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ARTICLE INFO ABSTRACT

Keywords: The homeostatic disorder of intracellular Zn>* pool is closely associated with severe diseases. It has been re-
Fluorescent probes ported that the high level of free Zn** during ischemia/reperfusion (I/R) process can result in oxidative stress
Tyvo-phgton damage on nerve cells. Given that nitrosyl (HNO) can aggravate the nerve injury during cerebral I/R process, we
lilintrcozifmn assume that there may exist a mutual regulation between Zn?>* and HNO under certain physiological conditions.

To reveal this potential small-signaling-molecule crosstalk, we synthesized two-photon fluorescent probes CHP-
H and CHP-CHj to monitor intracellular Zn®* in cell and mice hippocampus I/R models. The probes consist of
two moieties: coumarin derivative as the two-photon fluorescence transducer, 2-hydrazino pyridine as the
fluorescence modulator and Zn?" chelator. Both probes exhibit excellent analytical properties for Zn>* detec-
tion in simulated physiological systems. Utilizing CHP-H and an HNO probe Cyto-JN, we perform fluorescent
imaging of cell I/R models. The results confirm that HNO can stimulate Zn®" release from labile Zn®* pool,
whereas, the increase of intracellular Zn?* cannot upregulate the level of HNO. Combining with the deep tissue
imaging of mice hippocampus tissues, our probes may provide potential approaches for the medical diagnostic

Cell imaging
In vivo imaging

assessment of HNO regulation effect on Zn>* release in clinical cerebral I/R-related diseases.

1. Introduction

As the second extensive transitional metal after iron in organism,
zinc cation (Zn®") plays crucial roles in cells involving intracellular
metabolism, apoptosis, enzymatic catalysis, neurotransmission, and so
forth [1]. The total concentration range of Zn?+ pool in mammalian
cells is approximately 100-500 pM, in particular, brain hippocampus is
one of the most abundant distribution areas. The most fraction of in-
tracellular Zn>* is tightly chelated in metalloproteins, while the small
portion is reserved through complexing with diverse small molecules,
such as amino acids, for ready exchangeability. The free Zn** in cy-
toplasm has been involved in various signaling pathways that are re-
levant to different physiological and pathological events. For instance,
in hippocampus, the variation in the homeostasis of Zn>* is closely
related to severe neurological diseases [2]. Zn?" is involved in cerebral
ischemia/reperfusion (I/R) injury and becomes a potentially toxic
metal cation in brain. The neurotoxicity mechanism is that the ab-
normal levels of Zn>* lead to oxidative stress and depolarization in

mitochondria, as well as the inhibition of metabolic enzymes activity,
and eventually activate apoptosis or necrosis processes in cells. There-
fore, the significance of detecting Zn>* is still drawing widespread in-
terests [3].

Reactive nitrogen species (RNS), including nitric oxide (NO), per-
oxynitrite (ONOO ™), and nitrosyl (HNO), are associated with neuro-
logical diseases. NO and ONOO~ can not only induce nitrosation of
biothiols, but also stimulate the release of Zn®* to trigger a range of
zinc-related signal transduction pathway in cells [4,5]. HNO has been
considered to be the form of single electron reduction and protonation
of NO, which is biologically associated with the cardiovascular and
nervous systems. HNO can aggravate the nerve injury during cerebral 1/
R process via oxidative stress. The injury eventually results in severe
neurotoxicity and causes irreversible damage in neurons function [6].
Since Zn?>* and HNO simultaneously play roles in neuronal oxidative
damage, we hypothesize that the intracellular Zn*>* may be associated
with the intracellular HNO under a certain physiological or patholo-
gical state. However, the mutual regulations between Zn?* and HNO
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are still far from clear, which needs to be further investigated [7].

To completely elaborate the roles of intracellular Zn>* in biological
events, improved approaches for the selective detection of Zn®>* have
been well defined. However, most of the detection technologies require
tedious sample preparation, time-consuming cell and tissue lysis, and
high cost operations. It is challenging for these technologies to realize
the real-time and in situ tracking of Zn?>" in living systems [8]. There-
fore, it is extremely urgent to construct advanced chemical tools to
meet the requirements of mapping the distribution of intracellular Zn?*
[9]. Among the detection technologies, fluorescent bioimaging is con-
sidered as a powerful tool for real-time, noninvasive, and in situ vi-
sualization of Zn®* in living cells. When captures Zn>*, the fluorescent
probe switches on its specific fluorescence without damaging cells and
provides the detailed information of biological roles of intracellular
Zn2". To date, the available fluorescent probes for intracellular Zn?*
detection have been making advanced progress [10]. However, most of
these probes whose spectra locate in ultraviolet-visible (UV-vis) range
suffer from phototoxicity, intrinsic autofluorescence, and the in-
sufficient penetration depth (less than 100 pum), which limits their
normal application to imaging of Zn®* in cells and in vivo. To address
these issues, two-photon fluorescent probe has been applied in bioi-
maging due to its unique characteristics in deep tissue penetration, low
photodamage to biological samples, weak autofluorescence, as well as
high spatial resolution, and is thus favorable for imaging of bio-species
in living systems. Although some two-photon probes have been proven
to be preferable for imaging of intracellular Zn%* [11-13], in this work,
we attempt to reveal the mutual modulations between Zn?* and HNO
under a certain physiological state, e.g. during I/R process.

