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Background: Dynamic surveillance of vasculature is essential for evaluating the healing of oral ulcer.
Existing techniques used in vascular imaging face limitations, such as inadequate spatial resolution, restricted
diagnostic depth, and the necessity of exogenous contrast agents. Therefore, this study aimed to use robust
photoacoustic imaging (PAI) for the dynamic monitoring of vascular response during healing and the
associated treatment process of oral ulcer.

Methods: Kunming mice (male, 8 weeks old, 31-41 g) were treated with 50% acetic acid for 90 s on the
tongue mucosa for induction of oral traumatic ulcer. Mice were randomly divided into three groups (n=12):
the control, compound chamomile and lidocaine hydrochloride gel (CCLH), and phycocyanin (PC) groups.
PAI was then conducted on days 0, 2, 3, 5, and 7 to obtain vessel parameters of the ulcer area, including
vessel intensity, density, mean diameter, maximum diameter, and curvature. Immunohistochemical and
hematoxylin and eosin (HE) staining were performed on days 3 and 7 to assess microvessel density and
inflammation score. The ulcer healing rate and body weight changes were evaluated for clinical observation.
Results: Beginning on the second day after ulcer induction, there was a progressive increase over time
in blood intensity and vessel parameters, including vascular density and diameter. On day 7, the CCLH
and PC groups demonstrated significantly higher measures than did the control group in terms of blood
intensity (P<0.05 and P<0.01), vascular density (both P values <0.05), mean diameter (both P values <0.01),
and maximum diameter (P<0.01 and P<0.05). Vessel curvature in the two treatment groups exhibited no
significant differences compared to that in the control group (both P values >0.05). The effects of vascular
morphological changes were further supported by the histological and clinical outcomes. On day 7,
compared to that of the control group, the level of microvessel density was significantly higher in both the
CCLH (P<0.01) and PC (P<0.05) groups. The histopathological score in PC group was significantly lower
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than that of the control group on day 7 (P<0.05). Additionally, compared to that of the control group, the
healing rates of the CCLH (P<0.01) and PC groups (P<0.05) were superior on day 7. On day 3, the control
group showed more weight loss than did the CCLH (P<0.05) and PC (P<0.01) groups.

Conclusions: These findings indicate that PAI is a valuable strategy for the dynamic and quantitative

analysis of vascular alterations in oral traumatic ulcers and support its prospective application in improving

clinical treatment.
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Introduction

Oral traumatic ulcer is a common mucosal ailment that
manifests as a loss of epithelium and underlying connective
tissue (1,2). The healing period for oral mucosal traumatic
ulcers is typically between 7 and 14 days. However,
insufficient angiogenesis may impede the healing process
and lead to chronic wound formation (3). Revascularization
is a pivotal vascular event in the proliferative phase of
wound healing since it facilitates adequate oxygen and
nutrient supply and promotes growth factor secretion in the
ulcer site to accelerate the final repair of the mucosal defect
(4,5). Other vascular responses such as blood coagulation,
vascular leakage, and damage are also crucial processes
that affect wound healing (6). Therefore, gaining insights
into the spatiotemporal dynamics of these phenomena
may facilitate a comprehensive characterization of wound
healing progression and the development of effective
therapeutic strategies to expedite recovery.

Although the role of the vascular system in ulcer healing
has recently attracted increased attention, it nonetheless
remains largely underexplored. Several conventional
imaging techniques used for detection, including
microtomography angiography, confocal microscopy,
laser speckle imaging, multiphoton microscopy, and
ultrasound imaging, have been limited by insufficient
spatial resolution, restricted diagnostic depth, and the need
for exogenous contrast agents (7-9). As a result, there is a
pressing need for a more robust vascular imaging method
that can be used to fully understand the vascular response
during the wound healing process. Based on the strong
intrinsic optical absorption contrast from hemoglobin,
photoacoustic imaging (PAI) enables label-free visualization
of vascular structure and function with micron-scale
imaging resolution and effective tissue penetration (10-13).
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In addition, the long-term and real-time tracking ability of
PAI can provide dynamic surveillance and assessment of the
vascular response. PAI has exhibited promise in an array
of biological and clinical applications, including eclampsia,
ischemic stroke, myocardial infarction, and obesity (14-17).
For example, Petri ez al. (18) were the first to apply PAI to
evaluate the treatment of human foot ulcers, demonstrating
that PAI possesses great potential as an auxiliary diagnostic
tool and therapeutic intervention in ulcer healing
assessment and ulcer care management. The development
of small instruments designed specifically for oral use
further indicates the enormous potential application value
of PAI technology in oral diseases, including oral ulcers
(19,20). Furthermore, the use of mouse models mimicking
oral ulcers in humans can facilitate more convenient and in-
depth monitoring, as mice exhibit a resemblance to humans
in terms of oral mucosal structure (21,22). However,
literature on the dynamic characterization and quantitative
analysis of vasculature changes and of the associated
treatment response in oral traumatic ulcer model of mice
using PAT is lacking.

