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Editorial on the Research Topic 
Biomaterials for Skin Wound Repair: Tissue Engineering, Guided Regeneration, and Wound Scarring Prevention

Although laypersons may not realize it, the skin or integument is the largest and heaviest organ of our body. It is of the utmost importance that as a boundary organ it keeps its integrity and functions. True, the skin’s esthetic role crucially mediates social and emotional interactions. But there is much more than this: wounds due to any factor or agent impair the integument’s barrier function allowing the entry of infectious agents and the concurrent loss of blood and interstitial fluid components. Wounds’ severity is proportional to their extent and depth. Still other etiologic factors drive acute and chronic diseases also altering the skin’s barrier. Most importantly, bidirectional pathophysiological links exist between the skin and internal organs. A diseased organ can alter skin’s structure and function. For example, immune reactions to foreign or endogenous antigens or malignancy may drive a diffuse urticaria (hives). As an example of the reverse, extensive deep burn wounds both favor infections and release toxins inducing multiple organs failure and jeopardizing patients’ survival.
Prevalence of severe skin wounds varies according to countries and ongoing socioeconomic (e.g., urbanization) and political factors (skin burns—and not bullet lesions—are the commonest injuries affecting wounded soldiers). Such wounds impact on the patients’ survival odds, length of hospital stays, healing with hypertrophied scars (keloids) and functional impairments from scar retraction. Serious burns also alter patients’ body image, which results in psychological reverberations due to more difficult social and emotional interactions with third persons, and job-, and daily tasks coping-related hurdles. Moreover, chronic skin wounds or ulcers often concur with lifestyle-related metabolic disorders and are a growing worldwide issue causing a huge financial burden on healthcare systems.
Sen (2021) recently reviewed the available data on the economic impact of chronic wounds in the United States, pointing out that wound management is still an open clinical problem and that it will continue to be a substantial clinical, social, and economic challenge for the future. The coronavirus pandemic made this problem even worse, due to the dramatic disruption that caused in the healthcare systems worldwide. In fact, higher risks of more severe symptoms or even of death have been observed for patients with chronic wounds and related comorbidities left untreated or improperly managed.
The paper of Sen C.K. systematically reviews the most recent epidemiological data about the incidence of wound diseases, not only chronic wounds, but also pressure, foot, and venous ulcers, acute wounds, as well as diabetes-, obesity-, and infection-associated diseases. Moreover, it presents estimates about the percentage of population involved, healthcare costs, market size, and trend of care products consumption. As an example, here they report some data on the impact of chronic wounds, which are mostly seen in the elderly population (over 65 years). In the United States, 3% of these people have open wounds. It is foreseen that chronic wound will continue to be an increasingly persistent problem owing to the estimate of elderly population increase over the next decades. Accordingly, the wound care market is projected to reach $18.7 billion by 2027, with a Compound Annual Growth Rate (CAGR) of 6.6%.
As the author keenly suggests, several social, economic, environmental, psychological determinants are known to interact with the biology of the individual and to determine health outcomes such as disease development, wound healing, and life expectancy. Thus, for an integrated approach to be successful, investments are needed in welfare, education, healthcare, and research, with a patient-centered view aimed at establishing an interdisciplinary environment able to address the still open challenges.
Last decades’ scientific progress has made a remarkable impression on basic research attempts to clarify the intricate pathophysiological mechanisms involved in skin wound healing and on the clinical management of acute and chronic skin wounds. Both types of endeavors have been aiming at improving the clinical upshots of severe skin wounds and at mitigating their healthcare, economic, and social consequences. In keeping with these trends, this Research Topic updates the results of recent basic and applied research in the complex field of wound repair.
A first group papers explores innovative approaches to prevent or treat or mitigate wound’s hypertrophic and retracting scars and their unpleasant consequences.