Herein, we designed and synthesized two-photon fluorescent probes
CHP-H and CHP-CHj for the investigation of the crosstalk between
Zn?" and HNO in living cells and in hippocampus. Both probes CHP-H
and CHP-CH; exhibited excellent analytical properties for Zn?" de-
tection including rapid response, high sensitivity, and good selectivity.
Another near-infrared (NIR) probe Cyto-JN from our previous work
was employed for evaluating the changes of intracellular HNO level
simultaneously [14]. Owning to their non-overlapping excitation and
emission wavelengths, the combined application of CHP-H and Cyto-
JN could maximally eliminate potential interference and efficiently
avoid multiple emission overlap between multicolor probes. Utilizing
the probes CHP-H and Cyto-JN, we firstly examined the mutual reg-
ulation between intracellular Zn?>* and HNO in I/R cell models and in
hippocampus tissues. Apoptosis rates were verified via flow cytometry
analyses which confirmed the biocompatibility of our probes. The
above results demonstrated that the endogenous HNO could induce the
release of Zn?* from labile Zn?* pool, while the increase of the in-
tracellular level of Zn?>* could not upregulate the level of HNO.

2. Experimental
2.1. Synthesis and characterization of probes

2.1.1. Synthesis of Compound 2

The compound 1, 8-hydroxyjulolidine-9-carboxaldehyde (0.504 g,
2.3 mmol) and diethyl malonate (0.736 mL, 4.6 mmol) were dissolved
into 20 mL ethanol, then the solution was added 0.23 mL piperidine.
The mixed solution was heated and refluxed for 24 h. Subsequently, the
mixed system was detected by TLC (thin layer chromatography), and
the solvent was removed by vacuum to obtain solid. Subsequently, 8 mL
concentrated hydrochloric acid and 8 mL glacial acetic acid were added
sequentially to a flask with the solid. Then the three chemicals were
stirred to mix and heated to 80 °C, then reacted for 12 h. After the
reaction was accomplished, the solution was cooled to room tempera-
ture. Then, the pH value of the solution was adjusted to 7.0 after
pouring the solution into 400 mL ice water and adding 20 % NaOH
solution. Yellow precipitate slowly appeared in the solution along with
stirring for 30 min. Afterwards, the mixture was filtered, washed with
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pure water, dried in vacuum and recrystallized by toluene to obtain the
yellow solid product of Compound 2 (yield: 79.1 %). 'H NMR (CDCl,-
d;, 400 MHyz) § (ppm): 7.45-7.43 (d, 1 H), 6.82 (s, 1 H), 5.98-5.96 (d, 1
H), 3.26-3.23 (t, 4 H), 2.88-2.86 (t, 2 H), 2.75-2.73 (t, 2 H), 1.98-1.93
(m, 4 H). '*C NMR (CDCls-d;, 125 MHy) & (ppm): 162.79, 151.78,
146.02, 144.06, 125.03, 118.36, 108.48, 108.30, 106.82, 50.07, 49.71,
27.56, 21.58, 20.68, 20.34. HRMS (ESI*): m/z C;5H;sNO, caled.
241.1103, found [M+H] * 242.1175.

2.1.2. Synthesis of Compound 3

The intermediate 10-oxo-2,3,5,6-tetrahydro-1H, 4H, 10H-11-oxa-
3a-azabenzo [de] anthracene-9-carbaldehyde (compound 3) was syn-
thesized according to the previously reported method [15]. In brief,
phosphorus oxychloride (POCl;) was added dropwise to 2.0 mL of an-
hydrous DMF and the mixture was stirred for 30 min at room tem-
perature under a nitrogen atmosphere. The reaction solution gradually
turned light-yellow while stirring. Compound 3 was dissolved in 3 mL
anhydrous DMF, and the solution was added to the above light-yellow
solution. The mixture was stirred at room temperature for 30 min then
heated to 60 °C to allow the reaction for 12 h. After the reaction was
completed, the solution was slowly poured into 100 mL of ice water.
Then the pH of the solution was adjusted to 7.0 by adding 20 % NaOH
solution. The precipitate appeared in the solution, and the solid was
obtained by filtration. Then the product was recrystallized by absolute
ethanol to offer the Compound 3 (yield: 62.3 %).'H NMR (CDCls-d;,
400 MH) é (ppm): 10.10 (s, 1 H), 8.13 (s, 1 H), 6.97 (s, 1 H), 3.36-3.34
(t, 4 H), 2.89-2.86 (t, 2 H), 2.76-2.74 (t, 2 H), 1.98-1.96 (m, 4 H). '°C
NMR (CDCl;-d;, 125 MH7) § (ppm): 188.23, 162.46, 153.97, 149.47,
145.21, 128.46, 119.97, 113.18, 108.26, 106.31, 50.54, 50.14, 27.44,
21.11, 20.15, 20.11. HRMS (ESI*): m/z Cy¢H15NO3 caled. 269.1052,
found [M+H] © 270.1126.

2.1.3. Synthesis of CHP-H

The intermediate 3 (0.269 g, 1.0 mmol) and 2-hydrazino pyridine
(0.164 g, 1.5 mmol) were dissolved in 20 mL anhydrous ethanol. Then
three drops of glacial acetic acid were added to the solution which was
heated slowly to reflux for 4 h and monitored using TLC (thin layer
chromatography). After the reaction was accomplished, the solution
was cooled to room temperature, with red precipitate appeared. The
mixture was filtered and the red solid was obtained as CHP-H (yield, 76
%). "H NMR (ds-DMSO, 400 MH) & (ppm): 10.92 (s, 1 H), 8.19 (s, 1 H),
8.10-8.08 (d, 1 H), 8.05 (s, 1 H), 7.63-7.60 (t, 1 H), 7.26 (d, 1 H), 7.17
(s, 1 H), 6.78-6.73 (m, 1 H), 3.30-3.27 (t, 4 H), 2.75-2.71 (t, 4 H), 1.93-
1.85 (m, 4 H). '3C NMR (ds-DMSO, 125 MH,) § (ppm): 171.11, 161.41,
157.39, 151.21, 148.22, 146.46, 138.24, 136.69, 133.97, 126.40,
119.19, 115.32, 113.57, 108.61, 106.81, 105.81, 49.87, 49.36, 27.36,
21.30, 20.40. HRMS (ESI™): m/z C5;H51N4O5™ caled. 361.1659, found
[M+H] * 361.1666.

