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A zeolitic imidazolate framework-90-based probe
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An inorganic—organic hybrid probe MP-ZIF-90 was synthesized via a simple condensation reaction based
on the free CHO groups of zeolitic imidazolate framework-90 (ZIF-90) and 4-methyl-1-(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)benzyl)pyridinium bromide (MP). This probe exhibited intense green
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emission, which was selectively quenched by the addition of ClO™ anions. The response of probe
MP-ZIF-90 toward ClO™ was rapid (within 20 s) and sensitive, with a limit of detection (LOD) of 0.612 uM.
Importantly, the utilization of the probe in the fluorescence imaging of ClO™ anions in the mitochondria
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1. Introduction

As essential organelles in eukaryotic cells, mitochondria are
involved in many vital cellular processes and have been
demonstrated to be the principal source of intracellular reac-
tive oxygen species (ROS)."® Among the various ROS, hypo-
chlorite (ClO™), generated by the oxidation of CI~ with hydro-
gen peroxide (H,0,) catalyzed by mitochondrial myeloperoxi-
dase (MPO), plays a crucial role in a variety of physiological
processes, including maintaining intracellular oxidative
balance, and defending against the invasion of some patho-
gens in the human immune system.”® However, its abnormal
expression would induce tissue damage and various diseases,
such as rheumatoid arthritis, cardiovascular disease, arterio-
sclerosis, kidney disease, and even cancer. Therefore, it is
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of living cells and zebrafish was demonstrated.

desirable to develop methods to monitor the release of mito-
chondrial ClO™.

To date, fluorescent probe technology has been regarded as
one of the most efficient tools for biological analysis due to its
real-time  monitoring and non-invasive features.®™°
Accordingly, a large number of molecular probes have been
utilized to sense ClO™ primarily based on its highly oxidizing
properties. However, many of them are limited by the complex-
ity of the synthetic processes, non-specific targeting, poor
water solubility, and high toxicity, which strongly hinder their
application in biological systems (Table S1t)."*®

More recently, metal-organic frameworks (MOFs) with geo-
metrically well-defined structures have attracted substantial
attention in the fields of biomedicine and biosensors.'” '
Besides, zeolitic imidazolate framework-90, derived from Zn>**
and an imidazole-2-carboxaldehyde (2-ICA) ligand, has been
widely used in ATP imaging, owing to its distinct chemical
stability and excellent biocompatibility, as well as mitochon-
dria-targeting ability.'”” Moreover, the covalent functionali-
zation of the free aldehyde groups in the ZIF-90 framework is
easily achieved, supporting its role as a fluorometric sensor.
Practically, the porous framework of ZIF-90-based probes
increases the sensitivity and selectivity when compared with
molecular probes. Nevertheless, to the best of our knowledge,
fluorescent probes based on the ZIF-90 skeleton for ClO™
detection have not been reported.

Considering the abovementioned circumstances, we intro-
duced a terminal benzylborate ester moiety as the recognition
site for CIO™ on the pore surface of ZIF-90 via a post-synthetic
method using 4-methyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxa-

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthetic route of probe MP-ZIF-90 and its reaction mecha-
nism with ClO™.

borolan-2-yl)benzyl)pyridinium bromide (MP),>* thereby fabri-
cating a novel organic-inorganic hybrid probe MP-ZIF-90
(Scheme 1) for the sensitive detection of ClO™. As expected,
probe MP-ZIF-90 emitted a bright green light at 500 nm in a
pure aqueous solution, owing to the strong intramolecular
charge transfer (ICT) effect from ZIF-90 to pyridinium. The
emission band of probe MP-ZIF-90 was totally and specifically
quenched by CIO™, due to the departure of the benzylborate
ester group, which disrupted the ICT process. Finally, probe
MP-ZIF-90 has been successfully implemented to probe
endogenous or exogenous ClO™ levels in the mitochondria of
cells and zebrafish.

