[image: image1]Quantitative Assessment of Angiogenesis in Skin Wound Healing by Multi-Optical Imaging Techniques

		ORIGINAL RESEARCH
published: 05 May 2022
doi: 10.3389/fphy.2022.894901


[image: image2]
Quantitative Assessment of Angiogenesis in Skin Wound Healing by Multi-Optical Imaging Techniques
Lishuang Li1,2, Yanan Sun1,2*, Honghui He3,4, Gaiying He1,2, Shuhua Ma1,2, Weifeng Yang1,2 and Yi Wang1,2*
1Experimental Research Center, China Academy of Chinese Medical Sciences, Beijing, China
2Beijing Key Laboratory of Research of Chinese Medicine on Prevention and Treatment for Major Disease, China Academy of Chinese Medical Sciences, Beijing, China
3Guangdong Research Center of Polarization Imaging and Measurement Engineering Technology, Shenzhen Key Laboratory for Minimal Invasive Medical Technologies, Institute of Optical Imaging and Sensing, Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen, China
4Institute of Biopharmaceutical and Health Engineering, Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen, China
Edited by:
Chao He, University of Oxford, United Kingdom
Reviewed by:
Yunxu Sun, Harbin Institute of Technology, Shenzhen, China
Danying Lin, Shenzhen University, China
* Correspondence: Yanan Sun, dr.sunyanan@foxmail.com; Yi Wang, prof.wangyi@foxmail.com
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 12 March 2022
Accepted: 06 April 2022
Published: 05 May 2022
Citation: Li L, Sun Y, He H, He G, Ma S, Yang W and Wang Y (2022) Quantitative Assessment of Angiogenesis in Skin Wound Healing by Multi-Optical Imaging Techniques. Front. Phys. 10:894901. doi: 10.3389/fphy.2022.894901

The primary goal of wound healing therapy is to quickly close the wound and form healthy and functional scar tissue. As capillary system regeneration is an important condition for skin wound healing, it is important to dynamically monitor angiogenesis with multiple methods based on the 3D reconstruction of dermal microcirculation. In this study, we established a quantitative system to comprehensively evaluate angiogenesis and perfusion during wound healing. Full-thickness skin wounds were generated on the back of rats. Laser Doppler anemometer (LDA), laser speckle contrast imaging (LSCI), and medical electronic dermoscopy (MED) are used to observe the vasculature from the horizontal plane and quantify blood perfusion in wounds. We combined immunofluorescence staining and two-photon excited fluorescence microscopy (TPEF) to reconstruct 3D vessels for longitudinal quantification. These results indicated that new blood vessels around the wound grew parallel to the wound surface. The shape of the blood vessels changed from curved to straight, and the density of the surrounding vascular network gradually decreased as manifested by a decrease in the nodes and branches and the total length of the blood vessels. There were dense blood vessels that grew vertically to the wound surface in the center of the wound. This study established a real-time, non-invasive system to monitor re-epithelialization and angiogenesis and quantitatively assess blood vessels during wound healing, which facilitates the evaluation of new treatments for wound healing.
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INTRODUCTION
Wound healing is a dynamic process that includes re-epithelialization, granulation tissue formation, and angiogenesis [1–3]. During wound healing, the capillary grows rapidly and robustly, reaching three or more times that of normal tissue. This high-density blood vessel system helps restore the supply of oxygen and nutrients for cell proliferation, migration, and metabolic activities to fill the wound [4–6]. Therefore, the degree of angiogenesis during wound healing is a proper indicator to track wound healing. Studies have shown that blood vessels grow around the edge of the wound during wound healing [7]. Furthermore, the accumulation of proliferative and migration epithelial cells forms thickened and rolled wound edges [8–10]. This special structure also clearly locates new blood vessels.
