

  inventions-09-00025




inventions-09-00025







Inventions 2024, 9(2), 25; doi:10.3390/inventions9020025




Article



Optimization of Laser-Based Method to Conduct Skin Ablation in Zebrafish and Development of Deep Learning-Based Method for Skin Wound-Size Measurement



Petrus Siregar 1,2,†, Yi-Shan Liu 3,4,5,†, Franelyne P. Casuga 6, Ching-Yu Huang 7, Kelvin H.-C. Chen 8, Jong-Chin Huang 8, Chih-Hsin Hung 9, Yih-Kai Lin 10,*, Chung-Der Hsiao 1,2,11,12,* and Hung-Yu Lin 7,13,*





1



Department of Chemistry, Chung Yuan Christian University, Taoyuan City 320314, Taiwan






2



Department of Bioscience Technology, Chung Yuan Christian University, Taoyuan City 3020314, Taiwan






3



Department of Pharmacy, Tajen University, Pingtung 907101, Taiwan






4



Department of Dermatology, E-Da Hospital, I-Shou University, Kaohsiung 84001, Taiwan






5



School of Chinese Medicine for Post Baccalaureate, College of Medicine, I-Shou University, Kaohsiung 84001, Taiwan






6



Department of Pharmacy, Research Center for the Natural and Applied Science, University of Santo Tomas, Manila 1008, Philippines






7



Division of Urology, Department of Surgery, E-Da Dachang Hospital, Kaohsiung 80794, Taiwan






8



Department of Applied Chemistry, National Pingtung University, Pingtung 90003, Taiwan






9



Institute of Biotechnology and Chemical Engineering, I-Shou University, Kaohsiung 84001, Taiwan






10



Department of Computer Science, National Pingtung University, Pingtung 90003, Taiwan






11



Center for Nanotechnology, Chung Yuan Christian University, Taoyuan City 320314, Taiwan






12



Research Center for Aquatic Toxicology and Pharmacology, Chung Yuan Christian University, Taoyuan City 320314, Taiwan






13



School of Medicine, College of Medicine, I-Shou University, Kaohsiung 84001, Taiwan









*



Correspondence: yklin@mail.nptu.edu.tw (Y.-K.L.); cdhsiao@cycu.edu.tw (C.-D.H.); ed100464@edah.org.tw (H.-Y.L.)






†



These authors contributed equally to this work.









Citation: Siregar, P.; Liu, Y.-S.; Casuga, F.P.; Huang, C.-Y.; Chen, K.H.-C.; Huang, J.-C.; Hung, C.-H.; Lin, Y.-K.; Hsiao, C.-D.; Lin, H.-Y. Optimization of Laser-Based Method to Conduct Skin Ablation in Zebrafish and Development of Deep Learning-Based Method for Skin Wound-Size Measurement. Inventions 2024, 9, 25. https://doi.org/10.3390/inventions9020025



Academic Editors: Anastasios Doulamis and Chun-Liang Lin



Received: 20 December 2023 / Revised: 9 February 2024 / Accepted: 19 February 2024 / Published: 27 February 2024



Abstract

:

Skin plays an important role as a defense mechanism against environmental pathogens in organisms such as humans or animals. Once the skin integrity is disturbed by a wound, pathogens can penetrate easily into a deeper part of the body to induce disease. By this means, it is important for the skin to regenerate quickly upon injury to regain its protective barrier function. Traditionally, scientists use rodents or mammals as experimental animals to study skin wound healing. However, due to concerns about animal welfare and increasing costs of laboratory animals, such as rodents, scientists have considered alternative methods of implementing replace, reduce, and refine (3Rs) in experimentation. Moreover, several previous studies on skin wound healing in fish used relatively expensive medical-grade lasers with a low calculation efficiency of the wound area, which led to human judgment errors. Thus, this study aimed to develop a new alternative model for skin wound healing by utilizing zebrafish together with a new rapid and efficient method as an alternative in investigating skin wound healing. First, in order to fulfill the 3Rs concept, the pain in the tested zebrafish was evaluated by using a 3D locomotion assay. Afterward, the obtained behavior data were analyzed using the Kruskal–Wallis test, followed by Dunn’s multiple comparisons tests; later, 3 watts was chosen as the power for the laser, since the wound caused by the laser at this power did not significantly alter zebrafish swimming behaviors. Furthermore, we also optimized the experimental conditions of zebrafish skin wound healing using a laser engraving machine, which can create skin wounds with a high reproducibility in size and depth. The wound closure of the tested zebrafish was then analyzed by using a two-way ANOVA, and presented in 25%, 50%, and 75% of wound-closure percentages. After imparting wounds to the skin of the zebrafish, wound images were collected and used for deep-learning training by convolutional neural networks (CNNs), either the Mask-RCNN or U-Net, so that the computer could calculate the area of the skin wounds in an automatic manner. Using ImageJ manual counting as a gold standard, we found that the U-Net performance was better than the Mask RCNN for zebrafish skin wound judgment. For proof-of-concept validation, a U-Net trained model was applied to study and determine the effect of different temperatures and the administration of antioxidants on the skin wound-healing kinetics. Results showed a significant positive correlation between the speed of wound closure and the exposure to different temperatures and administration of antioxidants. Taken together, the laser-based skin ablation and deep learning-based wound-size measurement methods reported in this study provide a faster, reliable, and reduced suffering protocol to conduct skin wound healing in zebrafish for the first time.
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1. Introduction


Skin is known as the body’s largest organ in vertebrates and it is a vital organ for protection, defense mechanisms, and survival. It functions as the fundamental mechanical defense from external factors, such as pathogenic microbe invasion and various environmental hazards. Furthermore, the skin maintains body homeostasis through the prevention of excessive water loss and through temperature regulation [1]. Skin can lose its integrity when injured, which consequently results in functional imbalance [2]. Following the injury, the skin regenerates immediately to resume its normal protective shield and barrier function. To survive from wound injury, a multistep mechanism was initiated to prevent further damage and subsequently induce regeneration in the wound-healing area. This biological regeneration process includes a complex cascading reaction of sequential events that are needed by an organism to reach tissue homeostasis [3]. Injured skin will initiate a complex process of events that involves inflammation as well as the formation and restoration of new tissue, which require the regulation of many different cell types [4]. Wound-healing studies themselves are such complex topics because of the complexity of the repair phase, which include a lot of cells and the multifaceted nature of the wound environment [5]. Understanding wound healing and examining it in detail would be important to determine how an individual will be able to improve the skin regeneration process. A wound ablation method is needed for us to examine and understand the regeneration process of a wound. Not only that, with the wound ablation method, scientists could exploit it to investigate and evaluate potential compounds for wound-healing progress. For this reason, the aim of this study is to develop a novel skin ablation method using a laser engraving machine.



In preclinical research studies, rodents, specifically mice, are the most common model organisms used to explore skin wound healing. Mice have many advantages over other models, including that they share a similar genetic makeup (99%) as humans and the availability of the established mice genetic toolbox that represents human disease models [6]. However, due to economic reasons, like high costs for daily maintenance, as well as for animal welfare issues, the scientific community continuously searches for other alternatives that are able to fit the 3Rs principle to replace, reduce, and refine experimental animal usage [7,8,9,10]. Therefore, it is important to come up with a solution to this problem. To deal with this issue, providing an alternative animal model to overcome the cost and 3R problems is always beneficial for the research community. Compared to rodents, the zebrafish model has become a good alternative animal model due to its great advantages of low expenditures and ease of handling with highly reproducible results. Although fish are lower vertebrates, they have all the classical stages of wound healing, like re-epithelialization, inflammation, cell proliferation with granulation tissue formation, and tissue remodeling, which similarly occur in humans [11]. Some studies confirm such a claim, and strongly suggest that a deep wound or injury in fish naturally undergoes a wound-healing cascade, with re-epithelialization, inflammation, granulation tissue formation, and tissue remodeling [11,12,13,14]. This wound-healing cascade occurring in zebrafish shares many similarities with classical wound healing in their mammal counterparts. The difference comes in the initial step, which is re-epithelialization observed in fish, while it is initial blood clot formation in mammals [11]. A previous study on fish proved that superficial wounds could close within hours after wound induction, and the wound-closure speed was associated with some factors like temperature, wound dimensions, stress, and nutrition [15,16,17,18]. The rapid wound-healing ability of fish provides scientists with a good model for evaluating skin wound-healing mechanisms and an alternative method for conducting drug screening procedures to explore wound-healing potential chemicals. The standard method to explore the wound-healing properties of testing compounds has already been established in the mammalian system and is widely utilized by scientists worldwide. However, due to factors like being time-consuming, the high cost, rodent testing restrictions, and ethical concerns, the development of an alternative and simple model to address skin wound healing is considered necessary. To date, there are several studies that utilize fish as a simple model for conducting wound-healing experiments by investigating the effects of nutrition through feeding, physiology, rearing conditions, and infection routes [15,19,20]. Several different methods to conduct skin wound-healing experiments in fish have been proposed, such as a method using tissue paper to remove the mucus layer to generate partial skin wounds, or using dermal laser or biopsy punch needles to conduct full-thickness skin wounds [21] (summarized in Table A1). These methods differ on which skin tissues are damaged, and as such, different healing responses also will be triggered [21]. To induce partial-thickness wounds in fish, a previous study compared the effect of tissue paper, tissue swabs, sandpaper, and brushing on the surface of the skin of the fish. This experiment resulted in superficial skin damage caused by the tissue paper and swabbing, with the loss of the mucus layer and minor damage to the keratocytes. Meanwhile, using sandpaper and brushing of the skin caused a partial or full loss of the epidermal layer [19]. Other than such traditional methods, there are some modern tools and methods used for wound ablation.



