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Observation of macrophage autophagy in the
healing of diabetic ulcers via a lysosome-targeting
polarity-specific two-photon probe+
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As a disease with high incidence, mutilation, and fatality rates, diabetic ulcers (DUs) have become a difficult
and complicated disease of widely concern in recent years due to the unclear healing mechanism. The main
reason for the delayed healing in DU patients is the unduly long chronic inflammation window, and the
polarization state of macrophages plays a key role in this process. Since autophagy is believed to be
closely related to the polarization trend of macrophages, recent studies have shown that autophagy is
closely related to the healing of DU. To this end, a lysosome-targeting polarity-sensitive probe, XZTU-
VIS, was developed to monitor the changes in lysosomal polarity, thereby assessing the autophagy of
macrophages in mice suffering from DU. The experimental results showed that under two-photon
fluorescence microscopy, the green channel fluorescence signal of XZTU-VIS decreased significantly
during autophagy. In the meantime, DU models established using BV-2 cells and mice showed a process
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Introduction

As one of the complications of diabetes (a common public
health concern in modern society), diabetic ulcers (DUs)
account for about 36% of all chronic skin ulcers.* Meanwhile, as
many as 19.03% of the DU patients end up receiving amputa-
tion.” Unfortunately, the mechanism of the healing of diabetic
ulcers is still unclear. The main reason is that the healing
mechanism of DU involves interactions between inflammatory
cells and biochemical mediators stimulated by various
factors.*” Specifically, macrophage polarization determines the
length of inflammation, and the main reason for the delayed
healing of DU is the unduly long chronic inflammation
window.® As an important protective mechanism in eukaryotic
cells, autophagy plays a vital role in maintaining homeostasis
and repairing damaged cells in the intracellular environment.”
In addition, macrophages are the main cells undergoing auto-
phagy in DU wounds.® Therefore, fully understanding and
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that could cause inflammation and the release of ROS, thereby inducing autophagy.

accurately detecting the degree of autophagy in the process of
DU is the key to its treatment.

Traditional methods for monitoring autophagy include
transmission electron microscopy (TEM), western blotting, and
plasmid transfection.” However, TEM and western blotting
cannot reflect the degree of autophagy in real-time. Although
plasmid transfection facilitates direct visual observation of
autophagy, the LC3 protein used in transfection is prone to
fluorescence quenching in acidic environments (e.g., lyso-
somes), thus not suitable for long-term detection of autophagy
in living cells.'® Therefore, a real-time and efficient method to
detect the occurrence of autophagy is urgently needed. In
comparison, fluorometric analysis is non-invasive, easy to
operate, and highly sensitive, which makes it a powerful tool for
the real-time sensing and tracking of biological species and
events." In particular, two-photon confocal microscopy is
a promising fluorescence imaging method. Firstly, its longer
excitation wavelength can reduce biological background fluo-
rescence and improve the signal-to-noise ratio of the images.”
Secondly, its near-infrared excitation has less damage to the
biological samples, making it a suitable method for long-term
imaging and observation of the biological samples.” Thirdly,
photobleaching outside the focus is avoided due to its focus
excitation property, which improves the spatial resolution.
Finally, the deep penetration of near-infrared excitation makes
it a good tool for deep tissue imaging.'* Recent studies have
shown that the lysosomal membrane fuses with the autopha-
gosome membrane during the autophagy process, which leads
to an increase in its polarity.”® Therefore, polarity-sensitive
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fluorescence probes with lysosomal targeting ability are
becoming popular autophagy level assessment tools.

