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ABSTRACT: Chronic wound healing is one of the most complicated biological ’ s "ﬂm“ﬁm_m
processes in human life, which is also a serious challenge for human health. During the <~ o RRNTE M :;S%S :
healing process, multiple biological pathways are activated, and various kinds of reactive " oY % ¥y
oxygen species participate in this process. Hydrogen peroxide (H,0,) involves in - .;...:'_ o 5 :%f
chronic wounds and its concentration is fluctuated in different pathological stages - f? = X » %y -
during the wound healing process. Therefore, H,O, may be recognized as a powerful %“fg i /
biomarker to indicate the wound healing process. However, the pathological roles of o O
H,O, cannot be fully understood yet. Herein, we proposed a near-infrared fluorescent X /c o e W—
NC__CN r .

probe DCM-H,O0, for highly sensitive and rapid detection of H,O, in living cells and E [ e, o

’c
scald and incision wound mice models. DCM-H,0, exhibited a low detection limit and ,’_\-‘\ f . ' Lon
9 > =
0-5—% ?»F
6 F F o

high specificity with low cytotoxicity for H,0,, which had great potential for its

application in vivo. The probe was successfully utilized to monitor the fluctuation of emon
endogenous H,O, in the proliferation process of human immortalized epidermal
(HACAT) cells, which confirmed that H,O, participated in the cells’ proliferation activity through a growth factor signaling pathway.
In the scald and incision wound mice models, H,O, concentration fluctuations at different pathological stages during the wound
healing process could be obtained by in vivo fluorescence imaging. Finally, H,O, concentrations in different stages of human diabetic
foot tissues were also confirmed by the proposed probe. We expect that H,0O, could be a sensitive biomarker to indicate the wound
healing process.

DCM-H,0,

KEYWORDS: near-infrared fluorescence imaging, hydrogen peroxide fluctuation, diabetes mellitus, wound healing, clinical sample test

Chronic wound healing remains a global challenge and one of fashion, it functions as a ubiquitous intracellular second
the major common public health problems that cannot be messenger, which plays key roles in various physiological
ignored.' It is a complex physiological process that consists processes including cell growth, inflammation treatment,
of hemostasis, inflammation, proliferation and remodeling.”” proliferation and differentiation, and activation of immune
Unfortunately, bacterial infection or other diseases (destructive cells."*~"7 The previous researches indicate that H,0,, nitric
irrigation, diabetes mellitus) may interfere with wound healing, oxide (NO), hypochlorous acid (HCIO) involve in wound
leading to impaired structural and functional regeneration of healing and its concentration is fluctuated in different
entire skin tissue, which in turn may lead to severe disability pathological stages during the wound healing process.'*7*°
and even increased mortality.”” Therefore, monitoring changes While these studies are excellent, they are mainly focused on
in physiological parameters during wound healing is crucial to studies with zebrafish or tissue sections, and few studies have
understanding the state and physiological process of wound been used to detect changes in the levels of these substances

healing, which can help identify wound infections and
subsequent treatment. The current clinical evaluation of
wound healing mainly focuses on planimetry to quantitatively
detect the changes of wound size and granulation tissue
formation. Although this method can reflect the macroscopic
changes in the wound, it cannot show regulation at the
molecular level.

Excessive infiltration of neutrophils appears to be one of the
culprits of chronic wound healing.* Abundant reactive oxygen
species (ROS) in neutrophils is involved in all phases of wound
healing, which can cause oxidative stress and adversely affect
wound healing even prevent new tissue formation.”” > As a
critical member of ROS, when hydrogen peroxide (H,0,) is
generated at low concentrations (<0.7 yM) in a regulated

during wound healing over a long period. Therefore, we
attempted to monitor for a prolonged period of time the
changes in H,O, levels during wound healing in mice.
Although visual observation is the simplest and most
versatile means of initial diagnosis of chronic wounds, it relies
on the certain clinical experience and cannot predict the effect
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of treatment and the stage of healing.26 Therefore, there is an
urgent need to develop rapid and sensitive tools to detect
H,O0, to accurately identify the various states of chronic wound
healing.27 Recently, fluorescent probes have been considered as
powerful tools to monitor biological active species and
processes due to their noninvasiveness, high sensitivity, and
excellent spatial and temporal resolution.”* ** Some fluo-
rescent probes have been reported for monitoring H,O, in
living cells and in vivo through the careful design; however, the
probes for monitoring the concentration fluctuation durin§’the
chronic wound healing process are still challenging.”> ™’
Moreover, compared to the fluorescent emission in the visible
light region, fluorescent probes with excitation/emission
wavelength in the near-infrared (NIR) region get benefit
from the low background interference, small light damage and
deep penetration, which are more suitable for bioimaging.**~**
With this in mind, we attempt to develop a NIR fluorescent
probe for rapid and highly sensitive detection of H,0, in living
cells and in vivo to track the concentration fluctuations of H,0,
during chronic wound processes.