To start with, the study of Liu et al. deals with the cutaneous distribution of the branches of the second dorsal metacarpal artery, which supply a skin flap frequently used to surgically repair hand and fingers wounds. Defining the courses of such cutaneous branches is crucial to the flap’s therapeutic success. The authors examined specimens from 16 subjects to assess and measure the origin, and course of the said artery branches and their relative location in the hand with respect to the dorsal branch of the radial nerve. They conclude that three clusters in the distal branches of the second dorsal metacarpal artery must be used as the flap’s pedicles to successfully repair wounds of the hand and fingers.
A second paper by Liu et al. concerns the novel preoperative use of 3D printed models to plan and conduct the surgical removal of complex hypertrophic scars, which cause multiple joint contractures and deformities. By availing themselves of cross-sectional computed tomography (CT) scan data the authors produced 3D printed reduced-scale models accurately reproducing the patients’ keloids. Preoperative simulations using such 3D printed models allowed to successfully remove each scar. Therefore, using such preoperative 3D printed models not only will allow surgeons to fully excise keloids but also will advance young doctors’ training and patients’ confidence.
Moreover, Zhang et al. tackle another clinically relevant facet of cutaneous scars. They investigated whether and how much the life quality of patients bearing facial burn scars depends on acceptance of their disability. The results showed that the overall quality of life of such patients is positively correlated with the degree of their disability acceptance. Therefore, the authors suggest that a primary therapeutic target of the medical and nursing staff is heightening the patients’ disability acceptance.
The second group of papers deals with the selection, production, and testing of novel biomaterials targeted for more therapeutically advantageous wound bandages and with the development of novel 3D biomaterial scaffolds for tissue and vascular engineering/regeneration.
Wound healing is a dynamic process going through succeeding stages deeply influenced by concurring local (e.g., infection), general (e.g., diabetes), and therapeutic (e.g., specific bandages) factors. In this framework, Wang et al. deal with the all-important topic of chronic wounds due to diabetes, infections, or radiation exposure, which altogether constitute a worldwide growing medical problem. The authors mention recent studies showing that physical cues significantly impact on both stem cells fate and bacterial resistance. Therefore, it would be beneficial to tune up the physical properties of the biomaterials—particularly of those made of nanoparticles (NPs) —used for chronic wounds. To improve the latters’ care and healing upshots, the authors analyze the tunable physical (i.e., mechanical-, structural- and size-related) properties of both dermal matrixes and wound bandages. Moreover, they discuss the physical and structural factors governing stem cells’ fate. Next, they survey wound dressings according to the size-related properties of their components (i.e., metal NPs, lipid NPs, and polymeric NPs). Finally, they focus on the known problem caused by AgNPs cytotoxicity proposing size-, dose-, and time-dependent solutions to prevent it.
From another relevant standpoint, Shi et al. examine the rational criteria that should govern an optimal selection of dressings for each type of wounds in clinical settings. To improve the readers’ understanding of the topic, they summarize wound dressings’ developmental history and classify the current bandage’s types. Next, they expound the clinical guidelines to select the best wound dressings according to wound types. In doing this, they focus on burn wounds and on chronic ulcers caused by diabetes, pressure, and/or varicose veins. Usefully, the authors discuss in detail the pros and cons underlying the dressing choices for each wound type.
Two more contributions examine the clinical effectiveness and safety of hydrogel-based dressings as skin wounds therapeutics. On the one hand, Zhang et al. undertake a systematic review and meta-analysis of 43 clinical trials that compared hydrogel bandages vs. non-hydrogel dressings. The results showed that the hydrogel dressings were therapeutically advantageous under several respects, including pain alleviation, both for acute and chronic skin injuries. Therefore, the authors posit that hydrogel dressings are effective and safe therapeutics for skin wounds management. On the other hand, Wang et al. describe a novel set of composite hydrogels made of oxidized and/or hydrazide hyaluronic acid (HA) and quaternized chitosan (QCS). The authors investigated whether HA/QCS hydrogels did prevent bacterial infections and promote the healing of seawater-immersed wounds. The results of in vitro and in vivo tests showed that HA/QCS hydrogels were biocompatible and inhibited bacterial growth. In vivo, these hydrogels also efficiently promoted the repair of seawater-immersed wounds. Therefore the authors postulate that HA/QCS hydrogels advance the healing of chronic wounds from various causes.