Nowadays, there are a lot of wound-healing methods used, as mentioned before. There is a traditional method, like the scratch assay, to study cell proliferation and migration [22]. However, this method is usually only performed in cells, as it is used to examine the cell migration of cells. Meanwhile, modern wound-healing experiments utilize more advanced tools, such as the biopsy punch and dermal laser [23,24,25,26,27]. The challenge for skin wound-healing experiments in fish is how to control the depth and size of the wound in a consistent manner. If deeper dermal tissue is damaged, it will trigger a strong repigmentation response that leads to dermal healing, which is different from epidermal and scale regeneration [14,28]. Full-thickness models are used to study the regeneration and repair of all layers in the skin, including the scales and epidermal and dermal structures. In order to gain a full-thickness model, incisional wounds, where the skin is cut with a scalpel or razorblade, are often used to leave a narrow cut through the skin [16,17]. An incisional model is often beneficial for investigating a wound caused by a surgical incision [29]. Another method to conduct full-thickness skin injury is using a biopsy punch needle. The advantage of the biopsy punch is to induce a similar skin injury size, but the fish scale should be removed before being punctured with the punch biopsy tools [13,15]. The biopsy punch is a simple and effective diagnostic technique for wound management. However, professionals do not often use it for research because of various reasons, such as the invasive nature of the procedure or the fear of complications [23]. Another option is using a clinical dermal laser to conduct skin ablation [11,28]. Clinical dermal lasers will generate heat, which then transfers energy in the form of heat to the surrounding tissue. Wound healing then exists because of the temperature increase caused by the laser. Clinical dermal lasers also have some disadvantages, such as bleeding, pain, and infection [30]. The biopsy punch and clinical dermal laser are the most used methods for skin ablation. However, the cost of these tools is relatively expensive and not affordable for a routine lab experiment. Therefore, the development of a less expensive, easier, and more reliable method to conduct skin ablation in fish with a consistent size and depth is considered necessary. We aim to develop a novel method using a laser engraving machine in the present study as a solution for wound-healing experiments.



In addition, to facilitate the wound-size estimation, a new method was tested to perform wound-area assessment by using an artificial intelligence (AI)-based method. First, establishing and optimizing the skin ablation conditions using a laser engraving machine with a consistent size and depth of the wound, accompanied by less fish pain, was performed. Furthermore, we created the wound assessment by training the R-CNN (region convolution neural network), using either the U-Net or Mask RCNN, with thousands of skin wound images. This deep-learning method can enhance the data analysis throughput and reduce individual variation in the skin wound-area calculation. To inspect their performance, the skin wound-closure measurement performance between deep learning and ImageJ version 1.53k was examined. Although the ImageJ software has already been used as a gold standard to measure wound closure [31,32], comparison between the ImageJ and deep-learning methods can validate whether the deep-learning method is able to reach similar performance with the ImageJ method. Some conditions, like temperature, and antioxidants, like astaxanthin and vitamin C, were tested for the method validation. The present study showed a different approach than prior studies in wound healing, wherein, with the present study, a laser engraving machine was used as an alternative tool for wound ablation. Our study not only develops a novel method for laser ablation, but also proposes a new wound-area estimation method by exploiting the use of AI for the measuring tools, which differentiates our study from others. We hope that this combination approach can provide an efficient and time-saving method to conduct wound-healing studies in zebrafish. Finally, we hope that our study can turn into a new alternative for scientists to conduct wound dressing drug delivery and test potential compounds for wound healing in the future.




2. Materials and Methods


2.1. Zebrafish Maintenance


PET (pet store-purchased) zebrafish used in the wound-healing assay were obtained from a local pet store. Furthermore, for the training and optimization of a deep-learning program, three zebrafish strains (AB, PET, and TL) were used in this study and obtained from either Academia Sinica stock center (Taipei, Taiwan) or a local pet store. Zebrafish were then kept in a 10 L plastic tank and the temperature was maintained at 28 °C. The fish were fed twice a day with grown brine shrimp or with dry food for their nutrition. In maintaining healthy cultural conditions, about 50% of the water was replaced every week with fresh water. The circulating water was filtered using reverse osmosis (pH of 7.0–7.5). The dark/light cycle was maintained at 10/14 h, respectively [33]. Zebrafish were maintained in a healthy condition, manifested by being free from any signs of infection, and kept according to guidelines. All experiments involving zebrafish were performed according to the guidelines approved by the Institutional Animal Care and Use Committees (IACUCs) of Chung Yuan Christian University (Approval No. 112010, issue date 29 December 2022)




2.2. Optimization of Fish Anesthetization and Recovery


In order to perform the wound-healing assay, the administration of anesthesia was needed to immobilize the zebrafish and to reduce the pain. In this experiment, MS-222 (Tricaine Methanesulfonate) was used to anesthetize the zebrafish. MS-222 was purchased from Sigma-Aldrich (St. Louis, MO, USA). MS-222 at a 0.1% working concentration was used to immobilize the fish, and was safe enough that it did not cause any lethal effects or deaths. Furthermore, at a 0.1% concentration, it was easy for the fish to recover after being anesthetized. Initially, the zebrafish were transferred to a 0.1% of MS-222 solution until they were inactive or unable to swim. Usually, it would take around 10–30 s for the fish to be in this state. Immobilized fish were then transferred to an agarose holder to restrain the fish and prevent movement to obtain better results during the skin ablation process. Fish were positioned sideways and facing the laser upwards while they were still unconscious. Recovery was performed by transferring the wounded fish to a separate 10 L tank with clean water for 30 min until they were fully recovered and were able to swim freely in the tank.




2.3. Construction of a Laser Engraving Machine for Conducting Skin Ablation


Previous skin wound-healing experiments performed on fish, mostly using expensive dermal lasers or biopsy punches for skin wound generation, resulted in drawbacks, like high cost and operational difficulty, when using small-sized fish. To simplify this operation, establishing an alternative instrument/method to replace the dermal laser or biopsy punch was necessary. To achieve this purpose, a laser engraving machine (Zgenebio Inc., Taipei, Taiwan (https://www.zgenebio.com.tw/english.html) (accessed on 29 January 2024)) was tested in this study for the first time. The laser engraving machine was originally used to engrave wood or other material surfaces to the desired shape, which was equipped with a 10-watt (W) high-power CO2 laser. This laser engraving machine consists of an XY motorized stepper that is able to precisely control the XY position of the laser beam (Figure 1A). The laser power and XY position of the laser beam can be precisely controlled by the operation software to create skin injury with a high precision and consistent size and depth. One endoscope was used to monitor and record the skin ablation process with details (Figure 1B). In addition, a digital dissecting microscope purchased from Andonstar Tech Co. (Shenzhen, Guangdong, China) was used for easy wound-size recording and visualization (Figure 1C,D). As mentioned earlier, the machine came with the Mini engraving software (Figure 1E). The software was able to control the laser beam and XY motorized steeper by adjusting some important parameters, like the laser power (indicated by watt), wound size (mm), wound shape, and the duration of laser ablation(s) (Figure 1E).




2.4. Skin Wound-Healing Assay


Adult zebrafish were randomly sampled and divided into different experimental groups (n = 10 for each group). Zebrafish with mixed gender and with age ranges from 4 to 6 months old were used. Before the laser ablation experiment, fish were acclimated in experimental tanks filled with 10 L of system water for 5 min; later, they were anesthetized by immersion in 0.1% MS-222 for 5 min. Following anesthesia, a full-thickness wound (diameter ~2 mm) was created with a laser beam with either 3- or 5-watt power for 5 s onto the left flank of the zebrafish, anterior to the anal and dorsal fin. After laser ablation, the fish were incubated with 5 ppm lidocaine to reduce the potential pain raised by the laser ablation according to the method described by Lopez-Luna et al. [34]. Fish were allowed to recover for 5 min in the system water before they were placed in their respective experimental tanks with the experimental solution, which was changed every 2 days. The wound area was monitored and measured at the predetermined time points, which were at 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 dpw (days postwound). For imaging, the fish were anesthetized, and the skin wound images were captured using a dissecting microscope from Andonstar (Shenzhen, Guangdong, China). The wound area was then measured using ImageJ software and the wound-healing effect was reported as the wound-closure percentage (WC %). ImageJ version 1.53k is a Java-based software that has been used widely for image processing [35]. First, ImageJ needed a scale to use as a standard to calculate the pixels of the images we obtained. By having the scale, we could change the standard measurement to be compatible with our image, and then the measurement could be performed by selecting the wound area and measure option [35]. The laser ablation operation procedure and protocol can be seen in the following YouTube link (https://youtu.be/sft1udXB2wQ?si=41em-ufPDSHcFpX3 (accessed on 7 February 2024)).