Herein, we proposed a NIR fluorescent probe DCM-H,0,
with a large Stokes shift for investigating the fluctuation of
H,0, level during chronic wound healing process in wound
mice models and human diabetic foot tissues. The probe was
comprised of a pentafluorobenzenesulfonyl ester group as
recognition moiety of H,0O, and dicyanomethylene-benzopyr-
an (DCM) as NIR fluorophore. In the presence of H,0,,
DCM-H,0, exhibited a rapid response to H,O, with a large
Stokes shift, emitting a brilliant fluorescent signal at 695 nm.
Furthermore, DCM-H,0, displayed a low cytotoxicity and
excellent biocompatibility. Then, the proposed probe was
applied to monitor the fluctuations of H,O, level during the
healing process of scald and incision wound mice models and
in various pathological stages of the human diabetic foot,
which contributed to comprehend the role of H,O, in the
physiological process. The probe could act as an effective tool
to help diagnose the various stages of chronic wound healing
that assist with further treatment.

B EXPERIMENTAL SECTION

Synthesis of 1-(2-hydroxyphenyl)butane-1,3-dione (com-
pound 2). 2-Hydroxybenzaldehyde (S g, 41 mmol) was added to a
round-bottom flask containing 60 mL of ethyl acetate. Then sodium
metal (4 g 174 mmol) was added, and the mixture was stirred at
room temperature for 18 h. After the substitution reaction was
completed, S mL of MeOH was added to completely react with the
sodium metal. Then 50 mL of HCI (1 M) was added dropwise, and
extracted with ethyl acetate, the organic phase was dried over Na,SO,.
After removal of the solvent, compound 2 was obtained as a yellow
solid, which was directly processed in the next step without treatment.

Synthesis of 2-methyl-4H-chromen-4-one (compound 3).
Compound 2 and 1 mL of HCI were added to a round-bottom flask
containing S0 mL of MeOH, and heated to reflux for 4 h. Then the
solvent was removed, ethyl acetate was added, and the mixture was
washed with saturated NaCl aqueous solution until colorless. After the
solvent was removed, the residues were purified by silica column
chromatography (200—300 mesh) with a gradient eluent of
petroleum ether and ethyl acetate (10:1, v/v) to give a white solid
(240 g, yield:75%). 'H NMR (400 MHz, CDCl,) 6 (ppm): 8.17—
8.15 (m, 1H), 7.62—7.60 (m, 1H), 7.36—7.36 (m, 2H), 6.16—6.15 (d,
1H), 2.37 (s, 3H).

Synthesis of 2-(2-methyl-4H-chromen-4-ylidene)-
malononitrile (compound 4). Compound 3 (2.4 g 15 mmol)
and malononitrile (1.98 g, 30 mmol) were dissolved in 15 mL of
acetic anhydride. The mixture was refluxed for 14 h, and then the
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solvent was evaporated in vacuum. Deionized water (80 mL) was
added to the residue, and the mixture was refluxed for 0.5 h and then
extracted with dichloromethane. The organic layer was dried using
Na,SO,, filtered and concentrated. The resulting crude product was
purified by silica gel column chromatography with a gradient eluent of
CH,Cl, to obtain an orange solid (1.28 g, yield: 41%). '"H NMR (400
MHz, CDCL) & (ppm): 8.91—8.88 (t, 1H), 7.73—7.69 (m, 1H),
7.46—742 (m, 2H), 6.70 (s, 1H), 2.43 (s, 3H).

