shell upconversion nanoparticles were synthesized by the
method reported in the previous works.***® The rare-earth
chloride aqueous solution was prepared by dissolving rare-
earth chloride in deionized water. The prepared aqueous solu-
tion of LnCl; (LnCl; = 80% Gd, 18% Yb, 2% Er), 2 mL OA and
2 mL ODE were added to a 50 mL flask A and heated to 180 °C.
The solution was kept under nitrogen protection for 80 min,
and the reaction system was converted into a transparent liquid.
When the temperature cooled down to 60 °C, a methanolic
solution of NaOH and NH,F was added and stirred continu-
ously for 30 min at 60 °C. For the other solution, the prepared
YCl; aqueous solution, 2 mL OA, and 2 mL ODE were added to
the 50 mL flask B, and the reaction conditions were the same,
except that the rare-earth chloride solution in the flask was
different. Under nitrogen protection, the reaction temperature
of flask A was raised to 300 °C and kept for 80 min to form
NaGdF,:Yb*", Er’* core nanoparticles. The shell precursor (flask
B solution) was then mechanically pumped into flask A, and the
reaction was continued for 30 min to obtain the NaGdF:Yb**,
Er*'@NaYF, hexagonal-phase core @ shell UCNPs.

2.3. Synthesis of NaGdF,:Yb**, Er¥ @NaYF, core@shell
UCNPs with PEG

A typical approach to obtaining aqueous dispersible upcon-
verting lanthanide-doped NaGdF,: 18% Yb*", 2% Er’*@NaYF,
core-shell nanoparticles. Firstly, a cyclohexane solution of
upconversion nanoparticles with oleic acid ligand was centri-
fuged at 6000 rpm for 5 min. It was then dispersed in 30 mL
diluted hydrochloric acid aqueous solution with a pH value of 4
and stirred at room temperature for 4 h. The precipitate was
collected by centrifugation at 10 000 rpm for 15 min. Secondly,
the collected nanoparticles were redispersed in a 5 mL aqueous

RSC Adv, 2022, 12, 31608-31616 | 31609
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solution containing 0.5 mL PEG, stirred overnight, and sepa-
rated from the precipitate. Finally, the collected nanoparticles
were washed several times with ethanol and deionized water,
and readily dissolved in water for later use.

2.4. Instrumentation

Transmission electron microscopy (TEM) measurements were
obtained on a HF-5000 transmission electron microscope at an
acceleration voltage of 80 kv, and the high-resolution trans-
mission electron microscopy (HR-TEM) measurements were
obtained on a JEM 3010 transmission electron microscope at an
acceleration voltage of 200 kV. Upconversion fluorescence
spectra were measured from 400 to 700 nm using a spectrom-
eter (Hitachi F-2700) equipped with a power-adjustable 980 nm
laser as the excitation source. The UV-vis absorption spectra
were measured by a Hitachi F-4500 spectrometer.

Imaging of the onion epidermal cells incubated with nano-
particles was taken by an Olympus BX43 fluorescence micro-
scope under the excitation of a NIR 980 nm laser. The
multicolor fluorescence was obtained by a Tucsen H-694CICE
digital camera. All of the measurements were performed at
room temperature unless otherwise noted.

3. Results and discussion

We have designed a composite fluorescent probe UCNPs@ABR
4G for detecting the hypochlorite concentration in water and
plant cells. Due to the FRET effect between the UCNPs and ABR
4G dye, which is discussed in detail in Section 3.2, the green
emission of UCNPs will be dramatically quenched. However, as
the hypochlorite is added, the redox reaction will decrease the
amount of ABR 4G and therefore recover the emission again, as
shown in Fig. 1. According to the intensity variation of the
fluorescent signals, we constructed a linear model of IIRGRE
(the integral intensity ratio of green to red emission) and the
hypochlorite analyte concentration under the 980 nm excitation
in water. In addition, the proposed fluorescent probe was used
to visually monitor the hypochlorite at the cellular level.

View Article Online
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3.1.

The morphology of the synthesized NaGdF,:Yb**, Er** @NaYF,
nanoparticles were characterized by TEM and high-resolution
TEM images, as shown in Fig. 2a and b. The distinct core/
shell configuration and uniform particle size with an average
diameter of 34 + 3 nm (Fig. 2c) of the upconversion nano-
particles can be found. The lattice constant of the crystal faces
(1010) was about 0.51 nm (Fig. 2b). The epitaxial shell layer can
repair the surface defect of the active core and enhance the
emission signal intensity by several folds, which will improve
the signal-to-noise ratio and benefit the measurement during
the application.