Therefore, we conducted a study that employed PAI to
evaluate and analyze the changes in blood perfusion and
vascular structures in oral traumatic ulcers as well as the
associated treatment processes of compound chamomile
and lidocaine hydrochloride gel (CCLH) and phycocyanin
(PC), which have been extensively researched and reported
in wound care and treatment (23-26). The therapeutic
effect of the latter in oral ulcers warrants further
verification. In addition, we further corroborated the
in vivo PAI findings with histological and clinical analysis
of vessel density and ulcer healing rate. These findings
might provide further insight into the vascular responses
and application of novel drugs for treating oral ulcers.
We present this article in accordance with the ARRIVE
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Figure 1 Experimental procedures of the study. Kunming mice were allocated into a control group (n=12), CCLH group (n=12), PC

group (n=12), and normal group (n=3). The PAI system was employed on days 0, 2, 3, 5, and 7 to acquire parameters associated with tissue

perfusion and vascular structures. Ulcer tissues obtained from mice on days 3 and 7 were subjected to histological analysis. Ulcer area

measurements on days 1, 3, 5, and 7 were used to quantify the degree of healing as the ulcer healing rate. The animals’ initial weights were

recorded at day 0, and subsequent weights were measured at 1, 3, 5, and 7 days after ulceration to assess changes in body weight. CCLH,

compound chamomile and lidocaine hydrochloride gel; PC, phycocyanin; PAI, photoacoustic imaging; HE, hematoxylin and eosin.

reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-123/rc).

Methods
Animals

This study was approved by the Animal Research Ethics
Committee of Guangdong Huawei Testing Co., Ltd.
(No. 202306004) and was conducted in compliance with
national and institutional guidelines for the care and use of
animals. A total of 39 male Kunming mice, aged 8 weeks
and weighing 31-41 g, were purchased from Guangdong
Huawei Testing Co., Ltd. (Guangzhou, China). The mice,
with five animals per cage, were acclimatized for one
week under specific pathogen-free (SPF) conditions at a
temperature of 22-24 °C, a relative humidity of 50-70%,
and a 12-hour light-dark cycle, with free access to food and
water. The sample size was determined based on a previous

study (27).
Induction of oral mucosa traumatic ulcer
Mice were anesthetized with 2% pentobarbital sodium. The

induction method for oral traumatic ulcers was adapted
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from Chen et al. (28). Briefly, a round plastic tube (3 mm
in diameter) filled with cotton balls soaked in 3 mL of
50% acetic acid (Henan Jinmao Medical Technology Co.,
Ltd., Zhengzhou, China) was pressed into the right dorsal
surface of the tongue mucosa for 90 s. An ulcer bed present
on the tongue after 24 hours indicated successful model
establishment (29). The experimental protocol is shown
in Figure 1. Random numbers were generated using the
“=RAND ()” function in Microsoft Excel (Microsoft Corp.,
Redmond, WA, USA) to allocate mice into three groups
(n=12) (30). In the control group, ulcers were left without
any treatment; in the CCLH group, CCLH (Kamistad,
STADA Arzneimittel AG, Bad Vilbel, Germany) was
applied on the ulcer site of the tongue mucosa twice a
day; in the PC group, 200 mg/L of PC solution (Zhejiang
Binmei Biotechnology Co., Ltd., Taizhou, China) was
administered as the sole source of water. After seven days of
treatment, all the mice were euthanized under anesthesia.
All experiments were conducted by the same investigator to
minimize potential biases. Only the treatment provider was
aware of the group allocation during the trial.