Skin microcirculation can be divided into two horizontal blood vessel plexuses. One is located 1–1.5 mm below the skin surface, and the other is located at the dermis-subcutaneous junction. In the upper plexus, the capillaries rise to form the dermal papillary ring, which continuously supplies the skin with nutrients. At the lower dermis-subcutaneous junction, collecting veins with reverse venous flow prevents blood flow retrogradation. Therefore, restoration of microcirculation in the upper and lower plexus is very important during the wound healing process. Currently, there are a variety of optical methods to detect blood vessels and perfusion in the upper horizontal plexus, such as laser speckle contrast imaging, which rely on quantification of red blood cell (RBC) flow per unit time [11]. We computerized the capillary video microscopy system to observe all dynamic and cooperative processes between capillaries, especially the superficial networks [12]. Although the role of the superior vascular plexus in wound healing appears to be more important than that of the inferior vascular plexus, the blood supply of the upper vascular plexus is derived from the lower vascular plexus during wound healing. However, the evaluation of superficial blood vessels from the horizontal plane cannot represent the actual microcirculation. Therefore, details of the upper and lower vascular plexus must be collected, both in the vertical and horizontal planes, to establish a complete blood vessel evaluation system.
Histological analysis remains the basis for the evaluation of skin wound healing. Currently, optical imaging is emerging as a potential alternative to traditional methods of examining wound healing. In this study, various optical imaging techniques were used to characterize and localize migrating epidermal cells in vivo. In addition, comparing the information collected from tissue slices with live images was beneficial for the in vitro and in vivo localization of migrating epithelial cells, and the localization of regenerated blood vessels was more comprehensive and reliable. The established system for quantifying vessel characteristics and blood flow was then used to dynamically evaluate the wound healing process of the rat model in 15 days.
MATERIALS AND METHODS
Animals
A total of 12 male Wistar rats (weight 180–200 g) were purchased from Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd. China. The rats were placed under a circumstance with a controlled 12:12 h light–dark cycle, a standard diet, and free drinking water. The animal experiments were supervised and approved by the Research Ethics Committee of the China Academy of Chinese Medical Sciences (ERCCACMS-2106-13).
Modeling Method
Rats were anesthetized with isoflurane, shaved the back hair with a shaver, removed the remaining hair with hair removal creams, and cleaned with saline. The middle part of the back was selected as the surgical area. After disinfection of the surgical area, we cut two pieces of round skin (1.4 cm in diameter and 1.54 cm2 in area) at a point 1 cm away from the spine on both sides to fully expose the muscular layer after the skin excision. Subsequently, we kept the wound open and stained the blood, and the rats used to observe the migration of the edge of the wound were marked with surgical sutures around the wound to denote the direction of migration [13]. Last, rats were placed in a clean cage and fed according to the standard.
Optical Imaging
Optical coherence tomography (OCT): OCT (QSLF-1500, Shenzhen MOPTIM Imaging Technique Co., Ltd., China) was used to observe the vertical plane of the back in vivo. The OCT with a center wavelength λ = 850 nm and a 10-mm linear scanning length can cover the entire wound. A line scanning mode was used to capture the image, and the resolution was 320 × 240. The height and direction of the lens were adjusted to align the line scan area with the center area of the wound until the collected signal strength remained at high-level stability. The image was substantially horizontal and acquired [14, 15] with the image parameters acquired by ImageJ software.
Medical electronic dermoscopy (MED): MED (CH-DSIS-2000, ChuangHong Medical Technology Co., Ltd., China) was used to observe the route and direction of blood vessels using a 20X lens of the dermoscope to acquire a wound area image. Each wound was measured three times.
Laser speckle contrast imaging (LSCI): LSCI (SIM BFI HR Pro, Wuhan XunWei Optoelectronic Technology Co., Ltd., China) was used to observe blood perfusion and the diameter of vessels. The microscope was connected to the computer for real-time positioning and calibration to collect the real-time image and the blood flow image at the same time with an acquisition time of 100 s. After anesthesia with isoflurane, the rat was placed 30 cm vertically away from the stereo microscope. The intensity of the LED light was 4,000, the optical multiple was 12 times, and the brightness was level 1. The image analysis was performed by using the laser speckle blood flow imaging system (SIM BFI-WF; SIM Opto-Technology Co., Ltd., Wuhan, China). The blood perfusion of the back of the rat was collected and calculated as a perfusion unit (PU), in addition to the diameter that could also be counted. The color column range on the right side of the perfusion image was unified to 0–366, which can be divided into different levels, such as 0–90, 90–182, 182–274, and 274–366 (Figure 1). The color column range of 0–90 was not counted because the signal was very low and not in the wound area. The split channel function in ImageJ was used to segment the three RGB channels (red, green, and blue) for statistics, and then, the regions marked under the three channels were separately counted to understand the percentage of the different regions of blood perfusion.