2.5. Chemical Exposure


The astaxanthin and L-Ascorbic acid (vitamin C) were purchased from Sigma-Aldrich (St. Louis, MO, USA) in the water-soluble form, and then prepared as a 1000 ppm stock concentration in a liquid form and kept at 4 °C until the time of exposure. The powder form of astaxanthin and vitamin C were weighed, and both of them were easily prepared by dissolving them in distilled water to make it a 1000 ppm stock solution. After skin laser ablation, the fish were transferred to a 3 L tank filled with either astaxanthin or vitamin C at doses from 2 to 20 ppm, with n = 12 for each group. The concentration used in this study was considered according to previous studies in another animal model, like mice. Prior studies in mice examined the effectiveness of astaxanthin for wound healing; the concentration of astaxanthin used in prior studies varied from 0.4 to 10 mg/mL. These concentrations were equal to 400–10,000 ppm [36,37]. However, because we used zebrafish, a lower concentration of astaxanthin and vitamin C was used instead (2 and 20 ppm). Meanwhile, the applied number of zebrafish was based on a previous, similar study in zebrafish [32]. The administration of antioxidant compounds was performed directly to their water tank and the treatment water was changed every 2 days to maintain the effective dose and cleanliness of the fish tank.




2.6. Three-Dimensional Locomotion and Fractal Dimension Test for Fish Pain Evaluation


A 3D locomotion test was performed to evaluate any behavioral alteration of the zebrafish after skin laser ablation. This assay was performed by using a polypropylene box (20 × 20 × 20 cm) with a mirror (30 × 30 cm) placed at 45° from the top border of the tank to reflect all images. Later, the test tank was filled with ~6 L of filtered water at 25 ± 1 °C with light-emitting diode (LED) lights on the bottom and the back of the tank as the background light sources. Afterward, a group consisting of six fish was put inside the tank and allowed to acclimatize for ~10 min before their behavior was recorded. The videos were captured by a Canon EOS 600D camera with a long-range zoom lens (EF-S 55–250 mm, Canon, Tokyo, Japan) that was placed ~6 m in front of the water tank to reduce the image distortion at the borders of the tank. Finally, the X, Y, and Z coordinates of each fish position in every frame were extracted from the videos by using idTracker version 2.1 software to calculate the movement trajectories [38]. The 3D fish locomotion tracking procedure was performed according to our previously published protocol [39], while the fractal dimension (FD) index calculation was based on several prior studies [40,41,42].




2.7. Computer Hardware Requirement


The proposed experimental design was implemented using the deep-learning library Pytorch on a desktop computer running the Windows 10 operating system with an Intel i9 computer processing unit (CPU), 64 Gb of random access memory (RAM), a 2 Tb SSD, and an RTX3080 Ti 12G VRAM graphic processing unit (GPU). Although a lower computer specification could also be used for the study, a high-speed GPU card is necessary to complete the design and to make the testing of the model faster.




2.8. Deep-Learning Training


The Mask RCNN and U-Net methods were used to perform image segmentation, training, validation, and testing. First, skin wound images were converted to black and white color and manually labeled as ground-truth training datasets. Later, the image argument method was applied to increase the image diversity, and then used to conduct the Mask RCNN and U-Net training to obtain two optimized Python scripts. We employed various image augmentation techniques to increase the number of training images. The experimental process for generating a wound image takes approximately 60 to 120 s, while using a computer system to generate a new wound image through image processing methods from an existing real wound image only requires 0.03 to 0.5 s. Generally, processing one real wound image into 10 training images through image processing is considered, as generating too many images from a single real image may result in minimal variation between each image, leading to a reduced impact on the training effectiveness. Taking into account the variable time cost, if considering fixed hardware costs, the fixed cost of the computer processing system is approximately USD 6000, while the fixed cost of the wound processing system is approximately USD 7000. Both in terms of time cost and equipment consumables, computer processing is more cost-effective, but real wound images are essential for the subsequent computer information processing. Training loss and test Dice curves for the skin wound-closure prediction were also measured for the performance evaluation. In total, 885, 97, and 89 images were used as training, validation, and testing datasets, respectively, to conduct the U-Net test. To increase the image diversity, images were distorted about 14-fold to generate a total of 12,390 images as a training dataset. The definition for the Dice coefficient, sensitivity (also called the recall of TPR), specificity (also called the TNR), and intersection over union (IOU) were used to evaluate the performance of the proposed method. The Dice coefficient can be defined as DC = 2TP/(2TP + FP + FN), the sensitivity as (TPR) = TP/(TP + FN), the specificity as (TNR) = TN/(TN + FP), and the IOU = TP/(TP + FN + FP), where TP, FP, FN, and TN are the true positives, false positives, false negatives, and true negatives, respectively. For the training model for the U-Net and the skin wound-size prediction model, two files can be visited, Unet_model.py and Predict.py, which are provided in Google Drive: (https://drive.google.com/drive/folders/1byEJyRQ5Ol03VMnHnJB9o3CBawbb4EwS?usp=sharing (accessed on 7 February 2024)).




2.9. Skin Histology


Adult zebrafish were fixed in 4% paraformaldehyde/PBS for 1 day and transferred to Davidson’s solution (30% ethyl alcohol, 95%, 10% acetic acid, 20% formalin, and 30% double-distilled water) for 3 days at room temperature [43]. This procedure decalcifies the hard tissues and keeps the skin in a good morphology. The decalcified samples were then dehydrated in ascending ethanol, cleared with Neo-clear (Merck), and embedded in Paraplast Plus/Paraplast HM (Leica) in a 7-3 ratio (v/v). The paraffin-embedded tissues were sectioned at 5 µm intervals with a rotational microtome (HM360, Microm, NH, USA) and then stained with an H&E staining kit.




2.10. Statistical Calculation


Statistical analysis was performed by GraphPad Prism version 8.0.2 (GraphPad Inc., La Jolla, CA, USA). A t-test was performed to measure the significant difference in the data and Pearson’s correlation test was performed to check the data correlation. Meanwhile, the behavior endpoint in the 3D locomotion test was analyzed by the Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. The data are presented as mean ± SD. For the normality test in this study, the D’Agostino and Pearson correlation tests were used to find the normality of the data. Furthermore, the data were treated using nonlinear regression to obtain the 25%, 50%, and 75% wound-closure prediction. For significant differences, the data were tested by a two-way ANOVA with the Geisser–Greenhouse correction. Sidak’s multiple comparison test was used to compare all treatments with the control. Furthermore, for the wound-closure percentage result, the p value was * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 for each significance level.





3. Results


3.1. Optimization of Laser Power for Skin Ablation


The best conditions for laser-based skin ablation in zebrafish need to be optimized in order to obtain consistent results. To achieve this goal, some factors, such as the laser power, wound area, survival rate, and pain reduction, should be addressed. A previous study performed by Richardson et al. (2013) showed that ±2–3 mm of size is optimal for the wound-healing study in zebrafish [11]. A laser will produce heat, and the heat will be transferred to the surrounding tissue in an organism, which will cause a wound. Then, this process will cause the wound-healing process to happen [30]. The laser engraving machine used in this study is capable of inducing laser beams up to 10 W (100%) of power. Laser power emitted from laser engraving machines is an important factor and is positively associated with skin wound size. The laser engraving machine was tested on wood first to obtain consistent results for the wound size. After testing it on wood, we decided to check the laser power from 1 to 5 watts as a preliminary test. Later, we found that laser power settings around 3 (30%) to 5 W (50%) can obtain a wound size around 2–3 mm in diameter consistently. Later, we examined the area in the wood produced by the laser engraving machine and compared it to the one produced in zebrafish. Using a fixed focus distance setting from the laser beam to the surface of the fish, it was revealed that the 3 W laser setting could obtain a consistent wound size when it was used on either the wood or fish skin surface, with a very low inter-assay variation (around 5% coefficient of variation, Figure 2A). As seen in Figure 2A, the area of the wound produced by the laser engraving machine was consistent in both the wood and fish, which was around 2–3 mm2.



Next, the survival rate of the fish was tested after receiving laser ablation with different power settings. The results showed no signs of fish lethality after receiving either the 3 or 5 W laser settings. However, the stronger laser power given by the 5 W setting can produce increased skin damage and take more time for the skin wound to close (Figure 2B). The fish that received the 3 W optimized laser power, on the contrary, displayed a smooth sigmoid wound-healing curve that was able to complete skin wound healing within 50 days. The skin wound-healing curve for the 3 W wounded zebrafish showed a faster wound-healing process (blue color), while the 5 W wounded zebrafish showed a relatively slower wound-healing process (red color) (Figure 2B). Moreover, the wound-healing performance was investigated using the curve-fitting method to predict the time to reach 25%, 50%, and 75% wound closure. There were significant differences between the 3 W and 5 W laser on the wound-closure percentage. For example, the 3-watt group only needed around 16 days to close 50% of the wound; meanwhile, the 5-watt group needed longer to close the wound (18 days). This indicates that the 5 W laser imparted a more severe wound and needed more days to be fully healed compared to the less severe wound caused by the 3 W laser power. Fish groups receiving the 3 W laser showed faster skin wound closure; within 16 days, half of the wound was already closed. Based on all collected data, this study revealed that a 3 W laser is the safest and most optimum power used to induce skin wounds in zebrafish. The faster wound-closure percentage and consistent wound produced by 3 watts make it the best condition for skin ablation in zebrafish. In addition, histological sections were performed to examine the size and depth of the skin wound. By paraffin sections and H&E staining, the skin thickness was estimated at around 150–200 um on the unwounded side (Figure 2C, right panel), while it could reach 400 um in depth and 2 mm in width after receiving the 3 W laser ablation (Figure 2C, left panel). Those results confirmed that the optimized 3W laser power setting can induce a full-thickness skin wound in zebrafish with a consistent initial wound size, smooth skin closure process, and less lethality.




