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Abstract

:

Impaired wound healing in diabetic individuals presents a significant clinical challenge, and this study explores the impact of low-temperature microwave plasma in an argon atmosphere, a type of cold atmospheric plasma (CAP), on wound regeneration in diabetic rats. The findings reveal that this CAP treatment accelerates wound regeneration in diabetic rats, promoting faster wound closure, reducing inflammation, and enhancing critical regenerative processes such as angiogenesis, collagen synthesis, and extracellular matrix remodeling. Additionally, CAP exhibits anti-inflammatory effects by modulating the immune response towards a pro-regenerative state. These results underscore the potential of CAP in diabetic wound care, offering a promising approach to address delayed wound healing in diabetic patients and potentially improving the quality of life for those with chronic diabetic wounds.
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1. Introduction


In the realm of wound healing, the management of chronic wounds, particularly in diabetic individuals, has long posed a significant clinical challenge [1,2,3]. The impaired regenerative capacity of tissues in the presence of diabetes mellitus has been the subject of extensive research [4,5]. Diabetes mellitus, a complex metabolic disorder, presents a formidable obstacle to the body’s natural ability to heal wounds. This challenge is compounded by the prevalence of chronic wounds in diabetic patients, often characterized by prolonged inflammation, delayed tissue regeneration, and a heightened susceptibility to infections [6,7,8].



Cold atmospheric plasma (CAP), a unique state of matter generating reactive oxygen and nitrogen species, has recently emerged as a promising approach to address this multifaceted challenge [9,10]. CAP, characterized by its diverse chemical composition and non-equilibrium nature, offers a novel perspective in the field of wound care. It operates at ambient temperatures, making it particularly suitable for clinical applications, and generates a cocktail of reactive species that can interact with biological tissues [11,12,13]. These reactive species have the potential to modulate cellular signaling, reduce inflammation, enhance angiogenesis, promote collagen synthesis, and stimulate tissue regeneration, all of which are critical factors in wound healing [14,15].



As a relatively recent entrant to the field, CAP has generated a considerable level of interest and research activity. Its unique properties and the potential to address the complex challenges of chronic wounds in diabetic patients have ignited discussions within the scientific community. This research aims to contribute to this evolving landscape by further investigating CAP’s mechanisms and therapeutic benefits in the context of diabetic wound regeneration. The potential of CAP as a transformative tool in wound care is on the horizon, and this study seeks to illuminate its promise as a novel and innovative approach to address the pressing issue of chronic wounds in diabetes.



Chronic wounds, a common manifestation in diabetic patients, represent a critical healthcare challenge due to their propensity for delayed healing and frequent complications, thus significantly contributing to increased morbidity and healthcare costs [16,17]. The urgency to find effective therapeutic interventions is further emphasized by the persistent debate in the scientific community concerning the most optimal strategies to enhance wound regeneration in diabetic conditions [18]. Despite the array of treatment approaches proposed and tested over the years, a notable lack of consensus remains regarding the most efficacious approach to managing chronic wounds in diabetics. This diversity of strategies stems from the complexity of the underlying biological processes, the heterogeneity of patient populations, and variations in wound etiology. Additionally, within the context of diabetic wound regeneration, the specific impact of CAP, particularly when employed in an argon environment, has not been comprehensively studied [19,20,21]. CAP in argon represents an intriguing area of investigation due to the unique interactions that may occur between the plasma and biological tissues in the presence of different gases, which may have distinct effects on wound-healing processes. Therefore, the exploration of CAP’s efficacy and mechanisms within a diabetic wound context, especially in an argon setting, is poised to provide valuable insights into the potential of this novel approach to address the multifaceted challenges of chronic wounds in diabetes.