Synthesis of (E)-2-(2-(4-hydroxystyryl)-4H-chromen-4-
ylidene)malononitrile (DCM—OH). Under the protection of an
Ar atmosphere, compound 3 (0.5 g 2.4 mmol) and N-(4-
formylphenyl)acetamide (0.25 g, 2 mmol) were added to 20 mL of
acetonitrile, and 0.5 mL of piperidine and 0.5 mL of glacial acetic acid
were added and refluxed for 4 h. A brownish red solid was
precipitated and suction filtered to obtain crude product. The solid
was washed with iced dichloromethane to obtain compound DCM—
OH as a brown solid (0.28 g, yield: 46%). '"H NMR (400 MHz,
DMSO-dg) 6 (ppm): 8.73 (d, 1H), 7.91 (t, 1H), 7.79 (d, 1H), 7.70
(d, 1H), 7.61 (dd, 3H), 7.27 (d, 1H), 6.95 (s, 1H), 6.85 (d, 2H). °C
NMR (100 MHz, DMSO-ds) & (ppm):160.1, 158.8, 152.7, 152.0,
139.2, 135.2, 130.3, 126.0, 124.6, 1189, 117.4, 117.1 116.0, 115.8,
105.6, 59.0.

Synthesis of (E)-4-(2-(4-(dicyanomethylene)-4H-chromen-2-
yl)vinyl)phenyl 2,3,4,5,6-pentafluorobenzenesulfonate (DCM-
H,0,). The compound DCM—OH (0.31 g, 1 mmol) was dissolved in
10 mL of anhydrous tetrahydrofuran, and dimethylaminopyridine
(0.30 g, 2.5 mmol) was added under Ar condition. The mixture was
stirred at —10 °C for 20 min; pentafluobensulfonyl chloride (440 uL,
4 mmol) was added dropwise, and the mixture was stirred overnight
at room temperature. A large amount of precipitation was separated
out, filtered, and washed with dichloromethane to obtain DCM-H,0,.
'"H NMR (400 MHz, DMSO-dg) 6 (ppm): 8.75—8.73 (dd, 1H),
7.94—7.87 (m, 1H), 7.85-7.81 (d, 2H), 7.80—7.75 (m, 2H), 7.65—
7.61 (m, 1H), 7.58—7.53 (d, 2H), 7.41-7.39 (d, 2H), 7.07 (s, 1H).
13C NMR (100 MHz, DMSO-dg) 6 158.0, 153.4, 152.5, 149.8, 137.0,
136.1, 135.7, 130.5, 126.8, 125.2, 123.2, 121.9, 119.6, 117.6, 117.5,
116.1, 107.9, 61.5. HR-MS, m/z caled for CoqH,,FiN,0,S, 542.0360;
found [M + H]*, 543.0436.

Cell culture and confocal imaging. Mouse monocyte-macro-
phage leukemia Cells (RAW 264.7 cells), human cervical cancer cells
(HeLa cells), and human immortalized epidermal (HACAT) cells
were incubated in DMEM supplemented with 10% FBS and 1%
antibiotics (penicillin/streptomycin, 100 U/mL). The cultures were
maintained at 37 °C in a 95% humidified atmosphere with 5% CO,.
Living cells were inoculated to a confocal plate and allowed to adhere
for 24 h before imaging. Then, the probe (10 #M) was added before
performing the imaging experiment. Red channel: 4., = 561 nm, 4., =
650—730 nm, blue channel (DAPI): 4., = 405 nm, 4., = 420—480
nm.
Fluorescent imaging of H,0, in scald and incision mice
wound model. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Hainan Medical University and were approved by the Animal Ethics
Committee of Hainan Medical University. In order to establish the
mice model of scald and incision wounds, 12-week-old mice were
selected as mice models. For the incision wound mouse model, we
constructed a wound on the back of the mouse. In order to promote
the healing of the wound and avoid the secondary injury caused by
the mouse’s activities, we sutured the wound through the surgery. For
scalded mice, we used a sterilized metal rod to treat the back of the
mice and established the related burn model. At different time points,
the mice were imaged after the probe was sprayed for 60 min. The
mice wound imaging were collected at 650—730 nm with 1. = 560
nm via PerkinElmer XR Series III System.

Clinical Sample Test. Human diabetic foot tissues were accessed
from the First Affiliated Hospital of Hainan Medical University. The
obtained tissues were stained with hematoxylin—eosin (H&E) to
determine pathology. Furthermore, the fresh tissue sections were
treated with the probe and then washed three times with PBS before
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fluorescence imaging. The Ethics Committee of Hainan Medical
University approved this study.