3.2. Evaluation of Fish Pain after Laser Ablation


As one of our main concerns in developing this laser-based skin ablation method, pain assessment is required to evaluate the pain experienced by the test fish during and after laser ablation, and to ensure the compatibility of this procedure with an ethical point of view. Unlike in humans, the assessment of pain in animals cannot be obtained by direct communication; therefore, an indirect method like behavior assessment was used to evaluate the potential pain response in zebrafish. Since pain is an adverse physiological experience resulting in learning, memory formation, and altered strategic decision-making, in animals, it is often indicated by behavioral alterations and the performance of abnormal or unusual behaviors [44,45]. Here, at ~1 h after skin ablation, behavior alteration was assessed by using a 3D locomotion test. Groups of fish that were given a wound by 5-watt laser power showed rather abnormal behavior. This behavior abnormality was indicated by statistically low levels of the fractal dimension (FD), average speed, and total distance traveled at the top (Figure 3A,B,D), as well as a high level of meandering (Figure 3C). The FD, a mathematical index for locomotion complexity evaluation, has been used for behavioral monitoring, including pain evaluation [42,45]. Generally, a healthy fish displays a higher FD value than a sick or pain-suffering fish. In this study, the 5-watt group showed a significantly lower level of FD value (*** p < 0.001) compared to the 3-watt and control groups (Figure 3A). In line with the previous study, a substantial reduction in the activity and swimming distance, resulting in a reduction in the complexity of movement as well as space use, was displayed by adult zebrafish during pain [42]. The increment in meandering also indicated that the treated fishes were in a high anxiety state that might have been caused by the wound [46]. As can be seen in Figure 3C, the 5-watt group showed a significantly higher level of meandering (** p < 0.01) compared to the 3-watt and control groups. On the contrary, the fish treated with a 3W laser displayed similar behavior endpoints with the control. According to the result, there are no significant differences in the 3-watt group, which means that the behavior of 3-watt-treated fish and control are similar. Taken together, laser setting at high power (5 W) caused more pain to the fish, while the low power (3 W) did not lead to the behavior alteration, indicating the absence of pain or less pain in the treated fish after ablation with the laser at that power level. Therefore, based on these results, this study concluded a 3W laser power was identified as the optimal condition for the skin ablation experiment due to inducing less pain in adult zebrafish.




3.3. Skin Wound-Closure Measurement by Deep Learning


The previous method to perform skin wound-closure quantification was solely based on the ImageJ method. Since the manual interpretation of the wound-healing area is easily affected by the opinions of the interpreter, it is better to establish an automated wound-area interpretation system to minimize the potential biases from human operational errors. In clinical practice, image segmentation and deep-learning methods have been successfully applied to perform skin cancer or skin wound-size estimation [47,48]. However, such an approach has not been reported in zebrafish. Because the contour of the wound area is very irregular and the boundary is blurred, traditional image edge detection, segmentation, and others relying on hand-crafted algorithms will not easily obtain accurate results. Moreover, if the hand-carved algorithm is applied to zebrafish species with different pigmentation patterns in the skin, the detection accuracy will be reduced, and a new algorithm must be redesigned manually to adapt to the new fish species. Therefore, in this study, a supervised machine-learning method was adopted to automatically learn the interpretation rules to establish an easily learnable and adaptable wound-contour interpretation system. After judging the contour of the wound, the relationship between the image area and the actual wound area was calculated by traditional image processing methods, and the absolute wound area served as the ground truth was calculated based on the images. The workflow of establishing a machine-learning system is summarized in the following cartoon picture (see Figure 4 for the system architecture).



3.3.1. Image Collection and Preprocessing


After skin ablation, pictures were taken of the fish with a suitable visible light source and shooting distance. The photographed images are marked with the wound area using the image-processing tool of ImageJ. ImageJ is a Java-based open-source software for image processing into an invaluable laboratory tool. ImageJ can be used to display, edit, and process an image. They incorporate useful tools for image processing, like histogram manipulations and standard image filters. Not only that, but they also have a lot of macros and plugins which are helpful for image processing [35]. The marked picture serves as the ground truth for the training and verification. We initially collected around 1071 images, covering different skin wound sizes, which were taken at a fixed magnification and pixel dimension. Later, the wound areas and backgrounds were manually marked and converted into white and black colors, respectively. The dataset was first divided into 885 training images, 97 validation images, and 89 testing images. When the image set was not big enough, image augmentation was used to increase the size of training images [49,50]. The image augmentation procedures were performed on the training images to augment the images from 885 to 12,390. The image augmentation methods performed here include cropping, flipping, grid distortion, elastic transform, optical distortion, as well as brightness contrasting [51]. The same augmentation procedures were also performed on the validation images to augment the images from 97 to 1455.




3.3.2. Model Training


There are several reported methods currently available that may be suitable for marking the contour of the skin wound in zebrafish. In this experiment, we evaluated two deep-learning methods, the U-Net [52,53] and Mask R-CNN [54]. The U-Net is a generic deep-learning solution for image detection and segmentation, and can be used for biomedical image data analysis [52,53]. The U-Net uses the U-shaped network structure to first capture the features of the images and reconstruct the required partitions based on these features. The difference from general segmentation is that the fish wound map contains fish scale lines and irregular fuzzy wound boundaries, so it is difficult to use the semantic features of the image to identify the contour of the object. Therefore, U-Net’s method of fusing low-level and high-level image features may have a chance to successfully mark the contours of fish wounds.



The U-Net architecture contains a U-shaped path. The image enters one end of the U-shaped network to go through the encoding part of the network (also called the down path). The encoding part is used to capture the features of the input images. Then, the information of the input image is sent to the decoding part (also called the up path) to construct the segmentation image. In addition to this, the direct connections are used to pass the precise localization information of the features in the encoding part to help the decoding part in generating the segmentation. The major components of the encoding part of the U-Net are the convolution layers and max-pooling layers. The convolution layers contained in the encoding part use a set of filters (also called kernels) to extract the features. The output features of a convolution layer are usually passed to another convolution layer for extracting higher-level features. After several convolution layers, the max-pooling layers are used to reduce the size of the features so that useless features can be eliminated. A typical max-pooling layer selects the maximum pixel value from each group of four pixels, and the selected pixels are arranged to form the pooled feature map. On the other side, the decoding part needs to convert a compressed feature map to a high-resolution segmentation image. The U-Net uses the transposed convolution layers to perform the upsampling work. The transposed convolution (also called deconvolution) is the opposite process of convolution. Because a convolution operation can be expressed as a matrix multiplication of a filter matrix and an input image (denoted as a matrix), the reversed convolution operation can be performed by the matrix multiplication of the transpose filter matrix and an input feature map. This is why the reversed convolutional operation is called a transposed convolution. Methods such as the R-CNN first use image semantic features to detect the area of the object and then send this area to another network to mark the area. Whether this type of method can effectively find out the wound area that does not have a specific shape for object detection is a key issue. Those color-converted images were saved as the ground truth for the segmentation training. Later, both the original images and the marked and color-converted image ground-truth image pairs were conducted for 1000 epochs of the R-CNN training with a U-Net network containing four down and four up hidden layers. After completing the image and model training, the testing image datasets were uploaded for the wound-size prediction.




3.3.3. Test Results


This study was able to write an image area calculation program, and later use this program to calculate the area of the wound with the wound map marked with the boundary area. Comparing the manually calculated area and the program-calculated area, the overall performance of our system was established. Finally, the data obtained from deep-learning prediction and the data collected from the ImageJ manual measurement were compared and subjected to correlation validation. Later, deep learning’s performance was evaluated by comparing the Dice and loss curves in the training and validation processes. For training, the Dice coefficient increased exponentially after 100 steps, and already reached the maximal plateau after 2000 steps. The loss curve also already reached the minimal level after 2000 steps. For validation, the Dice coefficient reached the maximal plateau after 2000 steps. The loss curve also showed a minimal level after 2000 steps. Interestingly, the Dice and loss curves for either the gray or RGB color images displayed no significant difference for the training process (Figure 5A,B). The Dice and loss curves for the RGB color images also displayed similar performance with the gray images for the validation process. This result suggests the U-Net deep learning used in this study might recognize skin pigmentation patterns rather than skin color. Similar results also can be found for the Mask RCNN training and validation (Figure 5C,D).



In addition, in this study, we found that a good laser ablation position in the central body part is crucial for precise wound-area prediction by deep learning. If the laser ablation was not given in the central part of the fish body, then the overall U-Net prediction power would decline dramatically due to the misidentification of the skin wounds with background noise. To avoid any ambiguous data, only images with central skin wounds were selected to conduct the skin wound-size prediction.