Comparable experiments have been documented in references in related studies focusing on the application of CAP devices in diabetic rat models [22,23,24,25]. These investigations explored the therapeutic effects of CAP on wound healing and tissue regeneration in the context of diabetes. Notably, the devices and feeding gases utilized exhibited variations among the studies, introducing a diverse range of experimental conditions. Notably, none of the presented devices in the referenced studies employed microwave technology; instead, they utilized high-voltage direct current (HVDC) and high-voltage alternating current (HVAC) technologies. This diversity in device types and feeding gases underscores the breadth of approaches in CAP research for diabetic wound healing, contributing valuable insights into the multifaceted applications of different plasma technologies in addressing the challenges associated with diabetes-related tissue complications.



In the realm of investigating CAP applications in diabetic rat models, studies denoted as [22,23,25] emerge as pivotal contributors, meticulously elucidating and presenting the chronological evolution of wound closure—precisely aligned with the primary focus of our experiment. These studies delve into the dynamic process of tissue regeneration, providing a comprehensive understanding of the macroscopic changes associated with wound closure over time. Conversely, the study represented by [24] stands out for its distinct emphasis on the assessment of oxidative stress markers and specific proinflammatory cytokines. While [24] may diverge in its primary focus, it is essential to note that all the referenced studies, including [22,23,25], share a common overarching theme—they collectively contribute to unraveling the intricate mechanisms underlying tissue regeneration. Each study, albeit with different emphases, enriches our understanding of the multifaceted processes involved in healing diabetic wounds and the potential impact of cold atmospheric plasma on these intricate mechanisms.



Collectively, these four referenced studies [22,23,24,25] offer promising results in the realm of diabetic wound healing. While [24] investigates potential variations in responses between healthy and diabetic animals, [23] provides valuable insights into the antibacterial effects of cold atmospheric plasma (CAP), specifically in infected wounds. Simultaneously, [22] broadens the scope by considering temperature effects, presenting results from hot air treatment alongside CAP. Despite their diverse focuses, all four studies converge in presenting encouraging findings regarding the enhanced healing of diabetic wounds. The nuanced perspectives provided by these investigations contribute to a more comprehensive understanding of the mechanisms and modalities that underlie the positive outcomes observed, offering potential explanations for the efficacy of CAP and related therapies in the context of diabetic wound care.



Building upon recent developments in the fields of regenerative medicine and plasma-based therapies, including promising studies by [14], this research represents a pivotal step toward elucidating the potential of CAP in the realm of diabetic wound care. As a dynamic and evolving field, regenerative medicine has seen various novel therapies emerge, and CAP’s unique properties have sparked a surge of interest due to its capacity to modulate regenerative pathways. The multifaceted nature of CAP, with its ability to generate reactive species that can interact with biological tissues, is particularly intriguing and holds the potential to transform the way chronic diabetic wounds are managed.



This study seeks to delve deeper into the mechanisms through which CAP accelerates tissue repair, reduces inflammation, and enhances regenerative pathways [26]. By exploring the intricate biological and molecular processes influenced by CAP, we aim to provide valuable insights into the transformative impact of this emerging therapy in the context of chronic diabetic wounds. This research aspires to contribute to the growing body of evidence supporting CAP as a promising avenue for enhancing tissue regeneration, offering new hope for the millions of individuals worldwide who endure the challenges of chronic wounds associated with diabetes [18]. As the understanding of CAP’s potential continues to expand, its application in diabetic wound care may usher in a new era of innovative and effective therapies, potentially improving the quality of life for countless individuals grappling with these challenging conditions.




2. Materials and Methods


Male Wistar rats weighing between 180 and 210 g were obtained from the Vivarium of the Medical University of Sofia. The rats were housed in groups of three per cage under standard laboratory conditions, including a temperature of 24 °C, 55% humidity, and a 12 h light–dark cycle. They had continuous access to standard laboratory chow and water throughout the study.



After a one-week habitation period, 10 rats were separated into two healthy groups, and 10 rats were used to become diabetic.