[image: Figure 1]FIGURE 1 | Channel split diagram (the red region is the selected area in the exact channel). (A) Images extracted under the red channel (274–366). (B) Images extracted under the blue channel (182–274). (C) Images extracted under the green channel (90–182).
Laser Doppler anemometer (LDA): LDA (CAM1CVF, KK Research Technology Ltd., England) was used to observe the shape and route of the vessel. Several drops of mineral oil were placed on the back surface of the rats in order to change the refractive index, and the laser was focused on the wound area. The image acquisition should be carried out; when the influence of reflection was minimal and the image was the clearest, three images were obtained at each site. Each image was 16 μm (lateral) × 8 μm (axial) [16]. ImageJ software was used for image post-analysis. First, the blood vessel image was manually outlined and exported according to the original image. Angiogenesis analysis plug-in was used to analyze the images; the phase contrast of HUVEC was selected for automatic analysis, and then, the automatic extracted network diagram and the node diagram can be obtained [11]. At the same time, the number of junctions, nodes, main segments, mesh, branches, and other data can also be obtained.
Two-photon excited fluorescence microscopy (TEPF): TEPF was used to observe the specific route and calculate the diameter of small vessels. The rats were injected with rhodamine dextran (RD) solution (8 ml/ml) through the tail vein. Signals were collected from the back using TPEF which had the ×25 objective lens with an aperture of 1.05 with the Mai Tai DeepSee laser (100 fs, 80 MHz; Mai Tai HP DS-OL, Spectra-Physics, Inc. CA). The image acquisition was performed at an excitation wavelength of 860 nm with a 690-nm dichroic mirror and a 605–680 nm emission filter [17–22]. The images were obtained from the epidermis to dermis and stored as a z-stack image sequence (step size of 1 μm on the z-axis). The image size was 512 × 512 pixels, and the scanning speed was 2 μm/pixel.
Masson and H&E Staining
After collecting all the in vivo data, the wound skin tissue was removed and fixed with 4% paraformaldehyde for a week. Then, it was dehydrated and embedded in paraffin to make paraffin sections showing the longitudinal section of the wound. The paraffin sections were dewaxed with water, stained according to the instructions (Masson’s staining Kit, Cat. G1345, Beijing Solarbio Science & Technology Co. Ltd., China; H&E staining, Cat. BLB-05and03, Beijing Jiu Zhou Bai Lin Biotechnology Co., Ltd., China), and finally dehydrated and mounted. The wound was scanned with a panoramic scanner (VS.120, Olympus, Tokyo, Japan).
Immunofluorescence Staining
The paraffin section was deparaffinized and rehydrated, washed with 0.01 M PBS three times, and then blocked with 5% goat serum. A 1:500 dilution of the anti-CD31 antibody EPR17259 (ab182981) was added and incubated overnight at 4°C. After washing with PBS, the sections were incubated for 1 h at room temperature in the dark with a secondary antibody (Alexa Fluor 594-labeled goat anti-rabbit IgG (H + L), dilution 1:500) [23, 24]. After immunostaining, the specimens were examined with a wide-field fluorescence microscope (BX51, Olympus, Tokyo, Japan) fitted with a digital camera (DP71; Olympus).
Statistical Analysis
The image parameters were measured by ImageJ software (V1.8.0). All data are expressed as means with standard and were analyzed by two-way ANOVA or one-way ANOVA tests, and differences between groups were identified by Bonferroni post-tests or Tukey’s post hoc tests using GraphPad Prism v.6.0 (GraphPad software, Inc. La Jolla, Calif.). p < 0.05 was regarded as significant.