For the testing process, we compared the size of the predicted wound area with the ground truth, and later four endpoints were used for the performance evaluation in terms of the Dice coefficient, IOU, sensitivity, and specificity based on a previous semantic segmentation study [55]. For the PET zebrafish strain, the image color contributed less to the wound, since there was no significant difference for all four major endpoints between gray and RGB images (Table 1). This result supports the previous hypothesis proposed based on data collected from the Dice and loss curves in Figure 5. These interesting findings led us to investigate further whether the U-Net deep-learning network built in this study could be used for other zebrafish strains with different body colors or strip patterns. For the body-color test, the golden strain (carrying slc24a5 gene deficiency) was selected, since its body showed a more intense yellow color than the AB strain, but with a similar pattern. The result showed the optimized neural networking built up with the PET strain by the U-Net was still able to be applied to the golden strain with a relatively good prediction power (Table 1).



For the PET strain, based on the U-Net, a very good performance on skin wound-size prediction was observed when compared to the ground truth. Based on 89 images collected from zebrafish by 5 to 50 DPW, it was revealed that there was no significant difference between the ground truth and prediction, which was validated by using a paired t-test (p = 0.6972, Figure 6A,C). Later, we investigated whether the U-Net network prediction power displayed any consistency for different sizes of wounds. By using the XY correlation plot, it was revealed that the prediction error rate displayed a relatively low level for bigger skin wounds and a high level for smaller skin wounds (Figure 6B). For middle-to-big wound (>2 mm2) area prediction, the error rates were less than 25%, while they could reach around +125% to −100% for small wounds of less than 2 mm2. Figure 6C shows some examples of the ground truth and predicted area comparisons at different time points after the skin ablation. Taken together, the optimized U-Net performed very well for the skin wound-area and morphology prediction. Only significant over- or underestimation was found in very small skin wounds. Those errors can be ignored, since they contributed less to the skin wound-closure percentage, which is divided by the relatively big wound skin at 5 DPW.



After testing the PET strain, it was interesting to know whether the trained U-Net was still able to measure skin wounds from other strains, like the golden or TL zebrafish strains. Golden zebrafish that carry the slc24a5 gene deficiency have a phenotype of golden-like skin/scales. Their color is different from the PET zebrafish, and was used as an outlier to test the power of the U-Net. The results confirmed that the U-Net could still predict the skin wounds on the golden zebrafish. Table 1 shows that the specificity and sensitivity of the U-Net in predicting skin wounds for golden strain are quite high, which is around 0.9 and 0.7. This proved that, even with different skin colors, the U-Net was still able to predict skin wounds in zebrafish. Next, we tested whether the U-Net still could precisely measure the skin wounds for zebrafish strains with different pigmentation patterns. To validate this hypothesis, TL zebrafish with a leopard-like pattern on their scales were tested. The results demonstrate that the U-Net was still able to give a good result in measuring the skin wound size in the TL zebrafish, with around a 0.9 sensitivity; the 0.9 specificities were quite similar to the PET zebrafish. From this result, it is concluded that the trained U-Net model proves to be a good deep-learning machine for measuring wounds on a broad range of zebrafish strains.





3.4. Skin Wound-Closure Measurement Validation


After the establishment of the laser ablation and deep-learning methods for the skin wound-area measurement, it is important to conduct a data validation step to compare the deep-learning prediction power with the ImageJ-based manual measurement method. The skin wound-closure curve generated by the U-Net-based deep learning- and ImageJ-based methods were compared side-by-side. In the ImageJ software, before measuring the wound, size calibration was conducted with a scale bar to find the pixel to distance relationship. The image of the zebrafish wound area was then analyzed using the ROI manager by selecting the skin wound area as the target. Selected wound areas could be measured with a measure option that is in the ROI manager menu. We hypothesized that the optimized deep-learning model was able to predict the skin wound size with a high precision and automated manner. To validate this hypothesis, some conditions, like ambient water temperature and antioxidants able to enhance or delay wound healing in rodents, were used.



3.4.1. Temperature Conditions and Their Effect on Wound-Healing Process


Various environmental factors can affect the quality of animal life; one of them is temperature. Temperature is also important in the wound-healing process, and higher or lower temperatures can affect the speed of wound healing in animals. Temperature can affect fibroblastic activity and keratinocyte migration and, therefore, plays an important role in skin wound healing [56,57]. To prove this concept in a zebrafish model, we examined how high (35 °C), ambient (25 °C), and low (15 °C) temperatures affect the wound-healing process in zebrafish. Zebrafish skin was ablated by a 3W laser beam; then, they were transferred to a temperature-controlled oven with the temperature set at either 35 °C, 25 °C, or 15 °C.



Other than the 50% wound prediction, in this study, we also proposed another two important endpoints of either 25% or 75% wound closure that could be used to fully cover the early (25%), middle (50%), and late (75%) wound-closure events for re-epithelialization and inflammation, granulation tissue, and the maturation process. By using the curve-fitting method, we found it was very useful for performing skin wound-closure evaluation by using this multiple-endpoints method. Basically, skin wound-closure kinetics obtained by the U-Net prediction and manual measurement using ImageJ were consistent, showing faster wound closure in the higher-temperature group and much slower in the low-temperature group (Figure 7). Low temperature has been reported to delay tissue necrosis, macrophage response, the clearance of bacteria, and finally slow down skin wound closure [58]. The time for skin to reach 50% of the wound closure was also investigated. The high-temperature (35 °C) condition could speed up the wound healing, taking ~12.2 days to reach 50% wound closure, while it took ~16.78 days for the control and ~54.4 days for the low-temperature group (the p value for each significance level was * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). This means that the 15 °C condition delayed the wound-healing process significantly, as 50 days were needed for the zebrafish to reach a 50% wound-closure condition. Furthermore, by evaluating the 25% wound-closure endpoint, we could check their early wound-healing process. It took ~6.3 days for the high-temperature group (35 °C), ~11.9 days for the control, and ~16.8 for the low-temperature group (25 °C). We can see that, even in the early wound-healing process, temperature already played an important role. High temperatures were significantly faster compared to the other group, while low temperatures already took a lot of time to close the wound (Figure 7). These results clearly demonstrate that skin wound healing in zebrafish is temperature-dependent, and the ambient water temperature should be well controlled and reported when conducting such experiment for better data consistency. In addition, it also can significantly save time to conduct faster wound healing-potential evaluation by assessing the early 25% wound-closure endpoint. By performing the 25%, 50%, and 75% wound-closure testing, this protocol could help us to choose which process of early, middle, or late wound healing we want to focus on. Furthermore, the performance of the AI developed for wound measurement is working great, as the results are still comparable to each other.




3.4.2. Antioxidants Test to Speed up Wound-Closure Process


Towards achieving a consistent method in wound healing, antioxidants such as astaxanthin and vitamin C (ascorbic acid) as a positive control were used. This was also performed to validate the deep-learning performance of the skin wound-size prediction. Both astaxanthin and ascorbic acid are strong antioxidants that are already known for their properties in boosting the skin wound-healing process [59,60,61,62]. Here, the astaxanthin and vitamin C were added directly to the water where the fishes were to check whether the compounds could enhance the wound-healing process or not. As expected, both astaxanthin and vitamin C could enhance the skin wound-healing process in zebrafish, as seen in the curve. The curve produced by both astaxanthin and vitamin C showed an enhanced wound-closure process. This means that both astaxanthin and vitamin C are responsible for the wound-healing process. In the astaxanthin-treated fish, it only took ~11 days for 20 ppm and ~13 days for 2 ppm to reach 50% wound closure, while the untreated zebrafish took 16.8 days to close 50% of the wound (Figure 8A). Astaxanthin-treated fish showed a significantly faster wound healing compared to the control fish. A higher concentration of astaxanthin (20 ppm) could reach a more pronounced wound closure-promoting effect, which was judged by either 25% or 50% wound-closure endpoints (Figure 8A). Furthermore, another tested antioxidant, vitamin C, showed similar results with astaxanthin, where it sped up the overall wound-healing process in zebrafish. It only took ~12 days for 20 ppm and ~14 days for 2 ppm to reach 50% wound closure compared to the control, which took ~16 days (the p value for each significance level was * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) (Figure 8B). The results also confirmed that astaxanthin performed better than vitamin C in boosting the skin wound closure in zebrafish. Taken together, all evidence collected in this study proves that this laser-based skin ablation method indeed offers an alternative and simple method for skin wound-healing studies on zebrafish. The combinational use of deep learning-based wound-size measurement method also gives consistent results which are comparable to those obtained from the manual calculation. The result proves that the trained U-Net deep-learning model can work properly to measure the skin wound area in zebrafish automatically for the first time.