B RESULTS AND DISCUSSION
Design and synthesis of DCM-H,0,. In order to

diagnose the various pathological stages of chronic wound
healing by the dynamics of H,0,, it is necessary to develop
rapid and highly sensitive H,0O, probes. Reasonable design of
the probes is extremely critical for the specific detection of test
substances in complex biological systems. The choice of NIR
fluorophore plays key important roles for preparation of
fluorescent probes that can be used in the wounds. DCM
exhibits large Stokes shift, stable optical properties and NIR
emission, which can be selected as the powerful fluorophore
for the specific detection of H,0,."*** Furthermore, the
specificity of response groups toward H,O, is one of the key
parameters. Although a range of excellent borate-based
fluorescent probes for hydrogen peroxide have been developed,
their long reaction times make them unsuitable for rapid
detection of changes in hydrogen peroxide levels.*~*” Among
the various response groups, the pentafluorobenzenesulfonyl
group can rapidly and specifically recognize H,O, without the
significant interferences from other reactive oxygen spe-
cies."™" And the pentafluorobenzene ring increases the
reactivity of sulfonates to H,0,, which may promote to
enhance the probe’s sensitivity to H,0,. Accordingly, the
pentafluorobenzenesulfonyl group as the response group was
introduced to develop the NIR fluorescent probe to track
endogenous H,0, fluctuations during the wound healing
process. As expected, the pentafluorobenzenesulfonyl group
exhibited high sensitivity, good selectivity, and rapid dynamics
toward H,O,. Herein, a NIR fluorescent probe DCM-H,0,
triggered by H,0, has been prepared through combining a
DCM fluorophore and a pentafluorobenzenesulfonyl group
(Scheme 1 and Figure S1). The equipment of response group

Scheme 1. Molecular structure of DCM-H,0, and its
proposed response mechanism towards H,0,
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prevents the internal charge transfer (ICT) process of the
fluorophore. In the presence of H,0,, the sulfonyl bond can be
selectively removed, and then the free hydroxyl-fluorophore is
released, which displays a characteristic fluorescence signal at
around 695 nm. In order to further verify the release of DCM—
OH,
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Spectroscopic Properties of DCM-H,0, toward H,0,.
We discussed the spectral properties of the probe to determine
whether DCM-H,0, could be applied for the rapid detection
of H,0,. The UV—vis absorption and fluorescence spectra of
DCM-H,0, were tested in PBS buffer solution (pH = 7.4,
PBS: DMSO = 7:3, v/v). As illustrated in Figure 1A, DCM-
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Figure 1. Spectral properties and selectivity of DCM-H,0, (10 uM).
(A) The UV—vis absorption spectra of DCM-H,0, toward H,0, (0—
50 uM) for S min in PBS (pH = 7.4, 10 mM, PBS: DMSO = 7:3, v/
v). (B) The fluorescence emission spectra of DCM-H,0, toward
H,0, (0—50 uM) for S min in PBS (pH 7.4, 10 mM, PBS: DMSO =
7:3, v/v). (C) The linear relationship is between the fluorescence
intensity of DCM-H,0, and various levels of H,0,. (D) Time-
dependent fluorescent intensity toward H,0, during 0—360 s, and the
probe was added at 30 s. (E) The fluorescence spectra of DCM-H,0,
toward other analytes, including ROS (50 uM, -OH, O,", OCI", and
Bu0O-), RNS (50 uM, ONOO~, NO, and HNO), common anions
(1 mM, K¥, Na*, Ca?*, and Fe*") and cations (1 mM, CI, Br™, F,
SO,>7, and CO;*"). (F) The fluorescent response of DCM-H,0, to
various reactive species at 10 min: 1. blank; 2. H,0, (50 uM); 3.
ONOO~ (50 uM); 4. HNO (50 uM); 5. NO (50 uM); 6. -OH (50
uM); 7. ‘BuOO- (50 uM); 8. O, (50 uM); 9. OCI~ (50 uM); 10.
Cys (200 uM); 11. GSH (200 uM); 12. Hey (200 uM). The
experiments were repeated three times, and the data were shown as
mean (+S.D.).

H,0, (10 M) exhibited an outstanding absorption centered
at 445 nm. After the addition of varied H,0, levels (0—50
uM), there was a new absorption peak at around 560 nm and
the absorption peak decreased successively at 445 nm, which
indicated the generation of new compound after interacting
with H,0,. Subsequently, the fluorescence response of DCM-
H,0, toward H,0, was investigated. As the concentration of
H,0, increased, the fluorescence intensity gradually enhanced
with strong emission at 695 nm under 560 nm excitation,
which should be attributed to the interaction of the probe with
H,0,, resulting in the dissociation of the pentafluorobenzene-
sulfonyl group on DCM-H, 0, (Figure 1B). Moreover, a good
linear relationship between the fluorescence signals and H,O,
levels could be obtained with the range of 0—50 uM (Figure
1C). The regression equation was fitted as Fgos n, = 3.0684
[H,0,] + 19.6552 with a linear fitting constant of R* = 0.9921.
Meanwhile, the limit of detection was determined as 64 nM
according to the standard method of 3o/k.