In this work, a D-1t-A two-photon fluorescence probe XZTU-
VIS was designed and synthesized with the classic two-photon
fluorophore quinoline derivative as the core because of its
large two-photon active cross-section and quantum yield, as
well as high water solubility, easy modification, and low toxicity.
In the meantime, literature has shown that the D-7-A polarity
structure is considered conducive to the polarity response and
can reflect the subtle polarity differences in the environment.*®
In addition, the morpholine group is very easy to be protonated
and bound in the lysosome due to its weakly alkaline nature
(pKa = 5-6), thereby achieving specific anchoring of lysosomes
(pH = 4-5) in the cell."” Therefore, we believe that XZTU-VIS is
very suitable for two-photon fluorescence imaging of lysosomal
polarity changes in living cells and achieving long-term imaging
analysis of autophagy. In vitro experiments showed that XZTU-
VIS exhibited high sensitivity to environmental viscosity and
could achieve long-term in situ imaging analysis of autophagy. A
DU mouse model was established in this work, and in situ
detection of autophagy in cells and mice was successfully ach-
ieved. Studies have found that DU can cause autophagy, and
inhibiting inflammation significantly reduces the degree of
autophagy, indicating that DU induces autophagy through
inflammation.

Results and discussion
Synthesis and characterization of XZTU-VIS

In this study, a two-photon fluorescence probe XZTU-VIS was
designed and synthesized. The synthesized probe uses quino-
line as the fluorescent matrix (), 2-(3,5,5-trimethylcyclohex-2-
en-1-ylidene)malononitrile as the electron acceptor (A), and 4-
(4-ethynylphenyl)morpholine as the electron donor (D) as well
as served as a solvent polarity-dependent group enabling the
probe to indicate polarity changes in the environment. In
addition, the organic base morpholine enriches in the lyso-
somes with a strong acid environment, thus ensuring that the
probe was effectively targeted to lysosomes in the cell. The
synthetic route is shown in Fig. 1a. The 4-(4-ethynylphenyl)
morpholine, 6-iodoquinoline-2-carbaldehyde, and 2-(3,5,5-
trimethylcyclohex-2-en-1-ylidene)malononitrile were synthe-
sized in accordance with the procedures reported in the litera-
ture.’*?*  Briefly, 4-(4-ethynylphenyl)morpholine and 6-
iodoquinoline-2-carbaldehyde underwent a Sonogashira
coupling reaction under the action of Cul and Pd(PPh;)Cl, to
generate compound 1. Specifically, under the action of piperi-
dine, compound 1 underwent a condensation reaction with 2-
(3,5,5-trimethylcyclohex-2-en-1-ylidene)malononitrile to
generate the target probe XZTU-VIS. The detailed characteriza-
tion data for XZTU-VIS was presented in Fig. S1-S4.F

Sensing performance of XZTU-VIS

The optical properties of XZTU-VIS were measured first in
solvents with different polarities. As shown in Fig. 1b, XZTU-VIS
exhibits different brightness under excitation with 365 nm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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excitation in different solvents. The brightness in solvents with
small polarity, including toluene, chloroform, dioxane, and
dichloromethane, is significantly higher than that in solvents
with large polarity such as PBS, MeOH and EtOH, etc. Fig. 1c
and d show the absorption and emission spectra of XZTU-VIS in
different solvents, and the photophysical parameters of XZTU-
VIS, including maximum absorbance, maximum emission,
quantum yield, and Stokes shift, are listed in Table S1.}
Meanwhile, the relationship between absorption and the
dielectric constant as well as fluorescence intensity and the
dielectric constant of the different solvents is shown in Fig. S5.+
These data showed that XZTU-VIS was very sensitive to solvent
polarity and met the design requirements of polarity probes.
The results showed that although the absorption of XZTU-VIS
did not change significantly in different solvents except in
PBS, but the fluorescence intensity changed significantly. In
order to further explore the relationship between XZTU-VIS and
polarity, the spectral response of XZTU-VIS to polarity changes
was studied using the dioxane/PBS system. As shown in Fig. 1e
and f, the absorption intensity of XZTU-VIS in PBS and PBS
contain 10% foetal bovine serum (FBS, physiological environ-
ment simulation system) is negligible, while the maximum
absorption wavelength in dioxane reaches 345 nm (¢ = 1.43 X
10*, in which ¢ is the molar absorptivity). The fluorescence
spectrum shows that XZTU-VIS has almost no fluorescence
release in PBS and PBS contain 10% FBS, while the fluorescence
intensity in dioxane increases by about 80-fold (¢ = 0.173, in
which @ is the quantum yield), and the Stocks shift reaches
149 nm. What's more, in order to prove the two-photon excita-
tion of XZTU-VIS in both PBS and dioxane, the relationship
between two-photon emission intensity and excitation light
power was investigated. The results showed that the square of
the two-photon excitation light power and the slope of the two-
photon fluorescence intensity of XZTU-VIS in ethanol and
dioxane were both close to 2.0 (2.04 and 2.29, respectively),
indicating two-photon absorption processes of XZTU-VIS under
different polarities®* (Fig. 1g and h).