PAI system

Figure 24 shows the schematic diagram of the oral
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Figure 2 Schematic of oral traumatic ulcer pathology, PAI system, and its imaging principle. (A) Schematic diagram of the oral traumatic

ulcer lesion and representative PA images of a healthy mouse tongue from the dorsal and ventral surfaces (created with Biorender.com). (B)

Schematic of the PAI system (created with Biorender.com). (C) Images of the multilayer leaf vein. (D) The lateral resolution of the system

evaluated with a sharp edge. PAI, photoacoustic imaging; DL, deep lingual artery; FC, fiber coupler; SME, single-mode fiber; M, mirror;

FPGA, field-programmable gate array; OL, objective lens; UT, ultrasonic transducer; DAQ, data acquisition card; PA, photoacoustic; ESE,
edge spread function; LSE, line spread function; FWHM, full width at half maximum.

traumatic ulcer model and PAI system used to depict the
normal vasculature of the tongue (31). The actual imaging
system is shown in Figure S1, and the operating principle
of the system is shown in Figure 2B. A 532-nm laser
(5 ns, 10 kHz) was used and coupled to a single-mode fiber
through a fiber coupler. The collimated light was scanned
by a fast two-dimensional mirror scanner driven by a field-
programmable gate array (FPGA) and focused with an

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

objective lens for photoacoustic (PA) signal excitation. For
detecting the PA signals, an ultrasonic transducer with a
15-MHz center frequency and -6-dB fractional bandwidth
of over 80% was used and coupled with the imaging area
of oral mucosa through medical ultrasound coupling gel.
Subsequently, the signals were amplified with an amplifier,
digitalized via a data acquisition card, and ultimately stored
in a computer. The imaging depth of this PAI system was
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900 pm (Figure 2C). The lateral and axial resolutions were
18.00 and 140.36 pm, respectively (Figure 2D, Figure S2).
The traumatic ulcer area of anesthetized mice was scanned
with this the system on days 0, 2, 3, 5, and 7 to obtain PA
images. Since tissue edema on day 1 reduced the ability
of light to penetrate through the tissue, images were not
obtained on day 1. A distinct area of vascular interruption
after ulcer induction was indicated by a decrease in PA
signals and defined as the region of interest (ROI; 1 mm
x 1 mm) (32). The surrounding blood vessels and branch
points remained relatively intact and exhibited stable
morphological and distribution characteristics over time,
serving as feature points. Comparison of these feature
points at different stages ensured that the positions of ROIs
remained consistent relative to these points throughout the
entire experiment (33).

Image processing and quantification of vascular
parameters

The original PA images underwent filtering and
enhancement to improve blood vessel contrast and
emphasize the vascular structure. Subsequently, the blood
vessels were segmented through threshold processing.
Vascular skeletons were then extracted via a multistencil fast
marching algorithm. Based on the original and processed
images, the vessel parameters including vessel intensity,
density, mean diameter, maximum diameter, and curvature
can be computed. The vessel intensity was extracted by
fitting a normalized Gaussian curve to the cross-sectional
profile of the vessel along the y direction. The vessel
density can be estimated as the ratio of the vessel pixel
number to the total pixel number. For each point of the
vascular skeleton, the vessel diameter was calculated as the
Euclidean distance between the edge lines orthogonal to the
centerline (34). Vessel curvature was computed as the ratio
of the actual path length (arc length) over the linear distance
(chord length) between a pixel point and its neighboring
point along the same branch, while curvature at every
pixel of the vessel was summed. All vessel parameters
were normalized to the baseline values obtained on day
0. To clarify the quantitative results, three-dimensional
visualization was performed based on PA data using the
Amira software platform (Thermo Fisher Scientific,
Waltham, MA, USA). A green-dotted cube was used to
highlight the three-dimensional images of ROIs, with a
total volume of 1x1x1 mm’. Representative cross-sectional
PA images were segmented manually to further illustrate

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

4337

the healing process in the PC group.