Concerning another field of endeavor, Mulholland provides recent details about the electrospinning technique that rapidly and cost-effectively allows to produce nanofibers from a wide variety of (bio)polymers. The nanofibers’ exceedingly high surface area makes them excellent components of novel wound dressings. The author points out that using electrospun biomaterials can confer an enhanced tensile strength to the engineered/regenerated skin and prevent or mitigate hypertrophic scar development. Since electrospun biomaterials hold such enticing promises, the author suggests refining the electrospinning technique to combine it with innovative gene therapies to boost tissue repair and minimize scarring.
In the same context, Marsi et al. report on the electrospinning of a classical biomaterial component, i.e., poly(lactic acid) (PLA) combined with titanium dioxide (TiO2). PLA is biodegradable, biocompatible, easy to manage, and suitable to form composites. Due to its favorable characteristics and low cost, the use of PLA for skin tissue engineering/regeneration has been increasing with time. The authors prepared electrospun PLA/TiO2 nanofibrous composites and minutely analyzed their properties and biocompatibility using various in vitro and in vivo preclinical assays. Importantly, the PLA/TiO2 nanopolymers exhibited a nanoporous structure mimicking cellular environments and were not cytotoxic at all. Altogether, the results supported the view that PLA/TiO2 nanomembranes may hinder scarring.
Purified silk fibroin (SF), a biomacromolecule produced by domesticated Bombyx mori silkworm and other insects, is also amenable to electrospinning. SF lends itself to be formed as 2D membranes or 3D scaffolds made of microfibers or nanofibers, or hydrogels. SF’s popularity as biomaterial is due to a remarkable set of features. First, SF is highly biocompatible and rightly so: about 50 human proteins own conserved homology sequences of Bombyx mori’s SF (Armato et al., 2011). Second, SF is neither persistently inflammagenic nor profibrogenic nor cytotoxic. Third, once grafted SF does not induce any foreign body response (Dal Prà et al., 2005; Chiarini et al., 2016). Fourth, SF-adhering human fibroblasts cultured in vitro persistently release exosomes carrying heightened amounts of various angiogenic factors (Hu et al., 2021). Obviously, to become manifest all these advantageous properties strictly require using a very highly purified SF. In this context, Alessandrino et al. report on the properties of a newly multi-layered SF tubular scaffold, named SilkGraf, designed to substitute, repair, or regenerate small peripheral arteries. SilkGrafs samples kept for 20 days in vitro promoted the adhesion, survival, metabolism, and growth of human coronary artery endothelial cells, aortic smooth muscle cells, and aortic adventitial fibroblasts. Notably, the SilkGraf-attached aortic fibroblasts synthesized much smaller amounts of type I procollagen than they did on polystyrene, further strengthening the view (Dal Prà et al., 2005; Chiarini et al., 2016) that SF hinders fibrogenesis and hypertrophic scarring. Moreover, the SilkGraf-attached three cell types did not secrete any proinflammatory cytokines. In addition, SilkGraf samples exhibited a good hemocompatibility. Finally, in vivo pilot trials identified the sheep as the animal model apt for future medium-to-long term preclinical trials with SilkGraf.
CONCLUSION
On a personal note, I wish to state that editing these paper in this Research Topic was profitable under both the scientific and human relationship standpoints. On a more general note, I expect that this Research Topic of innovative research works will inspire the readers to conceive, produce, and experimentally evaluate novel dermal matrixes and/or wound dressings based upon even more advanced design strategies to further improve skin wounds’ therapeutic management.
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The purpose of our research is to understand the status of the quality of life and level of disability acceptance in patients with facial burn scars and to explore the correlation between quality of life and disability acceptance and how to improve nursing care for these patients. Patients with facial burn scars were investigated in an outpatient clinic of tertiary hospitals from September 2015 to February 2016. A cross-sectional survey was conducted. The questionnaires used included demographic data and investigations using the burn scars table, Burn-Specific Health Scale-Brief (BSHS-B), and acceptance disability scale (ADS). Differences between participants in terms of demographic characteristics, quality of life, and disability acceptance were assessed using two-tailed independent t-tests. The total score of quality of life and disability acceptance in facial burn scar patients was 137.06 ± 17.05 and 185.68 ± 23.74, respectively. The results of Spearman correlation analysis showed that the overall quality of life score of facial burn scar patients was positively correlated with disability acceptance (r = 0.245, p = 0.007). The quality of life of facial burn scar patients will improve with the improvement of disability acceptance level. Therefore, medical staff can improve the quality of life of patients by improving their disability acceptance level.