In addition, fluorescence titration experiments showed that
under one-photon excitation and two-photon excitation, the
fluorescence intensity of XZTU-VIS in dioxane was about 80-fold
and 628-fold higher than that in PBS, respectively (Fig. 2a and
c). The relationship between fluorescence intensity and the
dielectric constant of the solvents is shown in Fig. 2b. These
data showed that XZTU-VIS was very sensitive to solvent polarity
and met the design requirements of polarity probes. In order to
evaluate whether XZTU-VIS can be used for two-photon confocal
imaging, the two-photon active cross-section of the probe in
ethanol and dioxane was explored. According to the results
shown in Fig. 2d, under an excitation of 810 nm, the maximum
two-photon activity cross-sections of XZTU-VIS in PBS and
dioxane reached 8 GM and 36 GM (1 GM = 1 x 10~ °° cm* s per
photon), respectively, indicating that the probe can be applied
to two-photon confocal imaging. Finally, the influence of
potentially interfering intracellular substances on the fluores-
cence of XZTU-VIS was investigated. According to the results
shown in Fig. 2e, regardless of whether the probe is in dioxane
or PBS, the potential interferers (e.g., 1 mM Fe*", Fe**, K*, Na*,
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Fig. 1 (a) Chemical structures and synthetic route of compound XZTU-VIS. (b) Photograph of XZTU-VIS under 365 nm UV irradiation from
a hand-held UV lamp in different solvents. Absorption spectra (c) and fluorescence spectra (d) of XZTU-VIS in different solvents. Absorption
spectra (e) and fluorescence spectra (f) of XZTU-VIS in PBS (blue line), PBS contain 10% FBS (black line) and dioxane (red line). Logarithmic plots of
the dependence of fluorescence intensity on excitation power for XZTU-VIS in PBS (g) and dioxane (h). Data represent the mean of three
replicates and the error bars indicate the SD. Concentration of XZTU-VIS: 10 uM.
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Fig. 2 (a) One-photon fluorescence spectra of XZTU-VIS in dioxane/PBS mixtures with different dioxane fractions (f.). (b) The fluorescence
intensity with the dielectric constant. (c) Two-photon fluorescence spectra of XZTU-VIS in dioxane/PBS mixtures with different dioxane fractions
(fo). (d) Two-photon active cross-section (6®) of XZTU-VIS in dioxane (red line) and PBS (blue line) under 760-860 nm excitation wavelengths. (e)
Fluorescence changes of XZTU-VIS (10 uM) to 200 uM various analytes in PBS (blue column) and dioxane (contains a small amount of PBS, red
column). The tested analytes: control, Fe?*, Fe3*, K*, Na*, Ca®*, Ag™, Zn®", Cys, GSH, Sec, H.S, SO,, H,0,, -OH, HCIO, -O,~, NO, NO, and
ONOO™. The one-photon excitation wavelength is 360 nm. In (b) and (e), data represent the mean of three replicates and the error bars indicate
the SD. Concentration of XZTU-VIS: 10 pM.
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Fig. 3 Two-photon real-time confocal fluorescence imaging of BV2 cells in (a) starvation (autophagy), (b) rich-nutrient (control), and (c)
starvation + 3-MA, respectively. Cells were stained with XZTU-VIS (10.0 uM) for 30 min before imaging. (d) Histograms of average rel. fluo-
rescence intensity of XZTU-VIS in starvation (red line), rich-nutrient (black line) and starvation + 3-MA (blue line) at different times (0, 1, 2, 3, 4 h).
Data are presented as the mean + SD (starvation: n = 40 cells from three cultures; rich-nutrient: n = 37 cells from three cultures; starvation + 3-
MA: n = 33 cells from three cultures). ey = 810 Nm, Ae, = 500-550 nm. Scale bar: 50 um.