2.1.4. Synthesis of Compound 4

The compound 1, 8-hydroxyjulolidine-9-carboxaldehyde, (0.650 g,
3 mmol) and ethyl acetoacetate (1.0 mL, 7.5 mmol) were dissolved into
24 mL ethanol, then the solution was added 0.50 mL piperidine. The
mixed solution was heated and refluxed for 6 h. After the reaction was
accomplished, the mixed solution was cooled to room temperature then
filtrated to obtain orange crystals. The crystals were washed by cold
ethanol and dried in vacuum to offer the desired product Compound 4.
(vield: 75.3 %). 'H NMR (400 MHz, CDCls-d;) § (ppm): 8.31 (s, 1 H),
6.94 (s, 1 H), 3.33-3.30 (t, 4 H), 2.86-2.84 (t, 2 H), 2.76-2.74 (t, 2 H),
2.64 (s, 3 H), 1.97-1.93 (m, 4 H). *C NMR (CDCl;-d;, 125 MHy) §
(ppm): 196.08, 161.33, 153.85, 148.82, 147.87, 127.84, 119.60,
114.96, 108.13, 105.70, 50.01, 30.70, 27.49, 21.20, 20.12. HRMS
(ESI*): m/z Cy7H,7NO3 caled. 283.1028, found [M+H] * 284.1280.

2.1.5. Synthesis of CHP-CHj3
The intermediate 4 (Scheme 1) (0.285 g, 1 mmol) and 2-hydrazino
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Scheme 1. The procedures for the syntheses of probes CHP-H and CHP-CH3. (i) 8-hydroxyjulolidine-9-carboxaldehyde, diethyl malonate, piperidine and ethanol;
reflux. HCI (con.), acetic acid; heat and stir. (ii) DMF, POCls; stir. (iii) 2-hydrazinopyridine, ethanol; reflux. (iv) ethyl acetoacetate, piperidine, ethanol; reflux. (v) 2-

hydrazinopyridine, ethanol; reflux.

pyridine (0.164 g, 1.5 mmol) were dissolved in 20 mL anhydrous al-
cohol. The mixed solution was heated slowly to 80 °C. After reflowing
for 10 h, the reaction solution was cooled to room temperature and the
light-yellow precipitate slowly emerged. The mixture was filtered to
obtain the precipitated product. Then the crude product was purified by
column chromatography (eluent petroleum ether/ethyl acetate = 5/1
v/V) to yield light-yellow needle crystals as CHP-CH; (41 %). '"H NMR
(400 MHz, CDCl3-d;) & (ppm): 10.90 (s, 1 H), 8.12-8.11 (d, 1 H), 7.76
(s, 1 H), 7.60-7.56 (t, 1 H), 7.04-7.02 (d, 1 H), 6.76-6.73 (m, 1 H), 6.60
(s, 1 H), 3.20-3.17 (t, 4 H), 2.76-2.69 (m, 4 H), 1.99-1.95 (t, 4 H), 1.93
(s, 3 H). 13C NMR (CDCls-d;, 125 MHz) § (ppm): 161.18, 155.40,
150.02, 149.23, 144.35, 142.35, 138.50, 137.89, 131.74, 123.20,
122.06, 120.26, 117.98, 110.35, 109.08, 106.50, 49.06, 46.48, 26.81,
23.29, 21.19, 12.57. HRMS (ESI*): m/z Ca2H33N40, " caled. 375.1816,
found [M+H] * 375.1818.

2.2. Construction of cell I/R models

2.2.1. Glucose-serum-oxygen deprivation/reperfusion model

The glucose-serum-oxygen deprivation/reperfusion model was
constructed to simulate the I/R state in living mice neuron cell line
(HT22 cells) [16]. The HT22 cells were cultivated in glucose and serum
free DMEM (dulbecco's modified eagle medium) and placed in an
anaerobic chamber (Billups Rothenberg) at 37 °C including 95 % N, and
5 % CO,. HT22 cells were cultivated under the condition for 2 h as
glucose-serum-oxygen deprivation. Then the waste medium was sub-
stituted with fresh DMEM with high glucose and serum content and
then exposed to a humidified atmosphere containing 5 % CO,. The cells
were served as reperfusion at 37 °C inducing I/R injury.

2.2.2. Glucose deprivation/reperfusion model

HT22 cells were incubated under glucose-free DMEM containing 10
% serum in a humidified atmosphere of 5 % CO, at 37 °C for 2 h as
glucose deprivation. Then HT22 cells were cultured in DMEM medium
containing high glucose at 37 °C as a glucose deprivation/reperfusion
model.

2.2.3. Serum deprivation/reperfusion model

HT22 cells were incubated in serum free DMEM including high
glucose in a humidified atmosphere of 5 % CO, at 37 °C for 2 h as serum
deprivation. Then HT22 cells were exposed to DMEM medium con-
taining serum and high glucose at 37 °C as a serum deprivation/re-
perfusion model.

2.2.4. Oxygen deprivation/reperfusion model
HT22 cells were cultured in DMEM involving glucose and serum and
placed in an anaerobic chamber filling a mixed gas of 5 % CO, and 95 %

N, at 37 °C for 2 h as oxygen deprivation. Then HT22 cells were cul-
tured in DMEM containing glucose and serum, which was exposed to a
humidified atmosphere including 5 % CO, at 37 °C as an oxygen de-
privation/reperfusion model.