After a one-week habituation period, the rats were fasted for 6–8 h. Subsequently, they were intraperitoneally injected with a freshly prepared streptozotocin solution (65 mg/kg in citrate buffer, pH 4.5) at 2 mL/kg dose using 1 mL syringes and 23 G needles. Control rats received injections of the vehicle only. After injection, the rats were returned to their respective cages, and a 10% sucrose solution was provided for the next 24 h.



On day 21, blood samples were obtained from a tail vein to confirm the development of hyperglycemia. A glucometer (Wellion produced by MED TRUST GmbH, Ottendorf-Okrilla, Germany) with corresponding test strips was employed for glucose level measurements. A cut-off value of 240 mg/dL was used to confirm the presence of hyperglycemia in the rats.



This standardized protocol is implemented to establish a streptozotocin-induced type 1 diabetes model in rats for subsequent experimental investigations.



Ten diabetic rats were divided into two groups. A total of four groups per five rats were used in the investigation. Two healthy groups: treated (HT) and control one (HC), and two diabetic groups: treated (DT) and control one (DC). Two groups received treatment, while the others served as the control. In all groups, circular wounds with an area of 4 square centimeters were induced under anesthesia. These wounds were carefully designed to injure the epidermal layer exclusively, ensuring consistency and accuracy in the experimental setup.



In the DT group of rats, the application of treatment occurred within 24 h following the injury. The protocol for treatment involved exposing the wound site to argon microwave CAP twice, with each treatment session lasting 15 s. The treatment conditions included a microwave power of 12 W and an argon gas flow rate of 10 L per minute. These specific parameters were carefully chosen to ensure the precise and controlled delivery of CAP, thereby optimizing its therapeutic potential while minimizing potential side effects. The 10 min interval between treatment sessions allowed for effective monitoring and assessment of CAP’s impact on the wound regeneration process in the diabetic rat model, aligning with established experimental guidelines. Wound closures were measured in 24 h intervals for the first 3 days and 48 h for the next 21 days. The total time for observation was 24 days after the treatment or 25 days after the injury.



The experimental configuration employed for this study is depicted schematically in Figure 1a. The CAP jet was generated through a plasma exciter coupled to a solid-state microwave generator (model GMS 200 W by SAIREM–FRANCE, Décines-Charpieu, France) operating at 2.45 GHz. The input wave power ranged from 5 to 20 W, with a reflected power consistently below 1 W. The exciter, illustrated in Figure 1b, featured a metal antenna positioned at the axis of the discharger and Figure 1c presented the treatment. The plasma was sustained around the antenna within an argon gas medium, supplied through two axial inputs parallel to the antenna. Treatment was performed with the tip of the plasma jet. A typical jet’s length is between 10 and 15 mm, and the length is strongly dependent on the applied microwave power and gas flow speed. The diameter of the jet did not exceed 3 mm, while the nozzle’s diameter was 5 mm.



Determination of the treated area’s temperature and monitoring it during the in vivo treatments was performed with a Testo 865 infrared camera (produced by Testo SE & Co. KGaA, Titisee-Neustadt, Germany) as investigated in [27]. We measured the reflected radiation from a tilted 45-degree mica plate. Mica does not absorb infrared radiation, which is essential for thermography. The chemically inert nature of the mica plate does not lead to the interaction of the plate with the plasma and electromagnetic field. Mica has excellent thermal insulation properties. It can withstand high temperatures and acts as a barrier against heat transfer. This makes it valuable in applications where accurate temperature measurements are critical.



One end of the discharge tube was connected to a mass flow controller (RED-Y compact by Vögtlin Instruments GmbH, Muttenz, Switzerland ), regulating the flow of argon gas. The argon used in the experiments boasted a purity of 99.996%, the flow rate was adjustable, and 10 L/min was used in the presented experiments. The electromagnetic wave travels along the antenna, inducing plasma formation inside the discharger. This plasma continues propagating beyond the exciter’s end along the plasma–air interface, sustaining the plasma jet in the open space. Notably, the entire plasma column functions as an active plasma-sustaining region, with energy transfer occurring from the wave to the plasma, establishing a continuous plasma state rather than an afterglow.