RESULTS
Determination of the Observation Area
The back of the rat was divided into six areas, namely, the upper, middle, and lower areas, and each area was evenly divided into the left and right sides (Figure 2A). The LSCI image (Figures 2B,C) showed that the red region in the middle with an even distribution indicated the region with high blood perfusion. The volume of blood perfusion in the right middle region was the highest. The capillaries in the back of the rat were in a network-like distribution, and the upper and lower parts had fewer blood vessel networks. In contrast, more blood vessel networks were in the middle part, especially in the right middle part (Figure 2F), which was consistent with the results of the blood flow observation. The penetration depth of the OCT was approximately 2 mm, and the resolution range was 4–10 μm. The OCT image contains tissue reflectivity information, and the optical attenuation follows depth-wise. The OCT intensity was termed the OCT reflectivity. The intensity of the OCT was stronger and more uniform in the middle and lower back than in the upper back (Figures 2D,E).
[image: Figure 2]FIGURE 2 | Observation of blood perfusion, capillary network, and skin thickness in different regions of the back skin: (A) Image of the back of the rat; the back was divided into six regions by the black line: (A) Upper left region; (B) upper right region; (C) middle left region; (D) middle right region; (E) lower left region; (F) lower right region. (B) Blood perfusion image of the rat back (The red box area is the selected observation area). (C) Statistical chart of blood perfusion; data are expressed as mean ± SD (n = 3) (###p < 0.001 vs. middle right region and ***p<0.001 vs. left side); (D) OCT image of the back skin. (E) Statistical chart of OCT intensity; data are expressed as mean ± SD (n = 3) (##p < 0.001 vs. upper region). (F) LDA image of the capillary network.
In conclusion, LSCI observed that the middle region of the back obtained the highest blood perfusion, corresponding to the results of LDA. The region with a high blood perfusion region also had a rich capillary network. The light penetration and imaging depth of the OCT in the middle and lower regions were extremely high compared to those of the upper region. Since the light transmittance of the skin tissue affects the observation depth, the central part of the back of the rat was selected as the observation area, considering that the light transmittance and blood perfusion in each area of the back of the rat were different.
Capillary Network Tracing in Horizontal and Longitudinal Planes
The region with high blood perfusion was marked with yellow or green in the LSCI image. The path of the main blood vessels and branch vessels was clear, and their diameter and flow could be counted (Figure 3A). The diameter of the main vessel, the blood vessels close to the branches, and the branch blood vessel were 4.328 μm (black line), 3.213 μm (green line), and 2.245 μm (blue line), respectively. The diameter of the vessel marked with the red line could not be measured. The blood perfusion volumes at the thicker branch of the main vessel were 41.8 (black circle) and 43.6 (green circle), respectively. The blood perfusion volumes of the secondary blood vessel branch and the terminal vessels were 40.8 (blue circle), 39.6 (red circle), and 37.5 (purple circle), respectively. The results of the blood flow with different vessel diameters indicated that with the decrease in the diameter of the blood vessel, the blood flow slowed.
[image: Figure 3]FIGURE 3 | Imaging and quantitative analysis of vessels in horizontal planes: (A) LSCI image of the back of the rat (the diameter of the capillaries was marked with blue, green, red and black lines, and blood flow perfusion was marked with red, blue, green, black, and purple circles) and the statistical chart of the capillary diameter and blood flow. (B) TEPF image of capillaries (blue, yellow, and orange lines mark the diameter of the capillaries; the white arrow points to the hair follicle). (C) LDA image of the capillary networks on the back of the rat (white arrows point to hair follicles). The capillary path was outlined manually, and the images of the capillary network and network nodes were extracted.
In the TEPF image (Figure 3B), the path and shape of the blood vessel could be seen more clearly, and the diameter of the blood vessel could be calculated. The diameters of the thick main vessel, branch vessel, and terminal vessel were 6.8 μm (yellow line), 4.83 μm (blue line), and 1.63 μm (orange line), respectively. The microvascular diameter of less than 2 μm could not be counted, and the path of the blood vessel could not be clearly observed using LSCI, compared to TEPF.
Using LDA (Figure 3C), the blood vessel network was observed, and the hair follicles were in the center of the network (white arrow). There were 16 closed blood vessel networks (yellow and green) and nine unclosed blood vessel networks (purple); the total numbers were 25 and 64 nodes of the blood vessel network. The number of both the blood vessel network and the node represented the distribution density of the blood vessels.