2.3. Establishment of hippocampus I/R model

The cerebral I/R model was similar to previously reported de-
scription [17]. In brief, mice from Hainan Medical University were
anesthetized with isoflurane. Midline incision was operated in mouse
neck and the left common and external carotid artery were separated
and ligated (5-0 silk). A silk thread (6-0 nylon, blunted 0.22-0.24 mm)
was inserted into the external carotid artery and forwarded into the
middle cerebral artery until slight resistance was felt (sketchily 9 mm)
for 1 h. At the same time, the posterior cerebral artery was ligated
through the vertebral artery pathway and blocked for 1 h. The thread
was removed, and blood flow returned to normal for 2 h. The brain I/R
model was established. Mice acute decapitation were performed and
hippocampus was separated. Coronal and sagittal slices were skived
into thickness 100 pm in ice cold oxygenated artificial cerebrospinal
fluid (ACSF) using vibration slicer. The Ethics Committee of Hainan
Medical University approved this study. All surgical procedures and
experimental protocols were approved by the Institutional Animal Care
and Use Committee in Hainan Medical University, Haikou, China.

3. Results and discussion
3.1. Design strategy of two-photon probes for Zn?* detection

To conceive a desirable fluorescent probe for the selective detection
of Zn?" in biological systems, we inspect the design strategies. A reli-
able Zn>* fluorescent probe commonly features as: excellent chemical
and photostability, good fluorescence selectivity and sensitivity, rapid
response time, suitable membrane permeability, as well as adequate
biocompatibility [18-20]. In order to achieve the goal of Zn>* detec-
tion in a complex biological system, the probe that exhibits two-photon
excitation wavelength is more favorable to biological experiments
which require real-time, in situ, and prolonged observation. In addition,
the Zn?* probe must meet the requirements of multicolor bioimaging of
multianalytes when combining with other probes [21-27]. Bearing
these principles in mind, we make efforts to design new Zn?* probes to
meet the urgent requirement.

We pick out a 7-aminocoumarins’ derivative as the design fluor-
ophore platform, which possesses high fluorescent quantum yield, ex-
cellent biocompatibility, strong and stable fluorescence emission, and
good structural flexibility [28]. In particular, the two-photon char-
acteristic of the coumarin-based fluorophore can effectively avoid
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spectral overlap interference in multicolor imaging. Apart from the
choice of a suitable fluorophore platform, the modification of chelating
moiety for specially trapping Zn>" is critical for the probe. A pre-
ferential chelating ligand should have a dissociation constant (K) that
possesses the similar order of magnitude as the concentration of the free
metal ion in cells. If the chelator’s binding affinity is too strong, it may
remove the ion from storage proteins or enzymes, which will obstruct
the metal ion’s intracellular homeostasis. Conversely, a chelator which
has a weak binding affinity cannot trap the available metal ion of in-
terest [29]. It has been verified that the intracellular level of Zn?" in
hippocampal CA1 area transiently increases and reaches a maximum of
~nM level [17]. Based on this concentration change, we optimize the
synthesis procedure and obtain a Schiff base chelator for Zn** detec-
tion, due to the appropriate affinity of the nitrogen of the Schiff base for
Zn?* [10,30-32]. Two fluorescent probes CHP-H and CHP-CH; were
obtained by conjugating two-photon coumarin fluorophores and 2-hy-
drazinepyridine. The syntheses of the probes could be found in the
experimental section (Scheme 1).

As illustrated in Scheme 2, the detection photophysical mechanism
was proposed to be as the isomerization and rotation of C=N, which
could strengthen the decay process of the excited states for fluorophore
resulting in quenching of the fluorescence emission of the probes [33].
However, once binding by Zn**, the isomerization and rotation of the
C=N group would be dramatically obstructed, resulting in an obvious
recovery of fluorescence. To verify the proposed mechanisms of our
probes, we utilized the viscosity assay to hinder the isomerization and
rotation of C=N [34-37]. As shown in Figs. S1 and S2, both probes
were initially non-fluorescent in low viscosity solvent, while exhibited
gradual enhanced fluorescence with the increasing of viscosity. The
result elucidated that the low-viscosity solvent failed to block the iso-
merization and rotation of C=N, which quenched the fluorescence of
the probes. However, when the energy decay process was restrained by
the solvent’s viscosity, there would be strong fluorescence signal.
Moreover, the NIR excitation of the two-photon fluorescent profiles
behaved no spectral overlap with that of HNO probe Cyto-JN, which
contributes to multicolor imaging.

3.2. Spectroscopic properties and selectivity of probes

The spectroscopic properties of the two probes CHP-H and CHP-
CH; were examined under simulated physiological condition (pH 7.4,
10 mM HEPES buffer solution). As indicated in Fig. 1a, the probe CHP-
H displayed an absorption band with the maximum peak at ~490 nm
after chelated with Zn?*. The probe CHP-CH; exhibited an absorption
band peaked at 370 nm, with an obvious bathochromic shift from 370
to 405 nm when detected Zn?™" (Fig. S3a). The difference in the ab-
sorption of the two probes could be attributed to the stronger electron
donating capability of methyl substituent in CHP-CH;3 than that of
hydrogen atom in CHP-H [38]. Accompanied by the restriction of the
isomerization and rotation of C=N upon Zn-chelating, both probes
triggered the switch-on fluorescence and large Stokes shifts of approx.
100 nm in the fluorescence emission spectra (Figs. 1b and S3b). In the
presence of increasing concentration of Zn?>* (0.0-1.0 uM), the fluor-
escence intensity ratio AF of CHP-H (1.0 uM) displayed a large en-
hancement of ~ 7-fold at emission wavelength 543 nm (Fig. 1b),
whereas the AF of CHP-CH3 (1.0 uM) increased only ~ 4 folds (Aem
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Scheme 2. The molecule structure of probes
and proposed detection mechanism against
Zn2+

B3 n?".