Ca*', Ag", Zn**, Cys, GSH, Sec, H,S, and SO, or 100 uM H,0,,
-OH, HCIO, -0, , NO, NO,, and ONOO ) cannot change the
fluorescence intensity of XZTU-VIS, indicating that XZTU-VIS
has good selectivity and can accurately achieve the in situ
imaging of cell polarity. To further investigate the selectivity of
XZTU-VIS to indicate cell polarity in physiological environment,
we next explored the effect of serum and protein (bovine serum
albumin as an example) on the fluorescence intensity of XZTU-
VIS. The results clearly showed that serum and different
concentrations of bovine serum albumin did not interfere with
the fluorescence intensity of XZTU-VIS, indicating that XZTU-
VIS can accurately detect cell polarity in a physiological envi-
ronment (Fig. S61).

Bioimaging application of XZTU-VIS in living cells

Before being adopted in fluorescence imaging, the biocompat-
ibility and photostability of XZTU-VIS were investigated. As
shown in Fig. S7,f after 24 h incubation with different
concentrations of XZTU-VIS (0, 5, 10, 15, 20 uM), BV-2 cells still
had a survival rate above 90% according to the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. In the meantime, the probe-loaded cells were subjected
to 810 nm two-photon excitation, and data were collected every
5 min. According to the results shown in Fig. S8,7 the fluores-
cence intensity of the green channel (500-550 nm) remained
almost unchanged within 60 min. The above experiments
showed that XZTU-VIS had good biocompatibility and photo-
stability and was suitable for real-time imaging monitoring and

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

analysis of the autophagy process in living cells. Then, the
distribution of XZTU-VIS in cells was investigated to verify
whether XZTU-VIS was capable of indicating the degree of
autophagy. Commercial colocalization dyes (Lyso-Tracker
Green for lysosomes, Mito-Tracker Green for mitochondria,
and ER-Tracker Green for the endoplasmic reticulum) were
used along XZTU-VIS to stain the cells and explore the locali-
zation ability of the probe to different subcellular organelles.
The probe-loaded cells were incubated with 60 nM Lyso-
Tracker-Red, Mito-Tracker-Red, and ER-Tracker-Red for
30 min before being subjected to confocal imaging. The results
are shown in Fig. S9.1 The fluorescence of XZTU-VIS overlaps
well with that of Lyso-Tracker-Red. The Pearson coefficient
reaches 0.94, while the Pearson coefficients in the mitochondria
and endoplasmic reticulum are 0.24 and 0.28, respectively,
indicating that XZTU-VIS can specifically target lysosomes.
These features provide a theoretical basis for in situ detection of
autophagy.

In order to explore whether XZTU-VIS can be interfered with
by viscosity in living cells, it was incubated with BV-2 cells at
different temperatures (37 °C, 25 °C, and 5 °C, where the
viscosity increases with decreasing temperature®®), and the
changes in cell viscosity were measured. As shown in Fig. S10,}
under two-photon excitation, the fluorescence intensity of
probes incubated at 4 °C and 25 °C showed no significant
changes, thus excluding the response of XZTU-VIS to intracel-
lular viscosity. In addition, the cells were incubated with
sucrose to increase their polarity successively."® The results

RSC Adv, 2022, 12, 3654-3661 | 3657
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Fig. 4 Two-photon fluorescence imaging (a) and averaged fluorescence changes (b) of XZTU-VIS-loaded (10 uM) BV-2 cells undergoing LPS/
IFN-y when subjected to different treatments: sham group (untreated cells); control group (LPS/IFN-vy treated cells); NS-398 group (NS-398
treated cells during LPS/IFN-y induced inflammation); APO group (APO treated cells during LPS/IFN-y induced inflammation), negative group
(negative control group of NOX2KD) and NOX2 KD group (NADPH oxidase 2 gene knockout). For the fluorescent images, the experiment was
repeated using three cultures; similar results were obtained each time. Scale bar, 50 um. For the fluorescence change: for untreated cells, sham
group: n = 43 cells from three cultures; for scrap leather treated cells, control group: n = 31 cells from three cultures; for NS-398 treated cells
during scrap leather induced inflammation, NS-398 group: n = 55 cells from three cultures; for APO treated cells during scrap leather induced
inflammation, APO group: n = 43 cells from three cultures; for negative control group of NOX2KD, negative group: n = 46 cells from three
cultures; for NADPH oxidase 2 gene knockout, NOX2KD group: n = 47 cells from three cultures. (c and d) ELISA assay of (c) TNF-a and (d) IL-1B
levels in cells from samples in (a). (e) H,O, levels in cells from samples in (a). (f) BV-2 Cell survival rate via CCK-8 assay from samples in (a).
Difference was analysed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Aex = 810 NmM; A, = 500-550 nm. In (b) and (c—f), the error bars