In the IF image, there was no distribution of blood vessels in the epidermis (Figure 4A), horizontal, and vertical blood vessels in the superficial and deep layers of the dermis, while the thick blood vessels in the deeper layer of the dermis (white dotted line) had more vessels than in the superficial layer (Figure 4B). In a study based on the vascular assessment of wound healing [25], blood vessels grew in the wound from the bottom and sides of the wound during wound healing, which means that the blood vessels around the wound were mainly parallel to the skin surface, forming horizontal blood vessel networks in the superficial dermis near the epidermis and changing to vertical to the skin surface in the deep dermis. But in the center of the wound, even in the same vertical plane of the skin, whether in the superficial or deep dermis, there were not only blood vessels appearing as circular vessels but also as long strip vessels. Therefore, blood vessels in two directions appear as different shapes in the same vertical section, which should be distinguished in statistics.
[image: Figure 4]FIGURE 4 | IF staining image of blood vessels. (A) Images of horizontal and vertical blood vessels in the superficial dermis (the vertical vessel was marked with blue dotted lines; the horizontal vessel section of horizontal vessels was marked with white dotted lines). (B) Horizontal and vertical blood vessels in the deep dermis (the section of horizontal vessels was marked with blue dotted lines, the sections of large horizontal vessels were marked with white dotted lines, the red blood cells were in large blood vessels, and the path of branch blood vessels was marked with white dotted lines).
Definition of the Wound Edge During Wound Healing
The wound edge with suture migrated to the center during the healing process, that is, the epidermal cells migrated to the center of the wound during the process, which is called re-epithelialization (Figure 5).
[image: Figure 5]FIGURE 5 | Wound migration process. The position of the suture was marked with a red circle after modeling; the shape of the wound after modeling was marked with blue dotted lines; the shape of the wound 5 days after modeling was marked with green dotted lines; the direction of suture migration was indicated by a white arrow.
After 10 days, the granulation tissue grew, and the epidermis covered the wound. Various optical imaging techniques were used to observe the wound edge at this time point (Figure 6F). Migrating epidermal cells appeared as a gray or green circle around the edge of the wound in the LSCI image, according to the color column on the right with a gray level of approximately 2039–3,067 (Figure 6A). The RU range was 182–274 (Figures 6A,B), and the length was 1 mm. Migrating epidermal cells appeared as a pink region around the wound in the MED image (Figure 6B); however, no obvious capillaries were observed. Blood vessels were only observed outside the nascent epithelium (Figure 6B), an observation more clearly achieved using the LDA (Figure 6E). The migrating epidermal cells showed a network structure in the TEPF images (Figure 6C), and a large number of new hair follicles could be observed. HE staining confirmed the observation by in vivo optical imaging, thickened and migrated epidermal cells, and new hair follicles in the dermis were observed in the horizontal sections stained with HE, and the structure was in the same location as the reticular structure observed in the TEPF image (Figure 6D).
[image: Figure 6]FIGURE 6 | Observation of the horizontal plane on the wound margins. (A) Blood perfusion tracking with LSCI (the region between the two yellow dotted lines was the migrating epidermal cells). (B) Wound image with MED and enlarged view of the area marked with a black rectangle (the region between the white dotted lines indicated the migrating epidermal cells). (C) Wound margin imaging with TEPF (the region marked with a white arrow was enlarged, and the yellow arrow indicated the hair follicle). (D) Panorama of the wound with HE staining (the area between the two yellow dotted lines indicated the migrating epidermal cells) and enlarged view of the area marked with a black rectangle (the blue arrow marked the migrated epidermal cells, and the yellow arrow marked the new hair follicle surrounded by the epidermal cells). (E) Wound imaging with LDA (the region between the white and blue dotted lines indicated the migrating epidermal cells). (F) Schematic diagram of the wound and different optical methods (the blue section is the observation area, the white line is the observation area, and the black arrow-pointed direction corresponds to the various observation methods and results, respectively).