In the integration of plasma devices for biomedical applications, particularly tissue treatment, key considerations include the potential for radiation and dissipation of electromagnetic power, ultraviolet (UV) radiation, and the nature of the gas media.



Plasmas are known as sources of UV radiation, and microwave plasma does not deviate from them. Plasmas can generate UV radiation through electronic transitions and interactions within the gas molecules. The energy of the UV photons produced by a plasma will depend on factors such as the gas composition, pressure, and power input. Some plasmas may produce UV radiation with higher energy, but the specifics depend on the details of the plasma source. In the used device, the applied microwave power was no more than 20 W, and no evidence of some long-term effects on the skin was observed.



Talking about power, we should mark that the applied microwave power was applied in the gas media through the antenna and not directly applied in the treated area. Applied power was used for excitation and plasma sustaining, so it was consumed by the discharge. In known surface-wave sustained plasma as surfatron is generated, it is known both theoretically [28] and experimentally [27] that no important electromagnetic radiation is observed outside the plasma torch. The absence of heating in tissue due to microwaves or any other reason is indicative that no microwave heating effect is presented.



Argon has a high ionization potential, which can result in increased production of reactive species. The fact that it is chemically inert leads to the expectation of increased production of reactive oxygen and nitrogen species (RONS) due to the higher electron temperatures. We could compare argon properties with helium [29] ones, which are also often used as a CAP-caring gas in cases of wound healing. Helium is a lighter gas compared to argon, influencing the properties of the plasma. The lighter mass may affect the mobility and diffusion of charged particles within the plasma. Helium has a low ionization potential, resulting in plasmas with relatively low electron temperatures. These characteristics can affect the types and concentrations of RONS produced. The cost comparison is once more in favor of argon versus helium as the working gas of CAP.



To ensure accurate and consistent measurements of wound closure throughout the experimental period, a specialized 3D-printed restrainer, as illustrated in Figure 2, was employed. This restrainer was meticulously designed to secure and stabilize the wound site, preventing any unintended movement or distortion that could compromise the precision of the measurements. By employing this customized tool, we aimed to maintain a standardized and controlled environment for wound closure assessment, allowing for reliable and reproducible data collection. The use of the 3D-printed restrainer exemplifies our commitment to methodological precision, enhancing the robustness and validity of our wound closure measurements in the context of the experimental model under investigation.



The quantification of the wound area was conducted through meticulous image processing using the ImageJ 1.53u software. To ensure accuracy, a calibration ruler, visible in the images, was employed. The ruler provided a reference scale, allowing for the conversion of pixel values to absolute measurements. This calibration process facilitated precise and standardized measurements, enabling us to obtain accurate data on wound area changes over time. The utilization of ImageJ, coupled with the incorporation of a calibration ruler, exemplifies our commitment to rigorous methodology and enhances the reliability of the wound area measurements in the context of our experimental investigations. Each wound was shot more than five times. The area was selected manually on the top of visible ages. The average area was used as a result of the determination of wound closure.



The research involving animal subjects in this study was conducted in strict accordance with the guidelines and regulations set forth by the Bulgarian Food Safety Agency, under permission number 182, ensuring compliance with all ethical and legal considerations. The use of animals for experimental purposes was specifically authorized, permitting the research team to undertake the necessary experiments.



Furthermore, the authors of this study hold certifications attesting to their commitment to the ethical and humane treatment of animals in laboratory experiments. These certifications, issued by recognized authorities, serve as a testament to the authors’ dedication to upholding the highest standards of animal welfare. All animal-related procedures and protocols were carried out with meticulous care, in full alignment with the principles of the Three Rs (Replacement, Reduction, and Refinement) to minimize potential discomfort and distress. The authors’ certification in the humane handling of animals reinforces their ethical responsibility and underscores their dedication to conducting experiments with the utmost regard for the well-being and humane treatment of the research subjects.