2. Results and discussion
2.1 Synthesis and characterization of MP-ZIF-90

ZIF-90 was synthesized as reported in the literature,"” and its
free CHO group was modified by condensation with 4-methyl-
1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl )benzyl )pyridi-

nium bromide (MP) under the catalysis of piperidine at room
temperature to generate the probe, designated as MP-ZIF-90.
Compared with ZIF-90, MP-ZIF-90 displayed new peaks at
2992, 1522, 1097, and 857 cm ™" in the IR spectrum (Fig. 1),
which were attributed to MP. However, the PXRD curves of
both MP-ZIF-90 and ZIF-90 were consistent with that of the
simulated crystal structure (Fig. 2), indicating that MP was
reasonably well grafted inside the pore of ZIF-90 instead of the
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Fig. 1 IR spectra of ZIF-90, MP, and probe MP-ZIF-90.
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Fig. 2 PXRD spectra of ZIF-90, MP-ZIF-90, and MP-ZIF-90 + CIO™.

surface. N, gas sorption measurements were carried out to
further investigate the inner porosity difference between
MP-ZIF-90 and ZIF-90. As shown in Fig. S1, ESI and Table S2,}
the average pore diameter of MP-ZIF-90 (0.889 nm) was signifi-
cantly decreased compared with that of ZIF-90 (4.077 nm)
based on the BET surface area and nonlocal density functional
theory (NLDFT) analyses, mainly because of the partial pore
blockage induced by the modified MP moieties. In addition,
the energy dispersive X-ray spectrum (EDS) revealed the exist-
ence of Br in the MP-ZIF-90 probe, which was encapsulated as
a counter anion, while no distinct peaks of element B were
found, probably due to its weak diffraction (Fig. 3).

——MP-ZIF-90
—— MP-ZIF-90+Cl10™

WA "
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Fig. 3 EDS spectra of MP-ZIF-90 and MP-ZIF-90 + ClO™.

Fig. 4 SEM morphology of MP-ZIF-90 (a) and MP-ZIF-90 + ClO™ (b).
Scale bar: 100 nm.
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Fig. 5 DLS spectra of MP-ZIF-90 (a) and MP-ZIF-90 + CLO~ (b).

Furthermore, uniformly dispersed nanospherical particles of
the MP-ZIF-90 probe were observed based on scanning electron
microscopy (SEM), as shown in Fig. 4. The Z-average diameter
was estimated at 398.7 nm via dynamic light scattering (DLS)
analysis (Fig. 5). Taken together, the combined data support
the successful incorporation of MP into the pore of ZIF-90 in
the MP-ZIF-90 probe.

2.2 Fluorescent response of MP-ZIF-90 to ClIO™

The nanosized hybrid probe MP-ZIF-90 was well dispersed in
water, so pure H,O was selected as the test medium. As shown
in Fig. 6b, the aqueous solution of probe MP-ZIF-90 (25 pg
mL™") displayed an emission peak at 500 nm with excitation at
380 nm (& = 0.317, using fluorescein as a standard),?® accord-
ing to the intense green color of the solution under a 365 nm
UV lamp. The emission was attributed to the ICT effect from
ZIF-90 to grafted pyridinium. Upon the progressive addition of
ClO™ up to 500 pM, the green fluorescence of the probe was
gradually quenched in a dose-dependent manner, and the
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Fig. 6 (a) Fluorescence spectra of probe MP-ZIF-90 (25 ug mL™) in
pure H,O with 500 puM of anions (F~, Cl7, Br~, I, ClO4~, CN™, H,PO,4™,
HPO,~, HSO3~, HSO,4~, OAc™, PO,*", PPi, $27, SO,%7, and SO5%7), amino
acids (Met, Pro, His, Cys, Hcy, and GSH), and ROS (H,0,, ONOO"~, 10,
‘OH, NO, and ROO") and blank. (b) Fluorescence spectra of probe
MP-ZIF-90 (25 pg mL™) upon the addition of CIO™ (0-500 pM) in pure
H,O. Inset: (a) the solution color change of MP-ZIF-90 with ClO™ under
a 365 nm UV lamp; (b) the F5o0 of MP-ZIF-90 as a function of ClO™ con-
centration with a linear relationship. The excitation wavelength was
380 nm.
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solution darkened under 365 nm irradiation. The fluorescence
intensity at 500 nm (Fso0) showed a good linearity with ClIO™
concentration in the range of 60-100 uM (R*> = 0.99332), indi-
cating that probe MP-ZIF-90 could be potentially employed to
quantitatively detect C1O™. Accordingly, a limit of detection of
0.612 pM was obtained based on 36/k,>*"*® which was substan-
tially lower than that of some molecular probes reported for
detecting CIO™ (Table S1%), thereby demonstrating the high
sensitivity of the fabricated probe for CIO™ detection.