CHP-R-Zn

=523 nm) (Fig. S3b). The linear response between AF of the two probes
and the concentration of Zn?" were obtained (Figs. 1c and S3c), with
the linear regression equations for the probe CHP-H to be AF = 6.7678
[Zn%?*]-0.2131 (r = 0.9983) and that for the probe CHP-CH3 was AF
= 3.4619 [Zn?*] + 0.4079 (r = 0.9975). The limits of detection (30/
k) were calculated to be 19 nM and 25 nM for CHP-H and CHP-CH3,
respectively, in which o was the standard deviation of blank sample
detection and k was slope of the linear regression equation. Both probes
exhibited high photostability (Figs. S4 and S5) and 1:1 stoichiometry
with Zn?* through the equimolar continuous-variation plots (Figs. S6
and S7) [39]. The reaction mechanism of both probes and Zn?* were
verified by NMR titration and high-resolution mass spectrometry
(HRMS) (Figs. S8 and S9). The dissociation constants (K,) of the probes
CHP-H and CHP-CHj3 for complexing Zn>* were determined to be 3 nM
and 12 nM, respectively, calculated from the Benesi-Hildebrand plots
(Figs. S10 and S11) [40]. The above results implied that the proposed
probes were suitable for detecting intracellular changes of Zn** level,
because their dissociation constants (K;) were at the similar order of
magnitude as the concentration of the free Zn?* in cells. After the
detection of Zn**, the fluorescence quantum yields of the probes were
calculated to be 0.50 and 0.29, respectively. The &,,q, of CHP-H-Zn and
CHP-CH3-Zn were 121 GM and 51 GM (Goeppert-Mayer) at an ex-
citation wavelength of 880 and 900 nm (Figs. S12 and S13) [41].
Therefore, our probes possessed good two-photon properties and en-
abled apparently strong fluorescence enhancement after reaction due to
nearly completely quenched fluorescence in the absence of the Zn**.
Although pH values were strictly restricted in a range of 7.4 = 0.05
unit under physiological conditions, the pH dependent fluorescence
should be avoided for the further application in complex biological
systems. Following, we tested the pH effects of buffer solutions on the
fluorescence emission under diverse pH values. As illustrated in Figs. 1d
and S3d, both probes offered no response under pH range from 0.0 to
9.0 owing to the quenched fluorescence emission by the C=N iso-
merization and rotation of C=N group. When chelating Zn**, the
isomerization and rotation was dramatically obstructed, therefore, the
two probes provided increased fluorescence emissions and were rela-
tively stable in physiological pH range. Therefore, both CHP-H and
CHP-CH; possessed potential capabilities of bioimaging of Zn®* under
physiological conditions. We next examined the reaction kinetics of the
probes toward Zn?>*. CHP-H and CHP-CH; were firstly maintained for
20 s in the testing system. Upon subsequently adding a dose of Zn**,
both probes displayed gradual increase of fluorescence response, and
plateaued after another 60 s and 70 s, respectively (Figs. 1e and S3e),
which implied the rapid detection of Zn?* with our probes. The in-
terference from other bioreactive species in complex biosystems should
be considered. The selectivity of CHP-H and CHP-CHj3 against other
interfering metal cations was investigated by using various concentra-
tions of cations in organisms including: Na* (10 mM), K* (140 mM),
Mg?* (0.5 mM), Ca®* (100 uM), Co®* (10 uM), Cu>* (10 uM), Ni?*
(10 uM), Mn?* (10 uM), Fe** (10 pM), Pb>* (10 uM), Hg** (10 pM),
Ba®™ (10 uM), Cd>* (10 uM) and AI** (10 uM). The selectivity of CHP-
H and CHP-CHj3 was also examined in the presence of various anions,
biothiols, reactive sulfur species (RSS), reactive oxygen species (ROS),
and reactive nitrogen species (RNS). As shown in Figs. 1f and S14 (CHP-
H), S3f and S15 (CHP-CH3), our probes featured high specificity and
selectivity toward Zn>* under physiological condition. The above
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Fig. 1. Spectroscopic properties and selectivity of probe CHP-H. CHP-H (1.0 uM) mixed with various concentrations of Zn®* (0.0-1.0 uM) at 37 °C in HEPES (pH 7.4,
10 mM) for 3 min (Aex/Aem = 465/543 nm). a) Absorbance of CHP-H (1.0 uM) in absent (black) and present (red) of Zn%* (1.0 uM). b) Fluorescence titration of CHP-
H (1.0 uM) with increasing concentrations of Zn2*: 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 UM. c) The linear relationship between the fluorescent
intensity ratio AF = (F-F,)/Fo and Zn?* levels. d) The fluorescence emission changes of CHP-H at 543 nm toward the pH range of 0.0-9.0 in the absent and present of
Zn?* (1.0 uM). e) Fluorescence intensities of CHP-H (1.0 uM) against the reaction time in the presence of Zn?* (1.0 pM). f) Selectivity of CHP-H (1.0 uM) in the
presence of various metal ions: 1. Na* (10 mM), 2. K* (140 mM), 3. Mg>* (0.5 mM), 4. Ca®* (100 uM), 5. Co>* (10 uM), 6. Cu>* (10 uM), 7. Ni** (10 uM), 8. Mn>*
(10 uM), 9. Fe* (10 uM), 10. Pb>* (10 uM), 11. Hg?* (10 uM), 12. Ba®>* (10 uM), 13. Cd** (10 uM), 14. AI** (10 uM), 15. Zn>** (1.0 uM). The experiments were
repeated three times and the data were shown as mean ( * s.d.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

results clearly illustrated that both CHP-H and CHP-CH; could rapidly
and selectively respond to Zn>* with high sensitivity, with CHP-H
exhibited even better spectral characteristics than CHP-CH3.