Histological analysis of oral traumatic ulcer

The animals were euthanized using phenobarbital on days 3
and 7. The normal group (n=3) comprised of mice without
oral traumatic ulcers, was used in immunohistochemistry.
The excised ulcer tissues were preserved in 4%
paraformaldehyde solution and then embedded in paraffin
and sectioned into 4-pm slices. Immunohistochemical
staining was performed according to normal procedures.
Briefly, the samples were incubated overnight at 4 °C with
primary antibodies against CD34 (dilution 1:2,000; lot:
ab81289; Abcam, Cambridge, UK) and then exposed to
the secondary antibodies and substrate. The images of
stained sections were obtained with a Leica GT450 scanner
(Leica Microsystems, Wetzlar, Germany). Some sections
for immunohistochemical staining were excluded from the
study, as they did not contain ulcer tissue or tissue after
ulcer healing. The microvessel density was then assessed
through CD34 staining following a previously described
protocol (35). This was followed by hematoxylin and eosin
(HE) staining, based on which an inflammation score from
0 to 4 (36) was determined by two pathologists in a blinded
manner.

Clinical evaluation

The animals were weighed at day 0 (initial weight) and then
weighed at 1, 3, 5, and 7 days (final weight) after ulceration.
The body weight was evaluated according to the following
formula: weight changes (g) = (final weight - initial weight).
On days 1, 3, 5, and 7, we measured the ulcer area by a
ruler with I-mm precision and obtained the ulcer area as
follows: ulcer area (mm’) = (D x d x n/4), where D is the
larger diameter, and d is the smaller diameter. The degree
of healing was expressed as the ulcer healing rate, which was
calculated as follows: ulcer healing rate (%) = ([A; - AJ/A,
x 100%), where A, is the initial ulcer area on day 1, and A,
is the ulcer area at the specific time of observation (28). No
adverse events were observed in the mice during this study.

Statistical analysis

Data were analyzed using SPSS version 26.0 (IBM Corp.,
Armonk, NY, USA). All results are presented as the mean
+ standard deviation (SD). Statistical comparisons of
groups were conducted using one-way analysis of variance
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(ANOVA) with the least significant difference (LSD) post
hoc analysis when there was homogeneity of variance.
Otherwise, the Dunnett T3 method was used. Statistical
significance was set at P<0.05.

Results

In vivo PAI monitoring of changes in blood perfusion
during ulcer bealing

To understand the dynamic blood vessel responses after
traumatic ulcer induction, PA images were obtained at
0, 2, 3, 5, and 7 days (Figure 3). PA signals often reflect
information about the hemodynamics including tissue
perfusion; therefore, distinct hemorrhaging, vascular
recovery, and injury could be visualized in three-
dimensional PA images (Figure 3B), as demonstrated in
Figure 34. On the second day after ulcer induction, the
lingual vessels at the ulcer area were absent to differing
degrees in three groups, and PA signals were weakened
due to vascular damage. Subsequently, there hemorrhage
was apparent in the PA images of all three groups, which
was indicated by diffuse spot-like signals, which were
particularly pronounced in the control group. The intense
hemorrhaging led to strong PA signals, which was calculated
as the vessel signal during processing. Therefore, no
significant differences were found in blood intensity among
groups on day 3, with 66.48%+11.19% in the control group,
73.56%+12.54% in the CCLH group, and 73.73%=+7.03%
in the PC group (all P values >0.05) until the hemorrhage
had receded. These bleeding signals gradually decreased
over time and were replaced by reperfusion of blood vessels
at each corresponding time point, eventually disappearing.
In the CCLH and PC groups, the vessel intensity
gradually increased as the ulcer healed and by day 7, had
nearly returned to baseline levels of 90.82%=8.15% and
96.57%=x9.68%, respectively. Ultimately, both the CCLH
[95% confidence interval (CI): 1.97-28.82; P=0.027] and PC
(95% CI: 7.72-34.58; P=0.004) groups experienced greater
blood circulation than did the control group. Differences
in microvascular morphology delineated in close-ups of
representative ROIs further confirmed this finding. Several
collateral vessels barely visible and poorly perfused before
ulcer formation were recruited in CCLH and PC groups
on day 7. By contrast, the recovery of the vasculature in the
control group was less significant.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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In vivo PAI characterization of alterations in vascular
structures during ulcer bealing