The longitudinal plane of the central region of the wound was observed in the OCT image. There was a black hollow with a low reflection signal in the center of the wound (red circle in Figure 7B), corresponding to the photo (Figure 7A). The left and right edges of the wound with low reflected signals (Figure 7B blue and green circles) correspond to the pink regions of the wound edge in the image, indicating nascent immature tissue and inwardly migrating epidermal cells. Therefore, it could be inferred that the low-reflection signal region (the black hollow) on the edge of the wound in the OCT image marked the new immature tissue and the migrating epidermal cells. In the Masson stain image (Figure 7C), the migrating epidermal cells at the wound edge increased and accumulated significantly, and clots were observed in the center, corresponding to the area of low reflection signals in the OCT image. At the edge of the wound, the new hair follicles were observed around the migrating epidermal cells.
[image: Figure 7]FIGURE 7 | Observation of the longitudinal plane of the wound on the skin. (A) Image of the skin wound (the green circle marked the left wound edge, the blue circle marked the right wound edge, the red circle marked the wound center, and the white line marked the length range of the skin wound). (B) OCT image of the longitudinal plane of the skin wound (the green, red, and blue circles are marked with the same content as A). (C) Masson staining of the skin wound and enlarged view of the blue circle (green, red, and blue circles correspond to those in A and B; the black line marks the migration length range of epidermal cells). (D) Three-dimensional sketch of the wound (the yellow section is the observation plane, the white line is the observation area, and the black arrow-pointed direction corresponds to the various observation methods and results, respectively).
Quantitative Analysis of Angiogenesis at Different Time Points During Wound Healing
Blood perfusion could not be measured five days after modeling due to the c blood scab. There was no difference in blood perfusion 10 and 15 days after modeling. The perfusion of blood at the wound edge was greater than in the central area of the wound. The proportion of the mid- and high-perfused regions was smaller, while the proportion of the low-perfused region was higher (Figure 8A). TEPF images showed that the capillaries at the edge of the wound were thin and dense 5 days after modeling, and the diameter of the capillaries was less than 10 μm. At 10 and 15 days, the capillaries were thick and straight, and most of the capillary diameters were 20–30 μm, indicating that the small capillaries gradually faded and remodeled to form thicker capillaries (Figure 8B). On day 5, the small, dense circle of blood vessels grew vertically in the center of the wound. Irregular-shaped vessels are sparsely distributed at the edge of the wound (Figure 8C). Remodeling of blood vessels from small to large occurred primarily around the wound [26]. Wound healing from 5 to 15 days showed capillaries from tortuous to straight. During wound healing, all statistical data, including the number of nodes, junctions, partitions, network length, and branch length, were proportional to capillary density, indicating that the capillary network gradually decreased over time (Figures 8D,E).
[image: Figure 8]FIGURE 8 | Analysis of blood perfusion and vascular morphology during wound healing. (A) LSCI images of wound healing. (B) TPEF images of blood vessels during wound healing. (C) IF staining in horizontal sections of the wound (the panoramic image of the wound and enlarged images of the center of the wound and the wound edge and vertical vessels are marked with yellow arrows). (D) Original and processed images of the LDA in the wound edges (including line drawings, blood vessel network, network and nodes, and nodes). (E) Diagrams of capillary statistics (including node numbers, junction numbers, meshed numbers, master segment numbers, total length, total master segment length, total branch length, and total segment length).
In the superficial dermis, on day 5 of wound healing, the number of blood vessels grew in different directions. The growth direction of blood vessels was consistent and perpendicular to the wound surface 10 days after modeling, but the number of blood vessels decreased compared to 5 days. On day 15, the number of blood vessels was significantly reduced due to remodeling, and capillary networks began to form. In the deep dermis, after wound healing for 5 days, two blood vessels grew vertically and 48 blood vessels grew horizontally, including two thick vessels. After healing for 10 days, the growth direction of blood vessels was consistent and perpendicular to the wound surface (Figure 9A). The number of vertical vessels was 19, and the number of horizontal vessels was four. The number of blood vessels decreased during wound healing for 15 days due to remodeling, and the growth direction was inconsistent. The number of vertical blood vessels was six, and the number of horizontal blood vessels was four (Figure 9B). Therefore, after wound healing from 5 to 15 days, the growth direction of blood vessels remodeled from disordered to consistent to disordered, and the number of blood vessels changed from more to less. This statistical method was based on the classification and counting method mentioned in 3.2. In conclusion, the pattern of angiogenesis during wound healing could be identified by combining in vivo and in vitro observations in horizontal and vertical planes.