3.3. Imaging of Zn?" in living cells

To further validate the potential of our probes in visualizing in-
tracellular Zn>*, bioimaging experiments need to be performed. Prior
to imaging, the cytotoxicity of CHP-H and CHP-CH; were tested via the
Cell Counting Kit - 8 assay. The high cell survival rate displayed in Figs.
S16 and S17 proved the low cytotoxicity of our probes to living cells,
while CHP-H possessed even better biocompatibility than CHP-CHs.
Additionally, considering the superior analytical characteristics of CHP-
H to CHP-CHj;, the probe CHP-H was chosen to further study the real-
time and in situ fluorescence imaging of Zn®* in cells, tissues and mice
models. For the simultaneous detection of HNO, our previous HNO
probe Cyto-JN was exploited because the two probes showed no
overlap in their spectra and thus are favorable to multicolor imaging
[41]. Three types of cell lines including hepatoblastoma cell line
(HepG2 cells), human gastric cancer cell line (SGC-7901 cells) and non-
small cell lung cancer cell line (A549 cells) were employed for testing
the imaging capability of the probe CHP-H for Zn>" detection in two-
photon confocal fluorescent imaging experiments. The three cell lines
shown in Fig. 2a were pretreated with 25 pM zinc gluconate and 1 mM
Angeli's Salt (a commercial HNO donor) for 30 min. After washed three
times by fresh cell culture medium, the testing cells were further in-
cubated with 1 yM CHP-H for 5 min, 5 uM Cyto-JN for 15 min, and 100
ng/mL DAPI (a nuclear dye) for 30 min, respectively. Fluorescence
signals were collected in three different emission windows for CHP-H
(green channel, A., =880 nm, A, = 520-580 nm), Cyto-JN (red
channel, Ay =680 nm, Ao, = 690-720 nm), and DAPI (blue channel,
Nex =405 nm, Ao, = 420-480 nm). As shown in Fig. 2a, the cellular
fluorescence signals in red and green channels were apparently strong,

which suggested the efficient simultaneous detection of HNO and Zn2™*
by Cyto-JN and CHP-H, respectively. Comparison of the fluorescence
imaging of the three channels and merged outcomes could suggest the
cytoplasmic location of the probe CHP-H. Furthermore, flow cytometry
analyses in Fig. 2b demonstrated that the fluorescence intensities of the
probes CHP-H and Cyto-JN were well consistent with the bioimaging
results in red and green channels in Fig. 2a. Thus, CHP-H not only
featured favorable properties of Zn?* detection in various living cells,
but also exhibited promising capability of examining the relationship
between Zn** and HNO in combination with HNO probe Cyto-JN.

3.4. Evaluation of the mutual regulations between Zn?* and HNO in living
cells

Following, we intended to verify the mutual modulations between
Zn2* and HNO in cells. The neuron cell line (HT22 cells) was selected
as the testing model. Here, the developed probe CHP-H was employed
to monitor the concentration fluctuations of endogenous Zn®* under
the regulation of HNO (generated from Angeli's Salt), while the changes
of endogenous HNO modulated with exogenous Zn?* was examined by
the HNO probe Cyto-JN. The testing cells in Fig. 3a were divided into
three groups: the control group, HNO stimulation group, and Zn?**
stimulation group. Initially, the HNO-stimulation group was treated
with 1 mM Angeli's Salt for 3 h and the Zn?*-stimulation group was
pretreated with Zn®>* (25 uM zinc gluconate) for 3 h. After washed
three times by fresh cell culture medium, all the cells in the three
groups were incubated with 1 uM CHP-H for 5 min and 5 uM Cyto-JN
for 15 min. As shown in the control group of Fig. 3a, HT22 cells gave
invisible fluorescence along the time from 0 to 60 min in both red and
green channels, indicating nearly no intracellular HNO and free Zn>" to
be detected under normal condition. In the HNO-stimulation group, the
probe Cyto-JN provided apparent red fluorescence which represented
the high level of HNO in cells. Under the modulation of HNO, the cells
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Fig. 2. Imaging capability of the probe CHP-H for Zn®* detection in living hepatoblastoma cell lines (HepG2 cells), human gastric cancer cell lines (SGC-7901 cells)
and non-small cell lung cancer cell lines (A549 cells). a) Three types of cell lines were pretreated with 1 mM Angeli's Salt (an HNO donor) and 25 pM zinc gluconate
for 30 min, respectively, and subsequently incubated with 1 pM CHP-H for 5 min, 5 uM Cyto-JN (HNO probe) for 15 min, and 100 ng/mL DAPI with for 30 min. Scale
bars: 20 um. b) Flow cytometry analyses of red and green channel in a). Fluorescence collection windows: Ae, =880 nm, Ay, = 520-560 nm (CHP-H green channel);
Aex =680 nm, Aoy, = 690-720 nm (Cyto-JN Red channel); Aoy =405 nm, Ao, = 420 —480 nm (DAPI blue channel). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