The selectivity of the MP-ZIF-90 probe toward ClO™ was also
pronounced. As shown in Fig. 6a, adding ClO™ (500 uM) to the
probe solution (25 pg mL™") totally quenched the green fluo-
rescence (@ = 0.087). By contrast, except for ONOO™ and ‘OH,
which reduced the fluorescence of the MP-ZIF-90 probe to 45%
and 70%, respectively, other anions (F~, CI”, Br™, I, ClO,",
CN~, H,PO,”, HPO,™, HSO5;~, HSO,~, OAc™, PO,>”, PPi, S*~,
S04>7, and SO;>7), amino acids (Met, Pro, His, Cys, Hcy, and
GSH), and ROS (H,0,, ONOO™, '0,, ‘OH, NO, and ROO™) at
the same concentration as ClO™ induced negligible changes in
the fluorescent spectrum of the probe, and the detection of
ClO™ using the MP-ZIF-90 probe was still effective despite the
co-existence of the competitive species mentioned above
(Fig. S2, ESIt). All evidence suggests that our probe possesses
high selectivity toward ClO~ compared with other analytes.

Importantly, we also investigated the time course effect of
the fluorescence intensity of probe MP-ZIF-90 with and
without ClO™. As illustrated in Fig. S3, ESI,} the Fs,, value of
free MP-ZIF-90 remained relatively stable in pure H,O and
decreased upon the addition of ClO™ (within 20 s), revealing
the fast response of MP-ZIF-90 toward ClO™. This feature was
absent in some reported mitochondria-targeting fluorescent
ClO™ probes (Table S17). In addition, the effect of pH on the
detection of CIO™ was also evaluated. The results indicate that
the reaction between MP-ZIF-90 and ClO™ occurred in the pH
range of 4.0-11.0 (Fig. S4, ESIf), which suggests that
MP-ZIF-90 facilitates the rapid detection of CIO™ under physio-
logical conditions.

2.3 Sensing mechanism

Since benzylborate ester is a frequently used recognition site
for ClO™ in molecular probe design, we speculated on the
occurrence of a similar elimination reaction in the case of the
reaction between probe MP-ZIF-90 and ClO~, which was
strongly supported by EDS analysis. Based on the results
shown in Fig. 3, the weight percentage of Br in probe
MP-ZIF-90 decreased from 2.39% to 0.42% in the presence of
ClO7, clearly indicating the release of the benzylborate ester
group of MP-ZIF-90 following the addition of ClO™. In
addition, the PXRD spectrum of MP-ZIF-90 with ClO~ was
similar to that of MP-ZIF-90 (Fig. 2), and the Z-average particle
size of MP-ZIF-90 with ClO™ was 393.9 nm (Fig. 4), which
was comparable to the value of MP-ZIF-90 (398.7 nm).
Nevertheless, the surface of MP-ZIF-90 particles became
rougher after treatment with ClO™ based on SEM morphologi-
cal analysis, which might be induced by the reaction between
MP-ZIF-90 and ClO™ as illustrated in Scheme 1.

This journal is © The Royal Society of Chemistry 2023
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2.4 Fluorescence imaging of MP-ZIF-90 in living cells

To further investigate the in vivo application of the MP-ZIF-90
probe, its biocompatibility was established in HeLa cells based
on the MTT assay (Fig. S5, ESIT).”” The results show that each
cell viability was greater than 90% under the MP-ZIF-90 stain-
ing concentrations (0-100 pug mL™"), revealing the low cyto-
toxicity of our probe during bioimaging applications.

No fluorescence signals were detected in three kinds of
cells (HeLa, HepG2, and RAW 264.7 cells) in the absence of
probe MP-ZIF-90, showing minimal biological fluorescent
background (Fig. 7 and Fig. S6, S7, ESIT). After treatment with
MP-ZIF-90 (25 pg mL™") for 30 min, the cells displayed a light
fluorescence signal in the green channel, which was seriously
weakened when exposed to CIO™ (500 pM) for another 30 min.
A similar quenching phenomenon was observed when the
cells were pre-incubated with lipopolysaccharide (LPS, an
endogenous ClO~ stimulator, 5 pg mL™") for 30 min before
treatment with MP-ZIF-90 for another 30 min. However, the
light green fluorescence persisted when the cells were pre-
treated with LPS (5 pg mL™") and N-acetyl-i-cysteine (NAC,
500 pM, an endogenous ClO™ inhibitor), and then incubated
with probe MP-ZIF-90. All the abovementioned findings
confirm that probe MP-ZIF-90 is capable of imaging exogenous
and endogenous CIO™ in living cells.