[image: Figure 9]FIGURE 9 | IF images of CD31 and statistical graphs of blood vessels in the longitudinal plane in the center of the wound. (A) IF images of superficial and deep dermal vessels at different times during wound healing (red: CD31, blue: DAPI, green: autofluorescence, yellow arrows: vertical vessels, green arrows: orange, and dotted circles: thick vessels). (B) Number of blood vessels.
Using the aforementioned various optical imaging methods, the angiogenesis in the process of wound healing was observed with the rat model. In the process, it has three main stages for angiogenesis: the proliferation stage, the remodeling stage, and the regression stage.
DISCUSSION
The skin wound healing process is complex and consists mainly of four stages: hemostasis, inflammatory, proliferative, and remodeling. There is no obvious time boundary between the four stages. The formation of skin tissue begins with re-epithelialization and the migration of the epidermis over the granulation tissue from the wound edge to the wound center, and angiogenesis in the granulation tissue provides nutrients at the same time. Therefore, these two aspects are important targets for drug development. In order to obtain more pharmacological action data, several modern pharmacological studies on promoting re-epithelialization and angiogenesis during wound healing have been developed to observe these two processes separately [27, 28]. But most of the experimental data were obtained by endpoint measurement and cannot simultaneously observe the morphology of new capillaries and thickened epidermal cells in vivo, which many real-time and dynamic biological features are lost, so the drug activity cannot be accurately assessed. Therefore, a new noninvasive dynamic monitoring method is needed for rapid drug screening for wound healing.
Wound closure through re-epithelialization is the key process in wound healing. With increasing granulation tissue depth [2], both the thickness and length of border epithelial cells are constantly changing [3]. Dermis-derived fibroblasts build up granulation tissue over which the epidermis migrates [1]. The essence of wound healing is epidermal migration and purse-string contraction at the edge of the wound, where basal epidermal cells accumulate on top of each other to transform monolayers into multilayers. This study, showed that epidermal cells accumulated at the edge of the wound and migrated inward, thus shrinking the injury area. LDA, LSCI, and MED combined with Masson and HE staining were used to observe the morphology of the thickened and stacked epithelial cells at the edge of the wound from the horizontal and vertical planes (Figure 10B). New capillaries at the outer edge of the thickened epidermal cells grew toward the center of the wound. This is consistent with the recovery of the capillaries in the wound, that is, the new capillaries around the edge of the wound will grow toward the wound from the normal region. While many studies have observed the process of re-epithelialization, most of them have only used in vitro methods, and we applied in vivo optical imaging to track this particular structure. However, there was no method to observe the new capillary formation and thickened epidermal cells at the same time, as well as to identify their spatial relationship. In this study, we observed new capillaries located outside of thickened epidermal cells, which contributes to the location of the new capillaries by in vivo optical imaging. Full-thickness skin excision was performed in different parts of the back of the rat, and wound healing was different [29]. To choose the most suitable location for observation, we used LSCI and LDA to analyze blood perfusion and vascular morphology in the upper, middle, and lower regions of the rat back, and skin thickness by optical coherence tomography. The results indicated that there was a uniform epidermis, dense blood vessels, and high blood perfusion in the middle region of the rat’s back, which was a suitable region for experimental modeling and observation.
[image: Figure 10]FIGURE 10 | (A) Schematic diagram of the vertical plane of skin vessels (the black line indicates the penetration depth). (B) Three-dimensional diagram of the wound on the skin (the blue part represents the horizontal plane, and the yellow section represents the vertical plane). (C) Summary of optical imaging methods.