labelled with the probe CHP-H exhibited gradual increase of green trigger the generation of intracellular HNO. The mean intensities in
fluorescence with the extension of time in 60 min, implying the in- Fig. 3b were quantitative evaluation of the imaging results in Fig. 3a,
creasing level of intracellular Zn?*. These results confirmed that the providing direct insight into the fluorescent changes in the three dif-
increase of intracellular HNO could induce the release of free Zn** ferent groups of living cells. The flow cytometry analyses in Fig. 3c and
from Zn?* pool in cells. However, as displayed in the Zn?>* stimulation d were highly consistent with the bioimaging outcomes in Fig. 3a,
group, exogenous Zn>" could not induce any change of fluorescence in which further proved the efficacy in using multicolor confocal micro-
red channel during the time range from O to 60 min, which demon- scopy images of CHP-H and Cyto-JN to investigate the intracellular
strated that even high level of exogenous Zn®* (25 uM) could not interaction between Zn?* and HNO. The above results demonstrated
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Fig. 3. Confocal microscopy images and flow cytometry assay for evaluating the mutual regulations between Zn>* and HNO in HT22 cells. a) All cells were treated
with CHP-H (1 uM) for 5 min and Cyto-JN (5 uM) for 15 min, then the cells were washed, and the images were acquired at different time points: 0, 15, 30, 45, 60
min. The HNO-stimulation group: the HT22 cells were incubated with Angeli's Salt (1 mM) for 3 h. The Zn>* -stimulation group: the HT22 cells were incubated with
Zn?* (25 uM) for 3 h. Fluorescence collection windows: Aex = 880 nm, Aey, = 520-560 nm (CHP-H green channel). Ae = 680 nm, Aey, = 690-720 nm (Cyto-JN red
channel). Scale bars: 20 um. b) The corresponding mean intensity changes of fluorescence images in a). c¢) Flow cytometry analyses for a). d) Mean values of c). e)
Apoptosis analysis detected by Annexin V-FITC assay for HNO-stimulation group. f) The apoptosis ratio in e). g) Apoptosis analysis by Annexin V-FITC for Zn**-
stimulation group. h) The percentage of apoptosis in g). Q;: necrosis cells, Q,: late apoptotic cells, Q3: early apoptotic cells, Q4: survival cells. The data were shown as
mean ( * s.d.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that the mutual regulations between Zn>* and HNO in living cells was
unidirectional. That was, the increase of the level of HNO would pro-
mote the release of Zn?" from intracellular Zn?* pool, however, the
increase of intracellular free Zn®>* could not modulate the generation of
HNO.

We also evaluated and analyzed apoptosis utilizing Annexin V/FITC
Apoptosis Detection Kit at different time points of 0 min, 15 min, 30
min, 45 min, and 60 min. As illustrated in Fig. 3e and f, the apoptosis
rates of HNO stimulating group were determined to be (11.56 %, Q, +
Q3), (11.85 %, Q5 + Qs3), (14.00 %, Q2 + Q3), (16.49 %, Q> + Qs3) and
(20.01 %, Q2 + Q3), which exhibited a gradually increasing trend of
apoptosis over the time from O to 60 min. That meant, the excessive
dose of HNO could induce apoptosis. In the Zn®* stimulation group
(Fig. 3g and h), the apoptosis rates were (6.27 %, Qx> + Q3), (7.55 %, Q»
+ Q3), (7.77 %, Q2 + Qs), (8.13 %, Q2 + Q3), (8.43 %, Q> + Q3),
which was lower than those of HNO-stimulation group but higher than
the control group (3.53 %, Q2 + Qs3; 3.89 %, Q2 + Qs; 4.046 %, Q5 +
Qs3; 3.90 %, Q> + Q3; 4.67 %, Q5 + Qs; Fig. S18). This could be ex-
plained as following: when exposed to a high concentration of Zn**,
the cells would initially activate the zinc-buffering reaction system
against the intracellular Zn?* pool homeostasis, which helped mitigate
the apoptosis [42]. The order of apoptosis rate was sorted as HNO-sti-
mulation group > Zn**-stimulation group > the control group. Taken
together, the intracellular HNO could trigger the release of Zn** ac-
companied by the occurrence of apoptosis, while no severe apoptosis
induced by the free Zn®*.

3.5. Imaging of HNO-regulated Zn>* release during I/R process

After validating the efficacious modulation of Zn?* release by HNO
in living cells, the probe was further employed to verify the con-
centration fluctuations of Zn®>* induced by HNO during cell I/R pro-
cess. The assays were designed to imitate the cellular I/R process under
HNO-stimulation by changing the culture conditions. The HT22 cells
were set as: group a, glucose deprivation; group b, serum deprivation;
group ¢, oxygen deprivation; group d, glucose-serum-oxygen depriva-
tion. Different groups of cells were firstly treated by the separate de-
privation process for 30 min. Subsequently, all the deprivation ma-
nipulations were restored to normal culture conditions with reperfusion
time points at 45 and 60 min. The control group was treated in the same
manner as described in group d but without HNO-stimulation. Before
the operation of deprivation/reperfusion, all the HT22 cells were pre-
treated with 1 pM CHP-H for 5 min, then the cells were washed with
fresh cell culture medium for three times to remove the surplus probe
from cell culture system. Afterwards, 1 mM Angeli's Salt was added into
Petri dishes. The confocal images in Fig. 4a were collected at the time
points of 0, 15, 30, 45, and 60 min from the five groups, respectively.
The control group displayed nearly no fluorescence changes, implying
the tiny fluctuations of endogenous free Zn®>* in HT22 cells during
glucose-serum-oxygen deprivation/reperfusion process. By contrast, the
fluorescence intensity sharply enhanced after 30 min in group d, which
evidenced the outburst of endogenous free Zn>* in cytoplasm after the
stimulation of HNO. Group b with serum deprivation and group c with
oxygen deprivation offered almost the same level of Zn>* release after
30 min, while group a with glucose deprivation resulted in a small
amplitude fluctuation of Zn®>* during the HNO-stimulation. The mean
fluorescence intensity in Fig. 4b illustrated the quantitative results of
Fig. 4a. The different fluorescence intensities were related to the dis-
tinct levels of Zn?*-burst induced by HNO-stimulation during the di-
verse I/R cell models. The degree of regulation was arranged in an
order of group d > group c > group b > group a > control. We also
performed flow cytometry analyses to further confirm the results. As
illustrated in Fig. 4c and d, the results were completely consistent with
the fluorescence images in Fig. 4a. The above results demonstrated that
the probe CHP-H behaved a potential ability to serve as a chemical tool
for tracing the endogenous free Zn®" outburst during I/R cell models
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under HNO stimulation.