To assess the subcellular localization of probe MP-ZIF-90, a
co-staining experiment with HeLa cells was carried out. As
shown in Fig. 8, the green fluorescence of probe
MP-ZIF-90 merged well with the red fluorescence of Mito-
Tracker Red (a commercial mitochondrial tracker). The overlap
coefficient was estimated to be 0.89, demonstrating the strong
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Fig. 7 Fluorescence images of probe MP-ZIF-90 (25 ug mL™) in Hela
cells: (a—e) green channel; (f-j) bright field; (k—0) the merged images of
(a—e) and (f-j); (a, f and k) images of HelLa cells only for 30 min at 37 °C;
(b, g and 1) images of HeLa cells incubated with MP-ZIF-90 (25 pg mL™)
for 30 min at 37 °C; (c, h and m) images of MP-Z|F-90-loaded (25 pg
mL™?) Hela cells incubated with NaClO (500 uM) for 30 min at 37 °C; (d,
i and n) images of MP-ZIF-90-loaded (25 pg mL™) Hela cells pre-
treated with LPS (5 pg mL™) for 30 min at 37 °C; (e, j and o) images of
MP-ZIF-90-loaded (25 ug mL™) Hela cells pre-treated with LPS (5 pg
mL™) and NAC (500 pM) for 30 min at 37 °C. Scale bar: 10 pm.
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Fig. 8 Fluorescence images of Hela cells stained with 25 ug mL™* of
probe MP-ZIF-90 and Mito-Tracker Red: (a) green channel; (b) red
channel (mitochondria staining); (c) an overlay of red and green chan-
nels; (d) bright field; (e) an overlay of red and green channels and bright
field; (f) an intensity scatter plot of green and red channels; (g) intensity
profile of the linear region of interest across the Hela cells co-stained
with Mito-Tracker Red and the green channel of MP-ZIF-90. Scale bar:
10 pm.
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Fig. 9 Fluorescence images of probe MP-ZIF-90 (25 pg mL™) in
zebrafish: (a—e) green channel; (f—j) bright field; (k-o) the merged
images of (a—e) and (f-j); (a, f and k) images of zebrafish only for 30 min
at 28 °C; (b, g and |) images of zebrafish incubated with MP-ZIF-90
(25 ug mL™) for 30 min at 28 °C; (c, h and m) images of MP-ZIF-90-
loaded (25 pug mL™Y) zebrafish incubated with NaClO (500 pM) for
30 min at 28 °C; (d, i and n) images of MP-ZIF-90-loaded (25 pg mL™?)
zebrafish pre-treated with LPS (5 pg mL™) for 30 min at 28 °C; (e, j and
o) images of MP-ZIF-90-loaded (25 pug mL™) zebrafish pre-treated with
LPS (5 pg mL™) and NAC (500 pM) for 30 min at 28 °C. Scale bar:
100 pm.

Accordingly, this probe has potential for applications in deter-
mining mitochondrial CIO™ in living cells.

2.5 Fluorescence imaging of MP-ZIF-90 in zebrafish

Based on the promising performance of the MP-ZIF-90 probe
in cellular imaging, we explored its ability for monitoring CIO™
in zebrafish. The strong green fluorescence could be observed
when the zebrafish were cultured with only MP-ZIF-90 (25 pg
mL™"), or pretreated with LPS and NAC, followed by
MP-ZIF-90 for 30 min (Fig. 9). In contrast, the zebrafish treated
with MP-ZIF-90 and then ClO™, or pre-treated with LPS, fol-
lowed by MP-ZIF-90, manifested weak green fluorescence, in
accordance with the results derived from cellular imaging,
suggesting that the MP-ZIF-90 probe can be used to detect
exogenous/endogenous ClO™ in living animals.

Dalton Trans., 2023, 52, 1062-11066 | 11065
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3. Conclusion

In summary, we developed a hybrid probe MP-ZIF-90 based on
ZIF-90 via a post-synthetic approach, whose structure was fully
characterized by a wide range of spectroscopic, microscopic
and surface science techniques including PXRD, IR, SEM,
EDS, DLS, BET, and NLDFT. The probe exhibited excellent dis-
persion in pure aqueous solution with an intense green emis-
sion, which was turned off in response to CIO™ in a rapid,
selective and sensitive manner. The sensing mechanism
suggested a ClO -induced elimination of the terminal benzyl-
borate ester group. Importantly, the fabricated probe was used
to monitor mitochondrial ClO™ in living cells and zebrafish.
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