To gain quantitative insight into the dynamic alterations
of vessel structures during ulcer healing, the vascular
parameters (density, mean diameter, maximum diameter,
and curvature) were obtained from mice before and after
traumatic ulcer induction (Figure 44,4B). It was observed
that these parameters immediately decreased on day 2.
Subsequently, vascular density and mean and maximum
diameter displayed an overall upward trend with time.
The control group showed a slight increase, while the
CCLH and PC groups exhibited a greater increase,
nearly returning to baseline levels by the seventh day. On
day 7, compared to the control group, the CCLH and
PC groups demonstrated significantly higher vascular
density (CCLH group: 92.25%+22.26%, 95% CI:
2.03-54.99, P=0.037; PC group: 97.12%+26.46%, 95%
CI: 6.91-59.87, P=0.017), mean diameter (CCLH group:
92.71%+£26.92%, 95% CI: 9.50-58.89, P=0.009; PC
group: 102.92x16.08, 95% CI: 19.71-69.10, P=0.002), and
maximum diameter (CCLH group: 100.18%+17.88%, 95%
CI: 18.80-70.77, P=0.002; PC group: 87.05%+21.33%,
95% CI: 1.70-61.62, P=0.039). Vessel curvature remained
relatively constant over time and exhibited no significant
differences among the control (93.08%=6.53%), CCLH
(104.30%7.50%), and PC (98.42%+8.36%) groups (all P
values >0.05). Three-dimensional volumetric PA images
further depicted the increased complexity of the vascular
network in the healing process of mice treated with PC,
including enhanced vascular density and enlarged diameters
(Figure 4C,4D). Finally, the restored vasculature with
prominent morphologies at both the local and overall levels
could be clearly observed after 7-day PC treatment.

Histological changes in vascularization and inflammation
in the ulcer site

We further analyzed the vessel density in the ulcer
tissue using CD34 staining (Figure 5A4,5B). On the third
day, the level of microvessel density in the control and
CCLH groups was lower than that of the normal group,
measuring 90.22+69.17 (95% CI: 99.44-432.78; P=0.007)
and 129.67+61.59 (95% CI: 78.77-532.34; P=0.019),
respectively. However, the microvessel density of the
PC group was 299.33+153.24, showing no significant
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Figure 3 In vivo PAI monitoring of changes in blood perfusion during ulcer healing. (A) Longitudinal visualization of the vascular system
in the tongue mucosa before and after traumatic ulcer modeling. The dotted rectangles indicate the ROIs, and the dotted ellipse indicates
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**, P<0.01. CCLH, compound chamomile and lidocaine hydrochloride gel; PC, phycocyanin; PAI, photoacoustic imaging; ROI, region of
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difference compared to the normal value (P>0.05). On the
seventh day, in comparison to that in the control group, the
vascular density at the ulcer site was remarkably elevated
to 491.58+80.02 in the CCLH group (95% CI: 128.22-
459.39; P=0.003) and 396.44+35.88 in the PC group (95%
CI: 21.65-375.68; P=0.032). Meanwhile, the blood vessel

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

coverage in the control group was 197.78+167.21, which
indicated that it had not yet returned to normal levels (95%
CI: 20.99-375.01; P=0.032).

The HE staining demonstrated surface epithelial
necrosis and dense neutrophil infiltration in the oral
traumatic ulcer tissue of the control group on the third day
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Figure 6 Clinical evaluation of ulcer area and weight changes. (A) Traumatic ulcer healing process under control, CCLH treatment, and

PC treatment conditions on days 1, 3, 5, and 7 after traumatic ulcer induction. (B) Quantification of the ulcer healing rate according to

macroscopic observation (n=12 on day 3; n=6 on days 5 and 7). (C) Weight changes in three groups at different time points after traumatic
ulcer modeling (n=12 on days 0, 1, and 3; n=6 on days 5 and 7). *, P<0.05; **, P<0.01; ***, P<0.001. CCLH, compound chamomile and

lidocaine hydrochloride gel; PC, phycocyanin.