Characterization of nanoparticles

3.2. FRET mechanism between ABR 4G and UCNPs

FRET, as an important sensing strategy, usually occurs when
a fluorescent donor and acceptor are efficiently coupled. FRET is
an energy transfer phenomenon that occurs between two fluo-
rescent molecules that are close to each other. When the donor's
emission spectrum overlaps with the absorption band of the
acceptor and the distance between the two molecules is within
10 nm, a non-radioactive energy transfer occurs from the donor
to the acceptor, which is known as the FRET effect.*** Here, for
the fluorescent dye ABR 4G-modified UCNPs in our research, the
UCNPs act as the energy donor, while the fluorescent dye
molecular attached on its surface acts as the energy acceptor.
According to the surface treatment, the ABR 4G can be very close
to the UCNPs, which is quite helpful to the FRET process
between them. This was attributed to the band overlap between
the emission spectra of UCNPs and the absorption band of the
ABR 4G molecule, as shown in Fig. 2d. Because of this band
overlap, the green emission of NaGdF,:Yb**, Er’*@NaYF, UCNPs
will be dramatically quenched when the ABR 4G is attached. As
a result, a fluorescent probe was prepared based on the FRET
effect by using UCNPs as the energy donor and the surface-
modified dye as the energy acceptor. Here, the synthesized
core-shell UCNPs showed three main emission bands centered
at 520 nm, 540 nm and 655 nm under the excitation of 980 nm
infrared laser (Fig. 2d), which are related to the electron
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Fig. 2 (a) TEM and (b) HRTEM images of the NaGdF,:Yb>" Er**@NaYF, core—shell nanoparticles; (c) particle size distribution curve by DLS
method; (d) the fluorescence intensity UCNPs, absorption of ClO™ and ABR 4G, inset: image of UCNPs@ABR 4G; (e) UCNPs dispersed in water

with/without the excitation of the 980 nm laser.
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(a) Diagram of the FRET mechanism between ABR 4G and UCNPs; (b) the fluorescence spectrum of the surface-modified UCNPs in the

water under 980 nm near-infrared laser; (c) the dye concentration and the integral strength ratio; (d) fluorescence images of the emission

quenching process.

transitions from the energy levels *“Hyq/5, *Ss/2, and *Fo, to *Iys,
(Fig. 1), respectively. Since the green emission intensity was
much stronger than the other emission bands, a bright green
color can be observed when excited by NIR (shown in Fig. 2e).
According to the optical properties in Fig. 2d, the emission band
of Er*" overlapped with the absorption band of ABR 4G from 510
to 570 nm, which will dramatically quench the green emission of
the UCNPs when their surfaces were modified by the fluorescent
dye. For a clear illustration of the sensing mechanism, the
absorption of CIO™ was also measured. The nearly flat and low
absorption spectra revealed that there would be no direct inter-
action between the bare UCNPs and ClO .

We firstly focused on the relation between the fluorescent
dyes and UCNPs. Here, the UCNPs were modified by ABR 4G
with various concentrations from 0-45 pg mL ™", resulting in the
UCNPs@ABR 4G composite. Due to FRET-induced emission
quenching, the green emission of the luminescent nano-
particles gradually decreased when the amount of acceptor was
increased. The relevant emission quenching mechanism can be
demonstrated in Fig. 3a. The fluorescence spectra of the
surface-modified UCNPs under 980 nm excitation is shown in
Fig. 3b. The emission band at 520 nm and 540 nm dropped
accordingly, while the 650 nm emission band almost main-
tained its initial intensity. Furthermore, the relationship
between the intensity ratio of the green emission to red emis-
sion and the dye amount is shown in Fig. 3c. Due to the efficient
FRET effect, the intensity ratio decreased when the fluorescent
dye was attached to the particle surface. This intensity decay
characteristic is consistent with the findings in previous liter-
ature studies,** which firmly indicated the FRET process in this
UCNPs@ABR 4G probe under the pump. This property makes it
an efficient biomarker of some target biomolecule or reactive

oxygen.