In wound healing, the growth of capillaries provides the necessary nutrients for the growth, metabolism, migration and survival of various cells and plays an irreplaceable role [29]. A large number of studies [30–32] have proved that the skin microcirculatory system was the characteristics of three-dimensional construction, which was formed by five layers of capillaries from the shallow layer to deep layer according to morphological characteristics. Therefore, a quantitative, multiperspective, and multilevel assessment system should be built [7]. The morphology of blood vessels and blood perfusion are extremely important indicators for evaluating angiogenesis. In this study, optical imaging including LDA, LSCI, MED, and TPEF was used to perform a quantitative analysis of the horizontal plane of blood vessel morphology and blood perfusion on the back of the rat. HE, Masson, and immunofluorescence staining were also used to perform a quantitative analysis of the morphology of blood vessels in the vertical plane of the skin wound (Figure 10B). Various optical imaging methods had their own unique advantages and can be combined to achieve complementary advantages. We roughly divided the applied optical imaging methods into two categories: one was in vivo imaging from the horizontal plane, and the observation depth was the upper level of the dermis; for this, the applied optical methods are LSCI, MED, TEPF, and LDA. The other was to use IF staining for in vitro imaging from horizontal and vertical planes, and the observation depth was the entire dermis, including the upper and lower dermis, as shown in Figure 10A,C. First of all, LSCI and MED were used for macro-observation for in vivo imaging at the horizontal plane. The advantage of LSCI was the macroscopic statistics of blood perfusion and vessel diameter in different parts, but it was not suitable for accurate measurement, especially for the measurement of microvessels smaller than 2 μm [33]. The split channel function was used to segment the three RGB channels of the LSCI image, which could accurately assess the blood flow of functional vessels. The advantage of MED was non-invasive and low-cost in vivo imaging [34], but it was limited to providing a magnified view of the skin surface and cannot perform quantitative statistics. But if the microscopic observation was needed to observe the specific morphology of blood vessels and count the diameter of microvessels, TPEF and LDA were better choices. TPEF was used to accurately measure the diameter of the blood vessel and to evaluate statistical errors [35]. Its advantage was the microscopic observation of the path and shape, especially the measurement of microvessels with a diameter of less than 2 μm, and hair follicles could be seen surrounded by blood vessels, which complemented the insufficiency of LSCI in measuring the diameter of blood vessels. The LDA was used to analyze the flow of the microvascular bifurcation [36]. However, our study was the first to observe the capillary network below the dermal papilla at the junction of the dermal papilla layer and the reticular layer and the surrounding hair follicles using LDA. This study broadened the application of the LDA and established methods that could quantitatively assess the number of capillary networks, and nodes could be calculated by software to represent the density of the capillaries. In the process of angiogenesis, in addition to the density of blood vessels, the growth direction and regularity also characterized the recovery. In this study, immunofluorescence staining was used for in vitro imaging. We classified blood vessels due to inconsistent paths and shapes of vessels on the same vertical plane slice. In CD31 immunofluorescence staining [37], vessels were divided into horizontal and vertical blood vessels to count in both superficial and deep layers of the dermis because the path and shape of blood vessels are inconsistent at the same vertical plane slices.
In conclusion, this study demonstrated the advantages of various optical imaging methods in observing angiogenesis and blood flow statistics and established a horizontal and longitudinal evaluation system of the skin microcirculation system. Briefly, LSCI, LDA, MED, and IF staining were used for observation and angiogenesis statistics, and TPEF was used for microscopic morphological observations to identify the edge of the wound and accurately locate the position of the new capillaries. In this study, on the one hand, a variety of optical imaging techniques complemented each other’s advantages and were combined to perform dermal blood vessel classification and counting; it was also used to observe cells and capillaries simultaneously, which has not been realized in previous studies. On the other hand, combined in vivo and in vitro studies were used to observe the growth direction of new blood vessels in the wound center and around the wound during the wound healing process; the vessels in the center were vertical to the surface of the wound, and the vessels in the surrounding area were horizontal to the wound (Figure 11). However, this study lacked the three-dimensional structural analysis of capillary morphology during wound healing. Therefore, in the following studies, we will focus on the interaction between the microcirculatory systems of different layers of the skin and apply this method to the pharmacological evaluation of wound healing drugs.
[image: Figure 11]FIGURE 11 | Schematic diagram of the wound healing process (white arrows mark new blood vessels, and blue circles indicated by yellow arrows mark areas of inflammation).
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