Next, the reaction dynamics of DCM-H,0, toward H,0,
was further accessed at 695 nm. As shown in Figure 1D, the
fluorescence intensity increased sharply at about 2 min,
reached a plateau at about 240 s, and remained stable in the
presence of H,0, (Figure 1D). These results indicated that the
proposed probe displayed rapid response to H,0,, which
attributed to the pentafluorobenzene ring increased the
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Figure 2. Fluorescence imaging of endogenous and exogenous H,O, in living cells. (A) Fluorescent imaging of exogenous H,O, in HeLa cells at
different time points: 0 min, S min, 10 min, 20 and 30 min. (B) Fluorescent imaging of exogenous H,0,, HCIO and ONOO~ in RAW 264.7 cells.
The RAW 264.7 cells were treated with H,0, (10 uM, 30 uM), CIO™ and ONOO~ donor (SIN-1), and then incubated with probe (10 M),
respectively. (C) Fluorescent imaging of endogenous H,0, in RAW 264.7 cells. Control group: RAW 264.7 cells was incubated with the probe
DCM-H,0,; PMA group: The RAW 264.7 cells were treated with PMA (1 ug/mL) for 6 h and then incubated with the probe DCM-H,0,; PMA
+ NAC group, PMA+ebselen, and PMA+L-NAME group: the cells were preincubated with NAC (1 mM), ebselen (S M), and L-NAME (S mM)
and then tread with probe, respectively. (D-F) Relative mean fluorescent intensities in A-C. Fluorescence collection windows for red channel: 4, =
561 nm, A, = 650—730 nm and blue channel (DAPI): A, = 40S nm, A, = 420—480 nm. The experiments were repeated five times and the data
were shown as mean (+S.D.). Scale bars: 20 ym.

reactivity of sulfonates to H,O,. The rapid response for H,0, as a reliable chemical tool to measure the level of H,0, in
demonstrated that the probe showed great potential for the biological systems.
real-time imaging of H,0, in complex biological systems. Imaging of H,0, in living cells. In order to utilize the
Moreover, excellent selectivity is essential to evaluate the proposed probe to investigate the key role of H,0O, in chronic
probe’s usability in the complexity of biological environment. wound healing and to differentiate the physiological stages of
The biological system contains a large number of reactive wound healing, we set out to investigate whether the probe
species as well as mercaptans, which may interfere with the could be employed to monitor fluctuations in H,O, in living
detection of H,0,. As shown in Figure 1E and 1F, common cells. Herein, we first evaluated the cytotoxicity of the probe
active substances and biological mercaptans cannot cause through a cell counting kit-8 (CCK-8). Three kinds of cells
apparent changes in the fluorescence signal after reaction (HeLa cells, RAW 264.7 cells, and HACAT cells) were
including ONOO~, -OH, HNO, ‘BuOO:, NO, OCI~, 0,7, selected as cell models. As shown in Figure S4, the survival
GSH, Cys, Hcy. Simultaneously, the common ions and anions rates of these types of cells exceeded 80% even under high level
including Fe*, Cu®', Ca®*, Ba®", K*, Na*, CI, I", Br", PO,*", of DCM-H,0, (50 M), indicating the low cytotoxicity of the
$,0;*7, S0,%7, $,0,27, HS™, AcO™, SCN~, HCO;~, NO;~ probe.
could not induce the significant fluorescence signal changes Since the probe was provided with high sensitivity, good
(Figure S2). As expected, only H,O, triggered a highly specificity, as well as low cytotoxicity, we hypothesized that
enhanced fluorescence signal since it could efficiently promote DCM-H,0, was able to detect H,O, in living cells.
the release of the DCM—OH fluorophore, further demonstrat- Subsequently, we assessed the response time of the probe
ing the excellent selectivity of DCM-H,0, to H,O0,. DCM-H,0, in living cells. DCM-H,0, was employed to
The desirable fluorescent probe generally holds outstanding detect and image exogenous H,0, in HeLa cells (Figure 2A).

stability in the physiological pH range. We further discussed its The HeLa cells were first incubated with H,O, and DCM-
effect on the probe in the pH range of pH 4.0—9.0. As shown H,0,, then washed with PBS for three time before imaging.