3.3. Detection of hypochlorite in vitro

Due to the oxidizability of hypochlorite, the attached organic dye
on the UCNPs surface can be oxidized and the existing FRET
effect will be gradually weakened or even stopped. As a result,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the quenched green emission in the previous step can be
recovered. The schematic of this process is shown in Fig. 4a.
Based on this emission recovery process, the relationship
between the hypochlorite and upconversion emission can be
established. The core-shell UCNPs modified with 30 pg mL ™"
ABR 4G were used as a fluorescent probe during the sensing
process. Here, the CIO™ with varying concentrations in the range
of 0-15 ppm with a step of 3 ppm were applied as analyte. The
measured fluorescence spectra under an excitation of 980 nm
are shown in Fig. 5b. As the concentration of ClO™ increased
from 0 ppm to 15 ppm, the green emission was found to be
enhanced gradually when compared with the red emission. This
emission recovery was attributed to the restrained FRET between
the UCNPs and the attached organic dye. For a clear under-
standing of the relation between the optical signal and the
analyte, the integral intensity ratio of green to red emission
(IIRGRE) was extracted from the emission spectra, shown in
Fig. 4c. As shown in Fig. 4c, the IIRGRE is proportional to the
concentration of hypochlorite in the range from 0 to 15 ppm
with a minimum detecting interval of 3 ppm. The detection limit
was calculated to be 0.39 uM based on the 3g/k method,* which
was comparable to those reported.'®*>** Here, the optical
response by using bare UNCPs without dye modification was
also monitored as the control group, shown as the blue dots in
Fig. 4c. The IIRGRE during this detection was hardly affected,
which further confirmed the effectiveness of the proposed
fluorescent probe in hypochlorite sensing. The gradual emission
recovery picture and the relevant absorption are shown in Fig. 4d
and e, where the emission intensity was dramatically enhanced
and the color changed from orange to bright green. Such
transformation and the gradually weakened characteristic
absorption peak of ABR 4G vividly demonstrated the sensing
mechanism of combination with FRET and redox. Such optical
nanoprobes based on the lanthanide-doped UCNPs can be used
for the highly efficient, non-invasive, stable, and real-time
detection of hypochlorite, which is promising for the qualita-
tive and quantitative monitoring of the hypochlorite level in
a biological sample and water environment.

RSC Adv, 2022, 12, 31608-31616 | 31611
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(a) Diagram of ClO~ detection by UCNPs@ABR 4G; (b) the fluorescence spectrum of UCNPs@ABR 4G with different concentrations of
in the water under 980 nm near-infrared laser; (c) linear plot of the IIRGRE and the CIO™ concentration; (d) fluorescence images of the
emission recovery process; (e) the absorption spectrum of UCNPs@ABR 4G with different concentrations of ClO™
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(a) The fluorescence spectrum of the UCNPs@ABR 4G nanoprobe in agueous solution: the concentration of hypochlorite was 12 ppm, the

concentrations of the other ions were 76 ppm; inset: the images of the UCNPs@ABR 4G nanoprobe and other ions; (b) the IGRGE of the
UCNPs@ABR 4G nanoprobe in the absence and presence of various interferents (76 ppm), in the presence (red) and absence (blue) of ClIO™ (12
ppm), respectively; (c) the IIGRGE of the UCNPs@ABR 4G nanoprobe recycled for 3 times to detect hypochlorite.

3.4. Selectivity and stability of the UCNPs@ABR 4G probe

For hypochlorite sensing, the selectivity and stability during
circulation detection are two important factors for evaluating the
fluorescent probe. We firstly focused on the selectivity. Here, the
effects of other species such as metal ions and anions (Ca*",
Mg>*, Ba*", Cu®", Zn>*, Fe**, NO, ", PO,>~, CO;*~, H,0,, ONOO")
were considered. The emission of bare UCNPs@ABR 4G probe
without anything input was used as a blank for reference. The
fluorescence spectra of the UCNPs@ABR 4G nanoprobe in an

31612 | RSC Adv, 2022, 12, 31608-31616

aqueous solution with hypochlorite and other ions are shown in
Fig. 5a. Here, the concentration of hypochlorite was 12 ppm, and
the concentrations of the other ions were 76 ppm. Even though
the concentrations of the other ions were much higher than that
of hypochlorite, the emission recovery extended much lower than
that caused by ClO™. Further investigation of hypochlorite
detection was carried out in the presence of interfering
substances. After the addition of hypochlorite in those samples,
the green emission was successfully recovered (Fig. 5b). For some
specific environments, the ROS species are usually limited. Thus,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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considering the advantages such as the large Stokes shift,
stability, biocompatibility and good selectivity, the proposed
upconversion probe can be qualified and effective in
detecting ClO™.