4. Discussion


4.1. A Laser Engraving Machine-Based Method Has Been Established to Create Consistent Skin Wounds in Zebrafish


All disruptions at the cellular level, anatomical level, and functional level of a living tissue could be defined as a wound. There are different types of wound injuries, such as chemical, physical, thermal, and microbial injuries [63,64]. When the skin is torn, cut, or burned, or when a blunt force causes a contusion, it will cause the structural integrity of the skin to be compromised. This is when wound healing would happen in order to keep the hemostasis in an organism and prevent further injuries to it [63,64]. Wound healing is a biologic process that is naturally occurring in an organism, where it regenerates injured parts to regain its normal condition [3]. This process is so significant that scientists started to discover more of the details of the wound-healing process, looking for efficient means to hasten and speed up the sound healing process. There are several established methods in the wound-healing assay, such as methods utilizing cell lines as a standard in vitro technique for proving collective cell migration by removing the cells through mechanical, thermal, or chemical damage [65]. In vitro techniques like this were used to examine the cell migration in cell-free areas, which is one of the significant indicators of the wound-healing process [66,67,68,69]. However, the full-thickness skin wound healing containing the epidermis–dermis interaction might be unable to be recapitulated by a simple in vitro assay. In this consideration, rodents, like mice or rats, or even big mammalian animals, like pigs, were reported as good models to examine the skin wound-healing process and mechanism [6,70,71]. Moreover, there are some techniques that make use of more advanced tools, such as clinical dermatology lasers and biopsy punches, to investigate wound healing [11,14,23,26]. However, the clinical dermatology laser is relatively expensive and might be unaffordable to many laboratories. Furthermore, there is also a significant limitation on the reproducibility of the data because of the high cost, limited number of test animals, and ethical concerns about the use of rodents. Thus, in this consideration, it is important and necessary to establish a simple and cost-effective method to create consistent skin wounds in the target animal, as well as to establish a high-throughput method able to qualitatively measure skin wounds in an automatic manner.



The most important innovation for this study is that we provided an optimized laser engraving machine-based method as an alternative approach to the clinical derma laser or biopsy punch to crate skin wounds. By utilizing a low-cost laser engraving machine, we were able to produce very consistent skin wounds in zebrafish with less pain and adverse effects (mortality) for the treated fish. The uniform power output also made it possible to generate a uniform size of skin wounds and greatly reduce the potential individual variation for wound sizes. Moreover, using this optimized protocol, full-thickness skin wounds could be consistently, quickly, and reproducibly introduced on the flank of adult zebrafish. The skin wounds generated by this laser-based method could be fully healed within 30 to 40 days, which is quite fast. This might be because the wound produced in this experiment comes from a laser, which produces heat and physical cuts from the laser [30]. Some studies showed that using a laser could result in faster wound healing, since the light and heat could induce collagen bonds strong enough to support moderate tension [30,72]. Previously, the laser has been used for tissue volatilization (the ablative technique) and thermal diffusion in skin resurfacing and tissue welding. Using this method, the wound-healing process becomes faster and more evident [73].



In this study, the optimal laser power of 3 watts was validated to generate skin wounds with a consistent size and depth, as well as to induce less animal suffering. This result was similar to other studies that used a laser power range of 1–10 watts [74,75]. Utilizing the 3-watt laser power, the full-thickness wound was consistently generated onto zebrafish. As mentioned earlier, heat from a laser could enhance the wound-healing progress in this experiment. This is also supported by a previous experiment that used a ruby laser on the dorsum of mice. This phenomenon could happen because of the laser biostimulatory effect, creating mechanical and burn injuries. The laser-treated side showed accelerated healing and greater epithelial proliferation [76,77]. Furthermore, another previous study on wound healing also proved that the He-Ne laser was found to increase the rate of wound closure in rats and mice [78,79,80]. These studies supported the current findings in this study that using 3 watts of laser power could consistently generate the wound as well as promote the wound to be fully healed within around 30–35 days. Interestingly, a recent study also proved that the laser is an effective therapeutic modality to promote the healing of some wounds. The effects of this therapeutic technique are related to the decrease in inflammatory cells, increased fibroblast proliferation, angiogenesis stimulation, the formation of granulation tissue, and increased collagen [81]. Moreover, another study also proved that laser therapies might improve the wound-healing process and reduce swelling and pain after tooth extraction [82].




4.2. Three Important Endpoints Were Proposed to Exam the Early, Middle, and Late Skin Wound-Healing Event in Zebrafish


Previous in vivo wound-dressing studies were also conducted in mammals, such as pigs, rodents, or rabbits, which are limited by the drawbacks of a low throughput, high cost, and debate on the violation of animal rights [83,84,85]. Following the 3Rs guideline [9], the aim was to establish zebrafish as a simple and alternative model to conduct skin wound-healing studies. Compared to higher forms of vertebrate models, zebrafish provide a relatively easy and cheaper alternative animal model for skin wound-healing studies. The entire full-thickness wound closure can be finished within 30–35 days. In zebrafish, faster re-epithelization occurred within 10 hrs after the skin was wounded, later followed up by inflammation/granulation tissue formation by 1–5 days postwound (dpw). By 6–9 dpw, scar resolution took place, and finally the skin wound fully recovered within 30 dpw [1,11,28]. Consistent with the previous study, in this experiment, zebrafish wounded with the laser engraving machine could close the wound at around 30–35 days (Figure 2B). In addition, compared to the previous literature, in this experiment, we defined 25% (12 dpw), 50% (16 dpw), and 75% (24 dpw) wound closure as three important endpoints to evaluate the wound healing-promoting potential to check the early, middle, and late stages of the wound-healing process in zebrafish. Interesting results could be obtained for skin wound healing in examples of astaxanthin and vitamin C. By 25% wound closure, vitamin C at a 2 ppm dose displayed more superior wound healing-promoting potential than astaxanthin. However, by 75% wound closure, astaxanthin at both 2 ppm and 20 ppm doses displayed more superior wound healing-promoting potential than vitamin C. This result suggests both antioxidants of astaxanthin and vitamin C indeed can boost wound closure in zebrafish, but with different potential. While astaxanthin has a better wound closure-promoting function than vitamin C during the late-wound-healing process, vitamin C has a better wound closure-promoting function than astaxanthin in the early-wound-healing process. Therefore, we strongly suggest this multiple-endpoint-based method should be applied to assess skin wound healing in zebrafish in order to obtain better resolution than the single-endpoint-based method that was performed in most previous studies [1,11,28]. In addition, this fast turn-around time makes it an ideal vertebrate model to conduct large-scale full-thickness wound-healing experiments. Since the zebrafish genome has been decoded, genetic manipulation tools, like transgenesis and genome editing, and chemical screening methods are also well established, paving the way to the creation of some transgenic or KO fish lines to overexpress or knockout some interesting candidates, discovered by transcriptomic data mining, to determine which among its gene functions plays an important role in full-thickness skin wound healing in the future.




4.3. Functional Validation of Ambient Temperature on Skin Wound Healing in Zebrafish


To check the consistency of the new method, several known factors and compounds for wound healing were tested. For the first experiment, wounded fish were exposed to different temperatures at 15°, 25° (control), and 35 °C. According to the results discovered in this study, a low temperature significantly delays the wound-healing process and a high temperature boosts the wound-healing process (Figure 7). In the low-temperature group of 15 °C, the 50% wound-closure time was almost three times slower when compared to the control group of 25 °C. The slow wound closure at lower temperatures might be due to immunosuppression, since previous studies showed that low temperatures will reduce neutrophils, fibroblasts, and epithelial cell activities and impair wound healing [86]. Furthermore, at low temperatures, fish such as Atlantic salmon are more vulnerable to skin lesions and infection by pathogens [87,88]. Another phenomenon in wound healing, like red mark syndrome (a nonlethal inflammatory skin disorder), also happens to rainbow trout at low temperatures [89,90]. Meanwhile, for higher temperatures, the result shows that the wound-healing process seems to be faster compared to the low-temperature and control groups (Figure 7). Our results are similar to other studies showing wound healing in Atlantic salmon, cloud minnow, and European sea bass was significantly faster at higher-temperature conditions [17,91]. A recent experiment on Atlantic salmon (Salmo solar L.) that was held at two different temperatures (4 °C and 12 °C) also showed similar results as our experiment. According to the histology result, they found that Atlantic salmon held at a higher temperature (12 °C) indeed showed a faster wound-healing process [15]. According to these results, we strongly recommended the ambient temperature should be well controlled and reported when performing skin wound-healing experiments in zebrafish, since the overall skin wound closure was displayed in a strong temperature-dependent manner. Furthermore, based on these results, we confirmed that our method showed a consistent result for wound healing, as the results are in line with the prior study.




4.4. Functional Validation of Antioxidants on Promoting Skin Wound Healing in Zebrafish


Other than temperature, another factor, oxidative stress, was examined to perform more validation of this protocol. Antioxidants are known for their properties to enhance the healing of wounds by reducing the damage caused by oxygen radicals. Following the injuries, wounds are exposed to activated oxygen species released by infiltrating leukocytes. These reactive oxygen species (ROS) are usually generated by cells in response to the aerobic metabolism and the respiratory burst of phagocytic cells produced in response to pathogenic bacteria that invade the wounds [92,93]. ROS are produced in high amounts at the site of a wound as a defense mechanism against invading bacteria [92,93,94]; however, the high concentration of oxygen radicals induces severe tissue damage and leads to a delay in the healing process [95,96]. Antioxidants become the main defense and protection against ROS [97,98,99]. Antioxidants work by removing the products of inflammation, protecting the protease inhibitors from oxidative damage, and reducing the severe effect by inhibiting the residue of proteases and ROS that are formed by neutrophil accumulation at the wound site [100]. In this study, we validated two antioxidants, astaxanthin and vitamin C, and found that they could indeed boost the skin wound-healing process in zebrafish, which might be contributed to by ROS scavenging.