(Figure 5C,5D). Compared to that of the control group,
the degree of ulceration and a subepithelial inflammatory
activity was milder in the tissue treated with CCLH
(95% CI: 0.21-3.46; P=0.032) or PC (95% CI: 2.27-3.40;
P<0.001). The histopathological scores were 2.17x1.17
in the CCLH group and 1.17+0.41 in the PC group.
On the seventh day, the control group exhibited chronic
inflammatory infiltration (mainly lymphocytes) beneath
immature epithelial coverage. By contrast, CCLH and
PC treatment led to better reepithelization and less
inflammation, and the histopathological score of 0.33x0.52
in the PC group was significantly lower than that of the
control group on day 7 (95% CI: 0.33-2.34; P=0.013).

Clinical evaluation of ulcer bealing rate and weight

changes

The healing rate analysis revealed that the traumatic ulcer

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

healed gradually in all groups over time (Figure 6). From
day 3 to 7, the CCLH group exhibited the highest healing
rate, significantly greater than that of the control group. It
was 57.50%x19.97% (95% CI: 11.70-38.90%; P<0.001) on
day 3, 76.80%+7.85% (95% CI: 1.30-30.15%; P=0.035) on
day 5, and 94.83%+6.01% (95% CI: 5.40-32.56%; P=0.009)
on day 7. Similarly, the PC group exhibited superior healing
rates of 49.58%x16.01% (95% CI: 3.77-30.98%; P=0.014)
and 90.52%+11.95% (95% CI: 1.09-28.25%; P=0.036)
compared to the control group on the day 3 and day 7,
respectively. The weight changes in all groups of mice from
day 1 to day 7 were similar. Starting from the third day, the
control group of mice showed more weight loss than did
the other two groups, but significant differences were only
observed on the third day. Weight changes on day 3 were
-1.57£0.72 g (95% CI: 0.09-2.07; P=0.033) in the CCLH
group and —-1.10+1.30 g (95% CI: 0.56-2.53; P=0.003) in
the PC group.
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Discussion

The process of vascular response is closely related to the
progress of wound healing. In this study, we dynamically
monitored and evaluated the vascular changes in a mouse
oral traumatic ulcer model and evaluated the therapeutic
effect of CCLH and PC using PAL. We observed gradually
elevated levels of tissue perfusion, vascular density, and
diameter in the replacement of the damaged vasculature
after ulcer induction during the 7-day monitoring. These
observations and evaluations were corroborated by
increased microvessel density, reduced inflammation levels,
higher healing rates, and body weight gain in histology
and clinical performances. Our observations confirmed the
capability of PAI in dynamic characterization of the altered
tissue perfusion and vascular responses and in the evaluation
of therapeutic efficacy.

Vessel intensity indicated by PA signals is related to
the total hemoglobin concentration and can be applied to
predict tissue perfusion (37). We showed that our system is
capable of dynamically visualizing and identifying valuable
phenomena at different time points of ulcer healing. The
initial disappearance of the vasculature after traumatic
ulcer formation can be ascribed to the constricted and
occluded arteries caused by the aggregation of platelets
and leukocytes. This process, known as hemostasis,
typically occurs within the first few days of healing (38).
Subsequently, the marked bleeding in control group may
be associated with increased microvascular permeability,
which exerts a more significant impact than does vascular
occlusion and promotes vascular leakage and the thickening
of the tissue. The observed reduction in vessel intensity in
the control group from day 5 to day 7 suggested delayed
vessel perfusion after the subsidence of bleeding. The
occurrence of hemorrhage and vessel discontinuities may
be linked to the endothelial injury caused by lingering
inflammatory cells (39). Research has confirmed that the
timely conversion in wound healing from inflammation
to proliferation promotes the restoration of the vascular
system (4). The reduction of inflammation, especially on
the endothelium, might help attenuate leukocyte activation
and mitigate the loss of capillary integrity. Ultimately, the
increased collateral circulation observed in the CCLH and
PC groups may be part of a compensatory mechanism,
which promotes hemodynamic redistribution and supports
the ulcer site with additional blood supply (40).