in Figure S3, we found the fluorescence intensity of probe was Herein, we chose different time points to perform imaging
basically constant, which indicated the high stability of the individually. The increased fluorescence single was found in
probe. In the presence of H,O,, the probe almost showed an HeLa cells within 5 min and reached saturation about 20 min.
inert fluorescent signal when the pH was less than S. However, With the extension of time, the fluorescence intensity remains
it exhibited brilliant fluorescence in a neutral environment, basically stable. Therefore, 20 min was selected as the optimal
indicating that the probe might be employed to monitor H,O, incubation time to perform the following experiments. Next,
in biological systems. The data presented above demonstrated we investigated the ability of the probe to detect different
that the proposed probe DCM-H,0, possessed great potential concentrations of H,O, and to discriminate among other
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Figure 3. Fluorescence images and flow cytometry analysis of H,0, in HACAT cells via DCM-H,0,. (A) The cells were treated with the probe
DCM-H,0, (10 #uM). (B) The cells were incubated with EGF (500 ng/mL) for 30 min and then treated with probe. (C) The cells loaded with
DCM-H,0, were pretreated with PD153035 and then stimulated with EGF. (D) The cells loaded with DCM-H,0, were pretreated with
wortmannin and then stimulated with EGF. (E) The cells loaded with DCM-H, 0, were pretreated with apocynin before stimulated with EGF. (F)
The flow cytometry analysis of the cells in A-E. (G) Relative mean fluorescent intensities in A-E. (H) Relative mean fluorescent intensities in F.
The fluorescence collection windows for red channel (DCM-H,0,): 4., = 561 nm, A,,,, = 650—730 nm and blue channel (DAPI): 4., = 405 nm, 4,,,
= 420—480 nm. The experiments were repeated five times, and the data are shown as mean (+S.D.). Scale bars: 20 um.

species. Only weak fluorescence signal could be observed in
HeLa cells after treatment with the probe for 20 min. In
contrast, the cells were treated with 10 uM and 30 uM H,O0,,
respectively, and then incubated with DCM-H,0, (10 M),
the enhanced fluorescence signals could be found, which
indicated the proposed probe could detect H,O, in living cells
(Figure 2B). Next, we further investigated whether other
reactive species could interfere the detection of H,O, in living
cells. The HCIO and SIN-1 (ONOO™ donor) were added to
HeLa cells, respectively, and then these cells were incubated
and imaged with DCM-H,0,. As we expected, no significant
fluorescent signals could be obtained, which once again proved
that the probe could specifically respond to H,O, instead of
other substances.

The practical usefulness of DCM-H,0, for detecting and
imaging endogenous H,0, was further tested in RAW 264.7
cells. As well-known, the superoxide can be degraded to H,O,
by superoxide dismutase or through spontaneous dismutation.
Moreover, the macrophages are able to generate superoxide
under stimulation with phorbol-12-myristate-13-acetate
(PMA).>® The RAW 264.7 cells were treated with PMA (1
ug/mL) and then incubated with the probe DCM-H,0,. As
shown in Figure 2C, PMA-stimulated RAW 264.7 cells
revealed obvious fluorescence signal, while untreated RAW
264.7 cells only displayed weak fluorescence intensity.
Nacetylcystein (NAC) serves as an efficient antioxidant that
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can scavenge H,O, or inhibit its generation in living cells.’" To
verify the change of intracellular fluorescence intensity induced
by the concentration fluctuations of endogenous H,O,, the
cells were treated with NAC (1 mM) for 60 min before treated
with PMA. The decreased fluorescent intensity was obtained,
which confirmed that the fluorescence signal was caused by the
endogenous H,0,. Then, the cells were treated cells with
ebselen (S uM), a mimic of H,0, scavenger glutathione
peroxidase, which exhibited the suppressed fluorescence
intensity. L-NAME (S mM) can inhibit the generation of -
NO via nitric oxide synthase and then the conversion of NO to
ONOO™. However, after treatment with it, the fluorescence
intensity basically remained stable, which demonstrated the
intracellular fluorescence signal was indeed caused by the
stimulation of H,0, rather than other interferences. Taken
together, the above results evidenced that the probe was able
to visualize exogenous and endogenous H,0, level in living
cells, which provided strong evidence for further application in
chronic wounds to detect dynamic changes in H,O,.
Imaging of H,0, in HACAT cells. H,O, is recognized as
an essential signal molecule, which is inseparable from the
process of cell proliferation and promotes the wound healing at
the low concentration.”> Here, we intend to study the
fluctuation of H,0O, content during cell proliferation using
human immortalized epidermal (HACAT) cells, which highly
express horizontal epidermal growth factor receptor (EGFR)
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Figure 4. Time-dependent fluorescence images of H,0, in wound healing models. (A) Fluorescence images of H,0, with DCM-H,0, in the
healing process of the scald wound mouse model at different time points (1, 2, 4, 8, 12, 24, 2, 3, S, 7, 7, and 11 d). (B) Fluorescence images of
H,0, with DCM-H,0, in healing process of incision wound mouse model at different time points (1 h,2h,4h, 8 h, 12h,24h,2d,3d,5d, 7 and
11 d). (C) Relative mean fluorescent intensities in A. (D) Relative mean fluorescent intensities in B. The fluorescence collection windows for red
channel: 1., = 561 nm, 4., = 650—730 nm. The experiments were repeated five times and the data were shown as mean (+S.D.). (E) The
fluorescence detection of vitro vital organs (from left to right: heart, liver, spleen, lung, and kidney). (F) H&E and Masson staining for normal mice
skin, period of inflammation of scald mice skin (8 h) and incision mice skin (48 h).