3.6. Evaluation of the Zn?>* /HNO crosstalk in mice hippocampus 1/R
models

Hippocampus of the brain takes the responsibility of memory and
learning, where Zn?" is abundant and indispensable. The variation of
Zn2" homeostasis will lead to severe neurological diseases [33,43].
Therefore, the mutual regulatory effects between Zn*>* and HNO in
mice hippocampus during I/R process is highly desired to be clarified.
Moreover, the two-photon fluorescent profiles based NIR excitation can
minimize photodamage to biosamples and maximize tissue penetration
depth, which is preferable for imaging of Zn>* in tissues. Fresh hip-
pocampal tissue slices were collected from 3-week-old mice I/R model.
As shown in Fig. 5, the fresh hippocampal tissue slices were divided into
three groups: control, HNO stimulation (group a), and Zn** stimulation
(group b). The bioimaging was performed in these slices after incubated
with CHP-H (1 pM, green channel) for 20 min, Cyto-JN (5 pM, red
channel) for 20 min, and DAPI (100 ng/mL, blue channel) for 30 min.
As displayed in group a, the strong fluorescence emission in green and
red channels demonstrated that the HNO-stimulation would trigger the
release of free Zn>"* in mice hippocampus I/R model. However, the red
channel in group b was non-fluorescent indicating that Zn** could not
modulate HNO generation. To assess the tissue penetration capability of
the two-photon probe CHP-H, we reconstructed the three-dimensional
(3D) image from the 100 pm tissue slices in group a (Fig. 5b). As illu-
strated in Fig. 5¢c and d, the z-stack imaging for hippocampus at a depth
interval of 10 pm offered the imaging details at various confocal plains
in different channels and displayed the deep tissue penetration property
of the probe CHP-H. The above results verified that our probe CHP-H
was able to be utilized to track the changes of Zn®>* concentration in
mice hippocampus and was capable of performing bioimaging by pe-
netrating the deep tissues. These bioimaging outcomes further eluci-
dated the positive regulatory effects of HNO toward Zn**, but without
reversed modulation of free Zn?>* toward HNO during the mice hip-
pocampus I/R process.

4. Conclusions

In summary, we develop two-photon fluorescent probes CHP-H and
CHP-CHj; for detecting intracellular Zn** changes under the regulation
of HNO in cells and in mice ischemia/reperfusion models. The probes
exhibit selective and sensitive behaviors toward Zn** within 60 s and
possess favorable biocompatibility. With the cooperation of the HNO
probe Cyto-JN, the bioimaging results of CHP-H in different living cell
lines reveal that the intracellular Zn?* pool could release free Zn>*
under the stimulation of exogenous HNO. Taking advantage of the cell
I/R models, we firstly proved that cell apoptosis has positive correlation
with the intracellular level of free Zn?* and the HNO-induced Zn**
increase can directly aggravate apoptosis process. Moreover, the bioi-
maging of Zn?* in mice hippocampus I/R models offers the deep pe-
netration capability of the two-photon probe CHP-H in tissues. All the
experimental outcomes clearly demonstrate that our probes have great
potential to serve as powerful chemical tools for real-time tracking of
Zn?" fluctuations in diagnostics of neurological diseases.
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Fig. 4. Confocal microscopy imaging and flow cytometry assay of Zn>*
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under HNO stimulation during cell I/R process. All the HT22 cells were incubated with CHP-

H (1 uM) for 5 min then washed with fresh cell culture medium to remove excess probes and Angeli's Salt from solution. a) Confocal microscopy images of 7n?* at
deprivation time points at 0, 15, and 30 min. At the time point 0 min, 1 mM Angeli's Salt was added. HNO-regulation of five groups: group a, glucose deprivation;
group b, serum deprivation; group ¢, oxygen deprivation; group d, glucose-serum-oxygen deprivation; control group. All the deprivation operations were subse-
quently recovered to normal culture conditions, reperfusion time points at 45, and 60 min. Fluorescence collection windows: Aey = 880 nm, Aep, = 520-560 nm.
Scale bars: 20 pm. b) The mean intensities of the imaging results in a). ¢) The results of flow cytometry analysis in a). d) Mean value of flow cytometry analysis in c).
The data were shown as mean ( * s.d.).
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Fig. 5. Fluorescence imaging of brain hippo-
campus slices obtained from mice I/R models.
The isolated hippocampus was from 3-week-old
mice. The brain was embedded cryogenic
cryopreservation and skived into 100 pm-
thickness slices using a vibration slicer.
Control: the slices were incubated with CHP-H
(1 uM) for 20 min, Cyto-JN (5 uM) for 20 min,
and DAPI (100 ng/mL) for 30 min in ACSF.
Group a: the slice was treated with Angeli's Salt
(1 mM) for 3 h in artificial cerebrospinal fluid
(ACSF), washed three times with ACSF, then
further incubated as described in control.
Group b: the slice was pretreated with Zn>* (25
uM) for 3 h and then treat as described in group
a. a) Fluorescence imaging of hippocampus
with probe CHP-H (1 uM), Cyto-JN (5 uM),
and nucleus dye DAPI (100 ng/ml). And the
overlay images showed the merge of red, green
and blue channels. b) The three-dimensional
(3D) reconstructed image of group a in green
and blue channels. ¢) and d) The z-direction
sequential images of hippocampus slice at a
depth interval of 10 um in green and green-blue
channels. Fluorescence intensities collected in
emission windows: Red channel (Cyto-JN) A.x
=680 nm, Ay = 690-720 nm; green channel
(CHP-H) Aoy =880 nm, A.,, = 510-550 nm;
blue channel (DAPI) Aoy =405 nm, Aep
=.425-500 nm. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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