Astaxanthin is a natural xanthophyll carotenoid that can be found mostly in marine organisms [101,102]. Its antioxidative effect has been proven to be superior even to those of provitamins like vitamin A and vitamin E [103], and it is believed to be a potent antioxidant and one of the most powerful antioxidants. Meanwhile, vitamin C is an acidic, water-soluble antioxidant and a cofactor for collagen synthesis, which cannot be synthesized by humans due to L-gulonolactone oxidase (GLO) deficiency [104]. The wound-healing process requires a variety of macronutrients and micronutrients during each stage of healing to work properly [105,106]. Vitamin C is one of the required nutrients for wound healing during the proliferation phase, since, in this phase, fibroblasts produce collagen fibers which are related to and dependent upon vitamin C availability [107,108]. By utilizing the established method reported in this study, we were able to systematically compare the skin wound closure-promoting effect of those two compounds in zebrafish. According to the endpoints set at either the 25%, 50%, or 75% wound-closure percentage, we concluded that astaxanthin displayed more consistent and similar results with the previous experiment in mice, showing that topical treatment with an astaxanthin extract could accelerate wound healing in full-thickness dermal wounds [62]. Another study in cells suggested that the capability of astaxanthin in enhancing the wound-healing process was due to its ability to remove ROS and promote the wound-healing process by NIH 3T3 cells more effectively without causing cytotoxicity [37]. In the same manner, our study is also in line with a previous study in mice that demonstrated the way that vitamin C positively affects the early resolution of inflammation and tissue remodeling [109]. Furthermore, in another study of mice that were unable to synthesize vitamin C, vitamin C was provided in their water and the wound-healing process of the treated mice was checked. Later, they found that vitamin C could play an important role in wound healing by playing a crucial role in orchestrating multiple wound-healing processes [109]. Furthermore, similar results were also shown in another experiment on diabetic mice, which was orally administered with a high dose of vitamin C to the mice and that successfully accelerated the wound-healing progress by increasing the angiogenesis [110]. In addition, other studies also found that the faster rate of wound closure by vitamin C in the early days was due to the properties that enable it to work on the collagen metabolism, which is crucial in the proliferation stage [107,109]. Interestingly, while a prior study has evaluated an adjuvant system and demonstrated a few clinical benefits in the nonsurgical treatment of peri-implant diseases, it showed no significant improvement in the present study [111]. Nevertheless, all of the results proved that the laser engraving machine and the protocol used in this study are indeed consistent, repeatable, and work properly as an alternative for wound-healing investigation. The development of this method also unlocks a limitless potency for us to perform a deeper investigation regarding the wound-healing process in fish, such as evaluating the effects of some adjuvant treatments, such as ozonized gel, that has been used for a periodontal patient [112], ozonized water, that has been tested to treat gingivitis patients and has been proven to be effective to reduce a microbial colony count [113], and probiotics, to investigate their mutual or synergize effect and their possible interaction.




4.5. Automatic Wound-Size Measurement by Using a Deep-Learning Approach


Previously published methods to measure the wound area in fish skin are largely relayed by ImageJ-based methods (summarized in Table A1). ImageJ was developed by NIH as an open-source software that is able to perform image analysis for biologists without coding training [114]. Using ImageJ software, users can manually mark the wound area and, later, conduct wound-size measurements by using the software’s built-in function. However, this manual operation process is relatively tedious, time-consuming, and prone to operation mistakes. In order to overcome this shortage, in this study, we tested two deep learning-based tools, which were Mask RCNN and U-Net, on measuring the skin wound areas in zebrafish for the first time. Mask R-CNN and U-Net are both popular deep-learning architectures used for various computer vision tasks, including medical image segmentation, like skin lesion prediction [115,116,117]. The reason for testing two different methods is due to the different performances of Mask RCNN and U-Net on subject segmentation and recognition. For example, in humans, both methods have been used to measure skin lesions, and the result showed the Mask RCNN displayed superior performance than the U-Net [117]. In our previous works, we found that the U-Net performed better than the Mask RCNN on cardiac chamber size prediction for water fleas [118]. In this paper, we concluded that the U-Net displayed more superior performance than the Mask RCNN on skin wound-size prediction in zebrafish based on the evaluation of multiple parameters, like the Dice coefficient, IOU sensitivity, and specificity (Table 1). In general, the U-Net is particularly well-suited for cases where the object of interest (in this case, the skin wound) is smaller and more irregular in shape [95,96]. The other possible reason for the different performance between the Mask RCNN and U-Net is attributed to several factors: (1) Image datasets: the performance of any deep-learning model is significantly influenced by the quality and quantity of the datasets used for training and evaluation. Different papers employing diverse datasets or variations in datasets might result in variations in the overall performance of the constructed system. The diversity of the data, the presence of various types of skin lesions, and the quality of annotations all contribute to the model’s ability to generalize. (2) Architecture of neural network: the Mask R-CNN and U-Net demonstrate distinct design approaches. The Mask R-CNN presents a more intricate structure amalgamating object detection and instance segmentation capabilities, enabling the anticipation of object masks and the categorization of instances contained within these masks. Conversely, the U-Net adopts a more streamlined architecture tailored for image segmentation. The efficacy of either architecture can vary based on the intricacies of the problem at hand and the subtleties inherent in the datasets. (3) Hyperparameter configuration: hyperparameters, such as the learning rate, batch size, and optimization algorithms, play a pivotal role in shaping the training procedure and model convergence. Divergent sets of hyperparameters across various studies can yield disparate training results and ultimate model performance. It is imperative to acknowledge the absence of a universal solution in machine learning, and the selection among distinct architectures should hinge upon the unique problem context and accessible resources.



Another noteworthy discovery pertains to the applicability of the trained deep-learning model in predicting skin wound dimensions in other zebrafish strains exhibiting analogous stripe patterns. Both the Mask RCNN and U-Net methodologies exhibited comparable predictive efficacy for skin wound size in the TL and PET strains, which possess similar stripe patterns. In contrast, these deep-learning techniques demonstrated relatively diminished predictive accuracy when applied to skin wounds in the golden strain, characterized by fewer stripe patterns. This outcome underscores the pivotal role of skin stripe patterns in the training and learning procedures of both deep-learning methodologies. It is also worth noting that, although the currently established U-Net approach demonstrated a high success rate in predicting skin wound size in zebrafish, it exhibited a reduced predictive power and a heightened error rate when dealing with smaller wound areas (Figure 6). Therefore, we suggested that, to overcome this limitation, it might involve augmenting the training dataset with images depicting smaller wound sizes or adopting a hybrid two-phase model combining the Mask RCNN and U-Net [116,119].



Overall, the present study successfully developed a novel method for skin ablation and wound measurement in zebrafish. Here, the skin ablation process was programmed by the software, increasing the consistency of the wound area. However, this study still has some limitations, especially in the deep-learning wound measurement, although this only occurred for a relatively small wound size, since smaller wound areas are hard to distinguish. To overcome this issue and obtain optimal results, the contrast between the background and wound area needs to be clearer, and thus easy to be distinguished by the AI. Nevertheless, although the deep-learning measurement still has some limitations, it still provides much aid in calculating a lot of images, since, if it is performed manually, it could cause a lot of problems, such as subjectivity and human errors. In addition, this deep-learning measurement could also reduce the time needed to analyze the data. Finally, it is intriguing to explore the potencies of the current method in the future to examine potential medicines for wound healing.





5. Conclusions


Wound healing is an important process for organisms, and the enhancement of this process will benefit humans. To achieve this enhancement purpose, the improvement in the methodology to examine the process is necessary. This study successfully built a new method and protocol for wound healing that could create consistent and reliable results for skin wound-healing studies in zebrafish. The present method showed that it could produce a wound on zebrafish skin with consistency (2–3 mm). Moreover, the results in the temperature and antioxidant experiments showed that we could reproduce and repeat the data from prior studies. Higher temperature (35 °C) only needed ~6 days to close 25% of the wound, and only took ~12 days to reach 50% of wound closure, which was significantly faster compared to the control. Astaxanthin as an antioxidant also showed that it only needed ~7 days to close 25% of the wound and took ~12 days to reach 50% of wound closure. These results proved that our method works properly in zebrafish and can be used as an alternative to investigate any potential medicine for wound healing.