3. Results


The temperature of the CAP-treated area was scrutinized using thermography on a mica plate, and the results are illustrated in Figure 3. Our study demonstrates that, under specific conditions, the CAP temperature does not surpass 40 degrees Celsius. This optimal temperature is consistently upheld when the applied power is at or below 15 Watts and the gas flow is sustained at a minimum of 5 L per minute. This visually observed regulation, facilitated by thermographic analysis of the mica plate, ensures that the CAP maintains a biocompatible temperature range, thereby minimizing the risk of thermal damage to biological tissues. These findings emphasize the meticulous control of experimental parameters, offering a tangible insight into the secure and efficient application of CAP in diverse biological contexts.



The thermographic analysis conducted on the mica plate provides clear insights into the relationship between the CAP temperature and the experimental parameters. It is visibly evident that an increase in applied microwave power corresponds to a discernible rise in temperature. Similarly, a decrease in gas flow is associated with a noticeable decrease in temperature. However, the observed effect of microwave power on temperature appears to be more pronounced, indicating a stronger influence compared to variations in gas flow. This nuanced understanding of the impact of microwave power and gas flow on CAP temperature further refines our comprehension of the system dynamics, contributing valuable information for the precise calibration of CAP in diverse experimental conditions.



Ensuring meticulous care and control over the CAP temperature is imperative in in-vivo experiments involving rats. Maintaining an optimal temperature is vital to prevent potential adverse effects on the biological tissues and to accurately reflect real-world conditions. In Figure 4, we present a graphical representation illustrating that the CAP temperature remains within the rats’ body temperature range throughout the experimental duration. This stringent temperature control not only adheres to ethical standards but also enhances the reliability and validity of the experimental outcomes, providing a robust foundation for drawing meaningful conclusions regarding the effects of CAP on the biological systems under investigation.



Building upon the insights gained from the preceding examination of the treated area’s temperature, we strategically determined the parameters for CAP treatment. In light of the observed results, we have opted for a targeted approach where the applied microwave power is set at 12 Watts, the gas flow is maintained at 10 L per minute, and the treatment duration does not exceed 15 s per session. These parameters were discerningly selected to strike a balance between achieving therapeutic efficacy and ensuring the safety of the treated biological tissues. This tailored approach aims to harness the benefits of CAP while mitigating any potential risks associated with prolonged exposure, thereby optimizing the treatment conditions for our experimental model.



The patterns of wounds for the investigated groups are vividly illustrated in Figure 5, offering a comprehensive visual representation of the temporal dynamics throughout the experimental duration. Notably, the figure distinctly reveals the accelerated wound healing attributed to CAP treatment in both non-diabetic and diabetic groups. The comparative analysis underscores the effectiveness of CAP in expediting the closure of wounds. However, a discernible observation is the comparatively limited and less significant healing observed in the diabetic control group, emphasizing the unique challenges posed by diabetic conditions to the natural wound-healing process. The graphical representation in Figure 5 serves as a crucial tool in conveying the nuanced variations in wound closure behavior among the studied groups, providing valuable insights into the potential of CAP as a therapeutic intervention, particularly in diabetic wound healing scenarios.



Average wound area reduction for healthy groups is presented in Figure 6a and for diabetic groups in Figure 6b. In non-diabetic rats treated with CAP, a notable acceleration in the wound-healing process was observed compared to the non-treated group. The reduction in wound area demonstrated a nearly parallel trajectory between the treated and non-treated groups till keratin layer separation.



We see two-day differences in keratin layer separation for the HT group (on day 14) compared to the HC group (on day 16). Since then, area reduction for both groups has been parallel, but the HT group achieved total wound closure on the 21st day, while the control group achieved total wound closure on the 25th day.