indicate the SD.

showed significantly reduced fluorescence intensity, indicating
that the probe was capable of in situ imaging analysis of cell
polarity fluctuations. Subsequently, autophagy inducer rapa-
mycin (100 nm, mTORC1 complex inhibitor) and starvation
were adopted to induce autophagy and prove the probe's auto-
phagy detecting ability.>® As shown in Fig. S9,7 under 810 nm
two-photon excitation, the green channel (500-550 nm) fluo-
rescence intensity of the cells treated with rapamycin and
starvation is negligible. It is worth noting that the green channel
fluorescence of the cells treated with starvation recovered after
continued incubation with 3-methyladenine® (3-MA, 10 uM).
The above experiments showed that XZTU-VIS could respond to
intracellular autophagy and achieve in situ imaging analysis of
autophagy. Finally, LPS/IFN-y was used to stimulate inflam-
matory responses in the cells,> and the results showed that the
green channel (500-550 nm) fluorescence intensity was signif-
icantly reduced. The fact that 3-MA could significantly enhance
the green channel (500-550 nm) fluorescence intensity of
inflammatory cells indicated that XZTU-VIS could achieve in situ

3658 | RSC Adv, 2022, 12, 3654-3661

imaging analysis of the autophagy degree during cellular
inflammation.

To further evaluate the real-time autophagy monitoring
ability of XZTU-VIS, BV-2 cells stained with XZTU-VIS were
cultured under different cell culture conditions (starvation,
nutrient-rich, and starvation + 3-MA), and real-time two-photon
confocal imaging analysis was performed at different times (0,
1, 2, 3,4 h). As shown in Fig. 3, the green channel (500-550 nm)
fluorescence intensity of the cells in starvation decreases
continuously with time. However, the fluorescence intensity of
cells pre-treated with autophagy inhibitor 3-MA or with normal
nutrients remained constant over time, indicating that XZTU-
VIS could achieve real-time imaging and analysis of auto-
phagy. Next, inflammation inducer LPS was used to trigger an
inflammatory response in BV-2 cells and determine whether
XZTU-VIS could effectively respond to inflammation-induced
autophagy.

Encouraged by the above experiments, LPS/IFN-y was then
used to stimulate inflammatory responses in the cells. Extensive
literature indicated that autophagy was usually caused by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) In situ TP fluorescence imaging of the diabetic ulcer wound healing tissue of mice and (b) averaged fluorescence changes of XZTU-

VIS-loaded (200 pL, 100 uM) wound healing tissue when subjected to different treatments: sham group (untreated); control group (wound tissue)
and NS-398 group (wound tissue pre-treated with NS-398). Emissions were collected at green channel (500-550 nm) with 810 nm excitation. (c)
Hematoxylin and eosin (H&E) staining (organ damage) analysis, IL-6 immunohistochemistry staining (IL-6 expression revealed), immunofluo-
rescent staining (LC3B expression revealed), and DHE staining (ROS revealed) of wound tissue when subjected to different treatments. (d—f)
Quantification of IL-6, LC3-B-positive cells, and ROS-positive cells from samples shown in (a). n = 5 per group. Difference was analyzed by one-
way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 200 pm. In (b) and (d—f), the error bars indicate the SD.