on the surface of the cell membrane.®® Furthermore, EGE-
stimulated HACAT cells transiently generate H,O, by
activating the Nox/PI3K pathway.”* As control, the cells
were only treated with DCM-H,0,, and a very weak
fluorescent signal could be observed (Figure 3A). Subse-
quently, the HACAT cells were treated with EGF (500 ng/
mL) and then stained using a probe (Figure 3B). As a result,
enhanced fluorescence imaging was obtained, suggesting EGF
treatment would induce a large amount of endogenous H,O,
production. To verify this result, we examined whether EGF
could still cause significant changes in fluorescence signal by
inhibiting EGFR. Here, PD153035 (an EGFR-specific
inhibitor) was used to pretreat the cells before stimulation
with EGF.>® Thus, the weak signal indicated that PD153035
inhibited the binding of EGF to its receptor EGFR, which
further implied that H,O, was closely related to the growth
and proliferation of cells (Figure 3C).

The upregulation of H,0, levels in EGF-stimulated HACAT
cells is attributed to activation of the Nox/PI3K pathway. In
this pathway, as an important functional cellular enzyme, PI3K
plays key role in cell growth, proliferation and differentiation.*®
We supposed that the activity of PI3K might affect the H,0,
concentration fluctuations. To verify the hypothesis, the
HACAT cells were preincubated with an inhibitor of P13K,
wortmannin, and EGF and subsequently stimulated the cells to
observe fluctuations in peroxisome levels. As P13K was
inhibited, the Nox/PI3K pathway could not be activated,
allowing for slight fluctuations in H,O, levels, while a weak
fluorescent signal was correspondingly recorded (Figure 3D).
Furthermore, similar experimental results were obtained when
we treated with inhibitors of Nox (apocynin) (Figure 3E). The
flow cytometry analysis was performed to check the above
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experimental phenomenon (Figure 3F). Furthermore, the
relative mean fluorescence intensity of cell imaging exhibited a
similar tendency with that of flow cytometry analysis (Figure
3G and 3H). These results indicated the important roles of
H,0, in cell growth and proliferation, which further illustrated
that the proposed probe could be employed to track the
concentration fluctuations of endogenous H,0, and have the
great potential to be utilized as the powerful biomarker to
indicate the physiological stages of the wound healing process.

Imaging of H,0, in scald and incision wound mice
model. Since the probe can be successfully applied to highly
sensitive and specific detection of endogenous H,0O, in cells,
we tried to use it to track the concentration fluctuations of
H,0, during the wound healing process using DCM-H,0,.
Here, we first constructed a scald model to study the
concentration fluctuation of H,O, during the wound healing
process. A round wound with a diameter of 10 mm was
constructed on the back of a female Balb/c mouse (18—22 g).
The in vivo fluorescence imaging of the wounds on the back of
the mice was performed at different time points after spraying
the probe for 60 min within the range of 11 days. We found
that the fluorescence intensity gradually increased with time
and reached the maximum values at about 8 h after wound
establishment (Figure 4A and 4C). The results implied a
dramatic increase for H,O, level in the early stage of wound
healing phase, which could be attributed to the fact that the
wounds experienced an inflammatory phase with a rise in
cellular inflammatory factors and a burst of ROS, thus lead to
an increase in H,O, level and inhibited wound healing.
Interestingly, the fluorescence intensity displayed a significant
decrease at 12—24 h, indicating a decreased H,0, concen-
tration, which was attributed to the alleviation of the
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inflammation at the scald wound of the mice. Due to the
wound healing after 24 h until 11 days, the inflammation
alleviated and H,0, concentration decreased. At the
inflammatory phase of wound healing, the increasing
fluorescence intensity indicated that H,0O, played an
indispensable role in cell growth and proliferation. Afterward,
the wounds of the mice gradually healed completely, and the
fluorescence signal was basically unchanged and remained at a
weak level.