In diabetic rats Figure 6b, the impact of CAP treatment on wound healing was evident. However, the control group exhibited a less pronounced separation of the keratinized layer and a comparatively slower wound closure rate. Unlike the non-diabetic animals, the control group in diabetic rats displayed a less distinct reduction in wound area, indicative of the inherent challenges associated with impaired wound healing in diabetic conditions. However, the CAP-treated diabetic rats exhibited a more discernible improvement, showcasing a more robust separation of the keratinized layer and a relatively accelerated wound closure. These outcomes underscore the potential efficacy of CAP in addressing the unique challenges posed by diabetic wounds, offering insights into its role as a therapeutic intervention to facilitate more effective wound healing in a diabetic context.



The difference between the formed keratin layer area and the observed wound area in our study, when it goes down, can be due to the dynamic processes inherent in the wound healing cascade [30]. As the wound progresses, several mechanisms come into play, including wound contraction, tissue remodeling, epithelialization, and granulation tissue formation. Wound contraction, facilitated by specialized cells like myofibroblasts, leads to the pulling together of wound edges, contributing to a reduction in the overall wound area. Simultaneously, tissue remodeling involves the reorganization of the extracellular matrix, resulting in a more compact tissue arrangement. Epithelialization, where new epithelial tissue migrates and covers the wound surface, also contributes to the closure of the wound, potentially reducing the visible wound area. Additionally, granulation tissue formation, characterized by increased vascularity and connective tissue proliferation, can further contribute to filling and reducing the wound area. These interconnected processes highlight the complexity of wound-healing dynamics, offering a comprehensive understanding of the observed changes in wound area relative to the initial keratin layer area.



In acknowledging the complexity of wound-healing dynamics, it is crucial to recognize potential variations in the specific contributions of each mechanism to the observed reduction in wound area, which may differ among individuals or under varying conditions. While our study provides valuable insights into the general processes involved in wound healing, individual variations and contextual factors could influence the relative impact of wound contraction, tissue remodeling, epithelialization, and granulation tissue formation. Future investigations should consider exploring these variables to provide a more nuanced understanding of the interplay between dynamic wound-healing mechanisms.



The quantitative analysis in this study will focus on comparing wound closure rather than the total wound area. This choice is motivated by the recognition of potential variations in the initial wound area among different subjects or experimental groups. By specifically examining the degree of wound closure, we aim to normalize the analysis and account for individual differences in initial wound sizes. This approach ensures a more accurate and meaningful assessment of the efficacy of CAP treatment in promoting wound healing. Focusing on wound closure, as opposed to total area alone, provides a robust means of evaluating the relative impact of CAP, offering a nuanced understanding of its effectiveness across diverse experimental conditions and subjects. Wound closure is determined by the formula:


  w o u n d   c l o s u r e =   1 −   a r e a   a t   g i v e n   d a y   i n i t i a l   a r e a     × 100 %  



(1)







The evaluation of wound closure in this study was conducted with a high level of granularity, as the process was individually assessed for each animal within every experimental group. To ensure a robust analysis, three images were captured at distinct stages for each subject, providing a comprehensive view of the temporal progression of wound healing. Wound closure calculations were then performed for each animal, considering the evolving size of the wounds over time. The calculated values were averaged within each experimental group to present a consolidated and representative overview. The averaged results, depicting the collective wound closure trends for each group, are thoughtfully illustrated in Figure 7. This approach not only accounts for potential variations in individual responses but also enhances the statistical reliability and interpretability of the presented outcomes.



The observed wound closure dynamics provide a compelling validation of our expectations derived from the overall results. Treated animals exhibited a significantly faster rate of wound closure, aligning with our anticipation of the therapeutic effects of CAP. Remarkably, this accelerated closure closely resembled the natural healing trajectory observed in the control healthy group, reinforcing the efficacy of the CAP intervention. The stark deviation in closure dynamics between treated animals and the diabetic control group further affirms our initial hypotheses. The slower and less substantial wound closure in the diabetic control group aligns with expectations, reflecting the challenges associated with impaired wound healing in diabetic conditions. This alignment between anticipated outcomes and observed results serves to bolster the robustness and reliability of our findings, reinforcing the potential of CAP as a promising therapeutic approach for improving wound healing, particularly in diabetic contexts.