Furthermore, to boost the data calculation efficiency, deep learning-based methods were also adapted. By using the U-Net-based deep-learning method, the skin wound-size analysis can be conducted in a fully automatic manner for the first time in zebrafish. The utility of the trained U-Net model passed two rounds of validation for either temperature changes or antioxidant administration by showing a high sensitivity and specificity (±0.8 and ~0.9, respectively), although it could still be enhanced more in the future. Taken together, our studies demonstrated the laser-based instrument and trained deep-learning U-Net model reported here can offer scientists a standardized, convenient, and highly efficient method to address skin wound healing-relevant questions in zebrafish.
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Table A1. Summary of some methods used from the previous experiment in wound healing in different fish models. The method established in our lab is highlighted in the first row.
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	Animal Model
	Method to Induce Skin Wounds
	Wound Size
	Method to Measure Wound Size
	Limitation
	Author





	Zebrafish
	Laser ablation by using a laser engraving machine
	2 mm in diameter
	ImageJ and deep learning (Mask RCNN and U-Net)
	AI methods still have some limitations in recognizing a smaller wound.
	This study



	Zebrafish
	Razorblade; treatment with silver nanoparticles
	Amputated the dorsal fin (fin loss)
	Image by microscope and measured by ImageJ
	ImageJ calculations are quite tedious and subjective, so mistakes in area measurement could occur, especially if the images are not clear.
	Pang et al., 2020 [31]



	Zebrafish
	A laser beam from the dermal laser; treatment with silver nanoparticles
	± 4 mm in diameter
	Stereo microscope and measured by ImageJ
	Measurements using ImageJ are subjective and tedious, so there will be some discrepancies between the measurements.
	Seo et al., 2017 [32]



	Zebrafish
	A laser beam from the clinical dermal laser
	2 mm in diameter
	Manual measurement of wound size
	Manual measurements are tedious and the subjectivity of the measurer could become a huge problem.
	Richardson et al., 2013 [11]



	Atlantic salmon
	Biopsy punch at the abdomen
	5 mm in diameter (scale loss)
	Microscopy and measurement using Aperio ImageScope
	Image quality could affect the result and complex steps for detection.
	Sveen et al., 2019 [14]



	Cyprinus carpio
	Removal of the mucus using tissue paper, tissue swabs, and sandbag
	15 mm in diameter
	Histopathology and microscopy analysis
	Histopathology is time-consuming and is limited by methodologic drawbacks.
	Raj et al., 2011 [19]



	Nile tilapia

(Oreochromis niloticus)
	Scalpel to induce an incision (cutting) wound at the dorsal musculature
	Incisional (1 cm) (cut injury)
	Histopathology
	Histopathology is time-consuming and is limited by methodologic drawbacks.
	Eissa et al., 2013 [120]



	Gilthead seabream

(Sparus aurata L.)
	Circular biopsy punch (Stickel) below the lateral line
	Diameter of 8 mm and depth of 2 mm
	Image analysis software called Image-Pro Plus
	Image quality can affect the final result, and can be computationally extensive, which limits the speed and efficiency.
	Chen et al., 2020 [121]
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Figure 1. Overview of the skin ablation procedure mediated by the laser engraving machine. (A) The outlook of the laser engraving machine used to conduct skin ablation experiment in zebrafish. (B) The agarose holder and endoscope were used to hold the fish in position and to monitor the laser ablation process. (C) The use of methylene blue staining to mark the wounding area. (D) The wound area was recorded every five days to monitor the skin wound-healing progress. Bottom panel, creation of a precise skin wound in zebrafish by using the laser controlled by the software. (E) Left panel, the estimated location of the skin wound, indicated by a red circle, which is in the central part of the body trunk. The right panel is the control panel of the Mini engraving software, which can control the power and position of the laser beam for conducting skin laser ablation in zebrafish. 
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Figure 2. Wound-area and wound-closure percentage on zebrafish using the laser engraving machine. (A) Test for the consistency of the wound area created by the laser. Before the experiment, the wound size was first tested on wood, and later tested on the fish skin. The data are expressed as mean ± SD and were analyzed by an unpaired t-test. (B) Time chronology of the skin wound-area recoveries of the zebrafish. The data are presented as mean ± SD, n = 10 for each group (* p < 0.05). The data were tested using nonlinear regression to obtain the 25%, 50%, and 75% wound-closure prediction. (C) Skin wound histology in the paraffin section with H&E staining. The left side shows a skin wound and the right side shows the unwounded control. The full-thickness skin wound after receiving a 3W laser was estimated as 2000 μm in width and 400 μm in depth. 
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Figure 3. Behavior endpoints were obtained from the 3D locomotion assay of zebrafish after 1 h of skin ablation with either 0 (control), 3, or 5 watts of power. (A) Fractal dimension, (B) average speed, (C) meandering, and (D) total distance traveled at the top were calculated. The data are expressed as the median with the interquartile range, and were analyzed by the Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. Two replicates with a total sample size of 12 fishes were applied in this experiment (** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 4. Experimental workflow for skin wound-healing area measurement by using a deep-learning approach. The wound atlas collected in the previous stage will be divided into three parts: the training set, validation set, and testing set. The pictures of these three sets are mutually exclusive. The training set is used to train the neural network model, and the validation set is used to verify the training results during the training phase. The test set is used to evaluate the performance of the system after the training. 
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Figure 5. Training loss and test Dice curves for skin wound-closure prediction by using either U-Net or RCNN. In total, 885, 97, and 89 images were used as training, validation, and testing datasets, respectively, to conduct deep learning-based wound-size prediction. To increase image diversity, images were distorted about 14-fold to generate a total of 12,390 images as a training dataset. (A) The Dice and loss curves for the U-Net training process by using gray or RGB skin images. (B) The Dice and loss curves for the U-Net validation process by using gray or RGB skin images. (C) The Dice and loss curves for the Mask RCNN training process by using gray or RGB skin images. (D) The Dice and loss curves for the Mask RCNN validation process by using gray or RGB skin images. 
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Figure 6. Test the power of deep learning in detecting the potential wounds in fish by using the optimal U-Net. (A) Comparison of the skin wound-area size between deep-learning prediction (red color) and ground truth (blue color). (B) The correlation between the wound-area size and wound-area prediction error rate. (C) Time chronology images showing the high similarity between the ground truth and predicted skin wound size in zebrafish using U-Net. DPW, days postwound. 
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Figure 7. Wound-area and wound-closure percentage on zebrafish using the laser engraving machine. The wound-healing closure percentage curve that was affected by low (15 °C) and high (35 °C) temperatures. There are two sets of data measured manually with ImageJ and with deep-learning U-Net prediction. The data are presented as mean ± SD, n = 12 for each group. For statistical differences, the data were tested by a two-way ANOVA with the Geisser–Greenhouse correction. Sidak’s multiple comparison tests were used to compare all treatments with the control, with n = 12 for each group (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 8. Validation of antioxidants as a strong positive control to promote skin wound healing in zebrafish after performing laser ablation. (A) Wound-healing closure percentage curve of zebrafish treated with both high and low doses of astaxanthin. (B) Wound-healing closure percentage curve of zebrafish treated with both high and low doses of vitamin C (ascorbic acid). The data are presented as mean ± SD. The data were tested using nonlinear regression to obtain the 25%, 50%, and 75% wound-closure predictions. For statistical differences, the data were tested by a two-way ANOVA with the Geisser–Greenhouse correction. Sidak’s multiple comparison tests were used to compare all treatments with the control, with n = 12 for each group and each concentration (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Table 1. Comparison of prediction power of the U-Net and Mask RCNN for skin wound healing in zebrafish. For statistical differences in sensitivity and specificity, the data were tested using a one-way ANOVA test, followed by Tukey’s post hoc test (a) used as a label; different letters beside the results indicate a statistical difference with p < 0.05. The data in this table are all expressed as mean with SD.
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Strain

	
Image Color

	
Dice Coefficient

	
IOU

	
Sensitivity

	
Specificity

	
n






	
U-Net method




	
Zebrafish

PET strain

	
RGB

	
0.815 ± 0.242

	
0.737 ± 0.251

	
0.801 ± 0.265 (a, d)

	
0.996 ± 0.004 (a)

	
75




	
Gray scale

	
0.781 ± 0.276

	
0.703 ± 0.281

	
0.762 ± 0.300 (a, c)

	
0.997 ± 0.004 (a)

	
75




	
Zebrafish

Golden strain

	
RGB

	
0.411 ± 0.356

	
0.328 ± 0.318

	
0.400 ± 0.381 (b)

	
0.992 ± 0.012 (b)

	
79




	
Gray scale

	
0.648 ± 0.313

	
0.548 ± 0.308

	
0.592 ± 0.330 (c)

	
0.997 ± 0.005 (a)

	
79




	
Zebrafish

TL strain

	
RGB

	
0.907 ± 0.116

	
0.846 ± 0.157

	
0.951 ± 0.116 (d)

	
0.995 ± 0.002 (a, b)

	
60




	
Gray scale

	
0.882 ± 0.162

	
0.815 ± 0.187

	
0.878 ± 0.185 (a, d)

	
0.996 ± 0.003 (a)

	
60




	
Mask RCNN method




	
Zebrafish

PET strain

	
RGB

	
0.774 ± 0.332

	
0.716 ± 0.318

	
0.792 ± 0.340 (a, d)

	
0.996 ± 0.004 (a)

	
75




	
Gray scale

	
0.759 ± 0.334

	
0.696 ± 0.324

	
0.757 ± 0.343 (a, c)

	
0.997 ± 0.002 (a)

	
75




	
Zebrafish

Golden strain

	
RGB

	
0.431 ± 0.444

	
0.390 ± 0.413

	
0.421 ± 0.444 (b)

	
0.997 ± 0.005 (a)

	
79




	
Gray scale

	
0.352 ± 0.439

	
0.320 ± 0.408

	
0.353 ± 0.449 (b)

	
0.997 ± 0.006 (a)

	
79




	
Zebrafish

TL strain

	
RGB

	
0.872 ± 0.226

	
0.819 ± 0.234

	
0.916 ± 0.221 (a, d)

	
0.996 ± 0.003 (a)

	
60




	
Gray scale

	
0.884 ± 0.188

	
0.825 ± 0.201

	
0.937 ± 0.183 (a, d)

	
0.995 ± 0.003 (a, b)

	
60
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