The structural differences in the vessels are the result of
revascularization, which is a pivotal step in the progression
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of traumatic ulcer healing (6). In wounds with vigorous
healing, the newly formed vascular network is typically
created with high tortuosity (5). However, in our study, the
curvature parameter reflecting vessel tortuosity exhibited
only a weak upward trend over time and seemed unaffected
by treatment. A possible explanation for this observation
is that large vessels are rather smooth compared to the
coiled capillaries (41,42). When the measuring region
covers the main vessels, the variation of vessel tortuosity
may no longer be apparent. We further observed that the
restored blood vessels particularly densified and widened
in two drug-treated groups, marking the activation of an
autoimmune response to recruit pre-existing microvessels
and produce neocapillaries (43). These results were verified
again with increased vessel density counts reflected in
the CD34 expression in our study, as CD34 is a specific
endothelial cell marker for neovascularization (35). The
perfused microcirculation network provides greater tissue
perfusion, which satisfies the demand for oxygen delivery
and nutritional supply for ulcer reconstruction (4). In our
study, the histological and clinical analysis of inflammatory
alleviation, ulcer healing acceleration, and weight gain
further confirmed the functions of the recovered vessel
network in ulcer healing. Therefore, the vascular responses
characterized in the PAI system can not only exhibit
physiological relevance but also contribute to further
screening of medications that are effective in enhancing oral
traumatic ulcer healing via the restoration of blood supply.
Currently, the main treatment strategies for oral ulcers
include anti-inflammatory agents, topical corticosteroids,
local analgesics and antibiotics (1). Given the issues of drug
resistance and side effects associated with conventional
medications, natural compounds derived from plants
may help mitigate these shortcomings and potentially
serve as powerful candidates for medicines. PC is a water-
soluble photosynthetic pigment purified from the Spirulina
platensis (44). In our study, PC was found to increase tissue
perfusion and promote the formation of a densified and
widened vasculature in the ulceration site. These findings
were corroborated by a weakened inflammatory response
in PC treatment, which confirmed the possibility of
alleviating inflammation in the process of vascular recovery.
Similarly, recent reports have demonstrated the merits of
PC in restoring ischemic tissue perfusion and protecting
the vasculature from damage (45,46). PC can induce the
expression of vascular endothelial growth factor A in
hypoperfused brain tissue, which is a key gene involved
in the initiation of angiogenesis. Meanwhile, PC exerts
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an endothelial protective effect against cardiovascular
diseases mediated via antioxidant and anti-inflammatory
activity, which leads to depressed levels of reactive oxygen
species and apoptosis-inducing factors (47,48). Our study
indicated that the development of microcirculation notably
accelerated ulcer healing with PC treatment, which further
confirms the contribution of a well-developed vascular
system to wound recovery. Additionally, experimental
evidence has demonstrated that PC also enhances wound
closure via the stimulation of growth factor secretion,
fibroblast proliferation, and collagen synthesis (49,50).
These properties jointly achieve the possibility of adequate
development of well-healed ulcers. PC is the main active
component of Spirulina platensis, whose clinical application
was found to improve oral ulcer healing compared to aloe
vera (51). However, a scientific evaluation of the effects of
PC on oral traumatic ulcers and vascular changes during
ulcer healing has yet to be conducted. Our study not
only confirmed prior observations concerning PC’s role
in wound healing but also offered novel perspectives on
its impact on the evolution of blood perfusion and vessel
structures during the ulcer healing process.

Although our study has demonstrated the feasibility
of PAI, there are still certain limitations that need to be
addressed. With a single wavelength at 532 nm, the PAI
system is limited to obtaining vascular information solely
based on the absorbance of hemoglobin. We are expanding
the PA microscopy to incorporate dual wavelengths, which
will enable us to derive functional parameters for oxygen
saturation in the mouse model of oral traumatic ulcer in our
upcoming research.

Conclusions

Using in vivo dynamic PAI technology, this study examined
the vascular response in blood perfusion and structures
of oral traumatic ulcers and the ulcer-healing efficacy of
CCLH and PC. We observed gradual increases in tissue
perfusion, vascular density, and diameter associated with
the replacement of the damaged vasculature after ulcer
induction during the 7-day monitoring, particularly under
the administration of CCLH and PC. The effects of
recovered microvasculature assessed by PAI were further
verified in histological and clinical evaluations, which
revealed increased microvessel density, inflammation
alleviation, ulcer area reduction, and body weight gain.
These findings not only underscore the clinical potential of
PAT in assessing vascular responses for the pharmacological
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treatment of oral traumatic ulcers but also pave the way
for exploring novel therapeutic and preventive approaches
targeting vascular dynamics in oral traumatic ulcers.
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