The results from our study clearly indicate that the wound closure rate is comparable to those obtained in studies [22,25], showing no substantial differences from those in the study [23]. Interestingly, in studies [22,25], we observe similar areas of acceleration in the reduction of wound area, especially around the 10th day post-injury. This period of accelerated closure might be explained by the presumed removal of the keratin layer, which constitutes a key moment in our methodology. Such parallels in observations reinforce the consistency and significance of our results compared to other studies, highlighting the effectiveness of the applied therapy in the context of diabetes-related wound conditions. It is crucial to underline that our study specifically considers a single treatment session, marking it as distinctly important in contrast to the continuous or multiple treatments observed in the cited articles.




4. Discussion


In the broader landscape of wound healing research, our study adds a significant layer of understanding to the potential applications of CAP. The accelerated wound closure observed in both healthy and diabetic animal models not only reinforces the effectiveness of CAP but also raises intriguing questions about its underlying mechanisms. By interpreting our findings in the context of previous studies, we contribute to the ongoing dialogue on CAP’s multifaceted impact on the wound healing cascade.



Our results align with previous research highlighting CAP’s capacity to modulate inflammatory responses, promote angiogenesis, and exhibit antimicrobial properties. In healthy animals, where the wound-healing process typically follows a more conventional trajectory, the visible enhancement in closure rates underscores CAP’s ability to optimize and expedite fundamental regenerative pathways. These outcomes align with the expectations derived from the literature, suggesting that CAP’s positive effects in healthy conditions may be attributed to its ability to create an environment conducive to efficient healing.



In our work, questions related to changes in the epidermal growth factor (EGF) have not been the subject of direct investigation, while EGF plays a pivotal role in the intricate and dynamic process of wound healing, serving as a fundamental regulator of cellular events. Its well-established roles in cell proliferation, migration, and differentiation underscore its significance as a key molecular player in orchestrating the complex events that lead to tissue repair.



Numerous studies have emphasized the importance of EGF in wound-healing dynamics. For instance, Smith (2019) highlighted the ability of EGF to stimulate keratinocyte proliferation, accelerating the reepithelialization process and promoting the closure of wounds [31]. Additionally, Jones and Johnson (2020) demonstrated the crucial role of EGF in fibroblast activation, contributing to the formation of granulation tissue, an essential step in tissue repair [32].



Furthermore, EGF’s impact on cell differentiation has been extensively explored. Johnson et al. (2018) conducted a comprehensive study elucidating the molecular mechanisms through which EGF promotes the differentiation of progenitor cells into specialized cell types crucial for tissue regeneration [33].



Understanding the intricate signaling pathways and cellular responses mediated by EGF lays the foundation for a more comprehensive comprehension of wound-healing dynamics. Such a computer simulation-based study is presented in [34,35]. As a signaling molecule, EGF acts as a linchpin in the complex interplay of events during wound repair. This foundational knowledge is essential for deciphering the intricate details of individual cell responses and capturing the broader dynamics that characterize the phases of wound healing.



In summary, the extensive body of research, including studies by Smith [31], Jones and Johnson [32], and Johnson et al. [33], collectively underscores the central role of EGF in wound healing. This molecule’s multifaceted actions on various cell types contribute to the acceleration of wound closure and the overall efficiency of tissue repair, providing a rich and nuanced perspective on the dynamics of wound-healing processes.



The most striking aspect of our study emerges in the context of diabetic wound healing. Diabetes-induced complications often result in delayed and impaired wound closure, posing significant clinical challenges. The remarkable improvement observed in CAP-treated diabetic animals offers a promising avenue for addressing the specific hurdles associated with diabetic wound care. This finding extends the scope of CAP’s applications and prompts a reevaluation of its potential therapeutic role in populations with compromised wound healing abilities.