Encouraged by the above excellent results, we further
investigated the concentration fluctuations of H,0O, during the
incision wound healing process. We created a wound on the
back of the female Balb/c mouse (18—22 g). The real-time
fluorescence imaging was performed at different time points
(1,2, 4,8,12,24,2,3,5,7, and 11 d) after treating with the
probe for 60 min. As exhibited in Figure 4B and 4D, the
fluorescence intensity of mice increased slightly at 2 h and
reached the maximum at 2 d. Compared to the scald wound,
the incision wound in deep tissues would require a longer
duration of the inflammatory response. Wound healing was
accelerated after the inflammatory response subsided, while the
fluorescence signals decreased during 3—11 day, which
demonstrated that our probe could track the concentration
fluctuation of H,O, during the incision wound healing process.

In addition, the oxidative stress states of the major organs
including heart, liver, spleen, lung, and kidney were also
checked through the fluorescence imaging of DCM-H,0,. As
illustrated in Figure 4E, only the lungs exhibited a slightly
increasing concentration of H,0, in both the scald and
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incision wound mouse models, which indicated that the
proposed probe could not affect the major organs.
Furthermore, H&E and Masson staining of skin tissues of
the wound mice models were utilized to further confirm the
inflammatory states (Figure 4F). The healthy skin tissue was
used as the control group. The staining results displayed
slightly inflammatory cell infiltration and alveolar wall
thickening with a small number of vacuoles forming, and
relatively widespread collagen fiberd staining on the trabeculae.
Simultaneously, no major damage was found in the heart, liver,
spleen, lung and kidney (Figure S5). All the above results
demonstrated that the proposed probe DCM-H,0, could track
the concentration fluctuations of H,O, to indicate the wound
healing progress, which had great potential to be used as a
powerful tool to detect the H,0O, changes in the clinical
samples, especially for the chronic wounds.

Imaging of H,0, in clinical samples from wounds of
diabetic patients. To further investigate the potential of
DCM-H,0, to discriminate the different stages of chronic
wounds in clinical samples, we used the probe to monitor and
image H,0O, in different diabetic foot stages. Herein, four
different periods of human diabetic foot stages (I, III, IV and
V stages) were selected (preidentified by pathological biopsy),
and the skin tissues at the lesion sites were collected for testing
(Figure SA). H&E staining experiments were performed to
confirm the pathological diagnosis (Figure SB). The obtained
fresh tissue sections were incubated with probe DCM-H,O,
for 30 min. Then, the sections were washed three times with
PBS prior to fluorescence imaging. As shown in Figure 5C, the
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fluorescence intensities of tissue sections from four different
pathological stages of diabetic foot patients were clearly
different, which could be attributed to the chronic and
sustained inflammatory state of diabetic patients, resulting in
the corresponding upregulation of H,0O, levels. To highlight
the imaging depth of the probe DCM-H,0,, we performed
axial plane reconstruction of the three-dimensional (3D) image
(Figure SD and SE). The probe could be fully penetrated and
imaged in tissues of 100 pm thickness. The above results
revealed that the probe possessed good penetration ability and
could be used for H,O, imaging in clinical diabetic diseases.
The relevant levels of H,O, in diabetic foot might serve as
diagnostic indicators for the pathological stages of diabetic
chronic wounds.

B CONCLUSIONS

In summary, we reasonably designed and synthesized an NIR
probe (DCM-H,0,) to track the concentration fluctuations of
H,O, during the scald and incision wound healing process and
the human diabetic foot tissues. The probe exhibited high
sensitivity and specificity and can respond quickly to H,O,.
DCM-H,0, was employed to detect exogenous and
endogenous H,0, and investigated the fluctuation of H,O,
during the proliferation of HACAT cells. Furthermore, the
real-time imaging of H,0, in the process of scald and incision
wound mice models strongly demonstrated that the proposed
probe could track the concentration fluctuations of H,O,
during the wound healing process. This study is helpful to
better understand the role of H,0, in the wound healing
process. Furthermore, the probe was employed to image H,O,
in clinical diabetic foot samples, providing a new strategy for
differentiating the pathological stages of diabetic foot.
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