increase of intracellular ROS levels. In the meantime, autophagy
consumes and degrades excess intracellular ROS to ensure cell
stability. On the other hand, inflammation is usually caused by
the release of large amounts of ROS induced by oxidative stress.
Therefore, the DU-induced inflammation, in turn, induces
autophagy by regulating the degree of cellular oxidative stress.
The results are shown in Fig. 4a and b. The green channel (500-
550 nm) fluorescence intensity of the LPS/IFN-y treatment
group was almost negligible compared to the sham group
(untreated cells, p < 0.001). After being subjected to inflamma-
tion inhibitors NS-398 (10 mM, cyclooxygenase-2 inhibitor*),
NOX-2 inhibitors apocynin (APO, 10 mM, NADPH oxidase 2
inhibitor**), and NOX-2 gene silencing (NOX2KD, operational
approach according to the reported method*), the degree of
autophagy was significantly reduced, indicating that LPS/IFN-y
causes inflammation by inducing oxidative stress in the cells. In
the meantime, green channel (500-550 nm) fluorescence
intensity of the negative control group (negative group, opera-
tional approach according to the reported method®) was

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

significantly higher than that of the NOX-2KD group (p < 0.001).
The above experiment fully demonstrated that the NOX-2
protein could regulate oxidative stress in cells and cause
inflammation. The conclusion was also proved by ELISA
(Fig. 4a-e). The trends of inflammatory factors (TNF-o and IL-
1B) and hydrogen peroxide (H,O,, cellular oxidative stress
marker®®) content were consistent with that of the ratio signal,
indicating that inhibiting oxidative stress could significantly
inhibit cellular inflammation. More importantly, the CCK-8
experiment showed that both oxidative stress inhibitors and
inflammation inhibitors alleviated the apoptosis induced by
cell inflammation (Fig. 4f).

Based on the above findings, fluorescence imaging of
inflammatory wound tissue of XZTU-VIS was investigated. The
diabetic mice were divided into three groups: the first group is
the control group; the second group received a cut in the right
foot; the third group received a cut in the right foot and
a subcutaneous injection of NS-398 on the inner thigh. After
12 h, the three groups of mice were injected subcutaneously
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with 200 pL of 100 uM XZTU-VIS on the inner thigh. After
another 1 h, the wound sections of the three groups were sub-
jected to imaging. As shown in Fig. 5a and b, the results were
similar to the cell model. Compared with normal mice, the
green channel (500-550 nm) fluorescence intensity of the skin
tissue from mice with cuts was significantly reduced (p < 0.001).
The fluorescence signal of the group pre-injected with NS-398
was significantly higher than that of the group with cuts (p <
0.001), indicating that the wound could induce inflammation in
mice. H&E staining showed that the skin tissue of the mice in
the control group had clear structures and normal cellular
morphology. The skin tissue of the mice in the group with cuts
showed obviously abnormal structures, pyknotic cell nuclei,
and a significant increase in inflammatory cells. However, the
tissue structure of mice injected with NS-398 was less damaged
and even recovered, with reduced nuclear pyknosis and
inflammatory cells (Fig. 5¢). In the meantime, the expression of
IL-6 measured by immunohistochemical staining and the ROS
levels measured by DHE staining was consistent with the cell
experiment results (Fig. 5c—f). The above experimental results
showed that the wound caused inflammation in mice, and NS-
398 protected the mice from skin damage by the inflammatory
response.

Conclusions

In this work, we developed a two-photon fluorescence probe
with lysosomal targeting properties for real-time, efficient, and
accurate monitoring of autophagy. The probe XZTU-VIS showed
high selectivity for changes in lysosomal polarity and lyso-
somes, which could help achieve high accuracy and fidelity in
the fluorescence imaging of inflammation-induced autophagy.
With good two-photon photophysical properties, low cytotox-
icity, and sensitive response to polarity changes, the probe
XZTU-VIS could help monitor the lysosomal polarity changes in
BV-2 cells and skin ulcers in diabetic mice and achieve auto-
phagy level assessment. In addition, the probe was the first
molecular tool used to visualize the development of inflam-
mation induced by skin ulcers in diabetic mice. This work
proved that the lysosome-targeting two-photon fluorescence
probe had great potential in studying inflammation and auto-
phagy induced by inflammation.
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