Most composite probes constructed for detecting hypochlo-
rite, including quantum dots, fluorescent macromolecules and
organic polymers, are hard to extract from the detection process
and usually used as a non-recyclable reagent. However, the
fluorescent probe can be recyclable due to its inorganic nano-
particle property. Here, the composite probe can be reused
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several times by simple centrifugal collection, and washing with
water and ethanol several times. After modification by the ABR
4G molecule, it can be used to detect the hypochlorite again.
Here, we select the hypochlorite with a fixed concentration of
12 ppm for detection to recycle it back and forth. Fig. 5¢ showed
the IIRGRE for hypochlorite with a concentration of 12 ppm
after three cycles, which is quite stable. These results indicated
that the proposed UCNPs@ABR 4G can serve as a highly selec-
tive optical probe for the detection of CIO~ with good
reusability.

ClO ~ assist PL recovery
Green emission
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@ o
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Bright field Dark field

(a) Schematic illustration of ClO™ detection in onion epidermal cells by using UCNP@ABR 4G nanoprobes; (b) and (c) confocal fluo-

rescence microscopy images of onion epidermal cells incubated with UCNPs modified by ABR 4G (0, 10, 20, and 30 pg mL™%, respectively), and
subsequently incubated with different amounts of ClO™ (0, 6, 12, and 18 ppm, respectively). Bright field: conventional slice transmission imaging.
Dark field: confocal fluorescence microscopy images of onion epidermal cells under the excitation of a 980 nm laser diode. The green channel

wavelength range is 510-570 nm. Scale bar: 50 pm.
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Moreover, we measured the intensity of the green emission
band (510 nm-570 nm) every 4 seconds instead of continuous
monitoring. It can be seen that the fluorescence intensity
increased dramatically in 40 s and then leveled off. This
approximate measurement also reflects the response process
since the results showed similar variation with those reported in
the literature,” as shown as Fig. S3.f The response time by
using such probe was also comparable to those by using other
probes within 1 minute,”" and better than those over 1
minute.*”*?-*

3.5. Monitoring and imaging of hypochlorite in the cell

The UCNPs@dye sensing system has the advantages of better
biocompatibility, deep penetration of near-infrared excitation
light, and low toxicity, which allows for its application to bio-
logical imaging and biosensing probes.*® Besides the hypo-
chlorite sensing in vitro, the proposed UCNPsS@ABR 4G probe
can also be used as a biomarker of hypochlorite in cells. Here,
the fluorescence imaging technique was used for imaging and
monitoring the hypochlorite in onion cells. The relevant
processes are demonstrated in Fig. 6a. After incubation with
UCNPsS@ABR 4G for 15 min, the cells were washed and fluo-
rescence imaging was carried out. As shown in Fig. 6b, by
increasing the concentration of ABR 4G from 0 to 30 ug mL ™",
gradual attenuation of the comprehensive luminescence
intensity in the cells with the color emission from a green color
to yellow can be observed, which is consistent with the efficient
energy transfer between the UCNPs and ABR 4G in the above
discussion. After the hypochlorite was added, the cells gradually
restored the green light emission (Fig. 6¢). Here, we showed that
upconversion nanoprobes are efficient and viable for imaging
hypochlorite in cells based on the generation and the inhibition
of the FRET process between UCNPs and ABR 4G. Such
UCNPs@ ABR 4G probe and the sensing strategy will be
promising for evaluating the content of hypochlorite at the
subcellular levels.

The toxicity tests for the UCNPs@dye-based probe in
a sensing system had been widely confirmed in previous
studies.”®*” To further reveal the cytotoxicity of this probe,
herein the plasmolysis and deplasmolysis phenomena in the
fluorescent probe-loaded onion cells were observed (Fig. S27).
Based on the previous report and the current results, it can be
deduced that this proposed probe showed low cytotoxicity.

4. Conclusion

In summary, a hypochlorite detection approach based on the
ABR 4G-modified NaGdF,:Yb®", Er**@NaYF, upconversion
probe was developed in this work. We found that the IIRGRE of
UCNPs@ABR 4G was sensitive to the concentration of hypo-
chlorite, and the relationship between the analyte concentra-
tion and the signal intensity was linear. By eliminating the
amount of emission quencher and inhibiting the FRET effect,
the UCNPs green emission can be recovered with the existence
of hypochlorite. The proposed fluorescent probe was also used
for the detection and imaging of hypochlorite in aqueous

31614 | RSC Adv, 2022, 12, 31608-31616

View Article Online

Paper

solution and living cells. Such a strategy possesses the superi-
ority of high selectivity and stability,
biocompatibility and quick response, which provides a new
option for the detection of hypochlorite in microenvironments.
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