The implications of our study resonate not only within the realm of wound healing research but also within the broader scope of translational medicine. CAP’s efficacy as a non-invasive intervention for optimizing wound closure rates in diverse physiological conditions positions it as a candidate for future clinical applications. These applications may extend beyond traditional wound care to encompass chronic wound management, surgical procedures, and various dermatological conditions.



Looking ahead, future research endeavors should focus on elucidating the intricate molecular and cellular mechanisms driving CAP’s effects. In-depth investigations into the gene expression profiles and signaling pathways influenced by CAP treatment, especially in diabetic settings, will provide a nuanced understanding of its regenerative potential. The variability in CAP treatment parameters, such as duration and intensity, presents an avenue for optimization tailored to specific wound scenarios. Longitudinal studies assessing the enduring effects of CAP on scar formation and tissue quality will contribute essential insights to guide its integration into routine clinical practice.



In conclusion, our study not only builds upon the foundations laid by previous research but also expands the horizons of CAP’s therapeutic applications in wound healing. The discernible improvements witnessed in both healthy and diabetic conditions underscore the versatility and potential transformative impact of CAP. As we navigate future research directions, the collective body of evidence positions CAP as a promising intervention with far-reaching implications for the field of wound care and beyond.




5. Conclusions


In conclusion, our study provides compelling evidence supporting the healing effects of CAP in both healthy and diabetic animal models. The accelerated wound closure observed in treated animals, comparable to the closure rates in the control healthy group, signifies the therapeutic potential of CAP in promoting efficient wound healing. Notably, the robust healing response observed in healthy animals is paralleled by a stark deviation in the diabetic control group, where delayed and less substantial wound closure highlights the challenges inherent in diabetic wound healing. These findings underscore the transformative impact of CAP, suggesting its efficacy as a therapeutic intervention that transcends physiological conditions. The consistent healing effects observed across diverse scenarios emphasize the versatility and promise of CAP in mitigating impaired wound healing, particularly in diabetic contexts. As we navigate the complexities of wound care, the demonstrated efficacy of CAP prompts further exploration, paving the way for innovative strategies to enhance healing outcomes and improve the quality of life for individuals with both healthy and compromised healing conditions.



To delve deeper into the mechanisms underpinning the observed healing effects of CAP, future experiments could focus on specific aspects of cellular and molecular interactions during the wound-healing process. Conducting comprehensive studies on CAP’s influence on key cellular signaling pathways, inflammation modulation, and tissue regeneration would provide invaluable insights. Exploring the gene expression profiles in response to CAP treatment, particularly in diabetic conditions, could elucidate the molecular changes driving the enhanced healing observed in our study. Additionally, investigating the role of CAP in angiogenesis, collagen synthesis, and extracellular matrix remodeling would contribute to a more thorough understanding of its regenerative potential. Furthermore, controlled experiments manipulating CAP parameters, such as treatment duration and intensity, could help optimize therapeutic protocols for diverse wound scenarios. Integrating advanced imaging techniques, like real-time microscopy or molecular imaging, would offer dynamic visualization of CAP’s impact on cellular processes. Finally, conducting longitudinal studies to assess the long-term effects of CAP treatment on scar formation and tissue quality would provide a more comprehensive evaluation of its clinical relevance. These suggested experiments aim to unravel the intricate mechanisms behind CAP’s healing effects, paving the way for its refined and targeted application in wound care.
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Figure 1. Experimental setup of microwave plasma jet at atmospheric pressure (a) and plasma exciter scheme (b) and treatment (c). 
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Figure 2. The 3D-printed restrainer for determining wound closure (a) and measurement of wound area (b). 
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Figure 3. Experimental results about the treated area’s temperature on mica plate at various treatment conditions for microwave power and gas flow. 






Figure 3. Experimental results about the treated area’s temperature on mica plate at various treatment conditions for microwave power and gas flow.



[image: Processes 11 03399 g003]







[image: Processes 11 03399 g004] 





Figure 4. Experimental results about rats’ body temperature before, during, and a