Keywords: quality of life, acceptability of disability, facial, burn scars, nursing


INTRODUCTION

Burns are generally caused by high-intensity currents, high temperatures, chemicals, physical rays, etc. (Simons et al., 2018; Van Lieshout et al., 2018). With continuous mechanization and urbanization, the incidence of burns continues to increase. Although the government's efforts in prevention and treatment have reduced the mortality of burn, the disability rate of burn patients has not decreased. It is reported that the annual incidence of burns in China is ~2% (Brewin and Homer, 2018), which occupies the second highest mortality rate among accidents. As an obvious exposed part of the body, facial burns account for more than half of all burn incidents.

The loose subcutaneous adipose tissue and complex vascular nerves in facial areas makes it easier for body fluids to accumulate in the interstitial space. At the same time, the body's own oral and nasal secretions increase the incidence of infection in facial burns, resulting in hypertrophic scars or keloids during the tissue repair process (Kowal-Vern and Criswell, 2005). Deep second degree burns usually leave scars of different sizes, and when the wounds are not treated properly, shallow second degree burns or even degree I burns may form scars.

Scars after burns can cause dysfunction and disfigurement, which greatly affects the patient's daily life and social interaction. Patients often feel disappointment, fear, inferiority, anxiety, loneliness, suspiciousness, and mental disorders due to changes in their appearance. Disfigurement can also lead to social escape. Some patients still cannot accept themselves after long-term recovery and even have a suicidal tendency (Yurdalan et al., 2018).

Burns can produce negative emotions such as anxiety and depression, which in turn affect the quality of life (Kowal-Vern and Criswell, 2005; Miller et al., 2013; Cakir et al., 2015; Spronk et al., 2018a). Studies have shown that the quality of life of patients with burn scars is moderate. A survey (Palmu et al., 2015) showed that the quality of life (QOL) in patients with small burns was higher than the QOL in patients with a total burn area of 30%. At the same time, most patients agree that face and hand burns have a greater impact on the patient's QOL than the actual burn area does. Salvador-Aanza et al. found that different burn patients have different changes in their body, in mental function and in other dimensions. There are many studies on the psychological function of patients after burns at home and away, but systematic research on the QOL in patients with facial burn scars is rarely reported. Some current studies have shown that the factors affecting the quality of life of patients with facial burn scars are as follows (Finnerty et al., 2016; Polychronopoulou et al., 2018): social factors [gender, marital status, occupation, and economic status (Levi et al., 2018; Spronk et al., 2018a)] disease-related factors [effects of scarring on facial function, the degree of influence, the degree of burn, and the duration of disease (Watson et al., 2018)] and psychosocial factors (stress, suppression, social support, and disability acceptance) (Garcia et al., 2016).

Disability acceptance refers to the degree to which a patient builds his or her own knowledge by integrating his or her lifestyle into an experience of dealing with disability. Patients with a higher level of disability acceptance can truly understand the meaning of existence and the ability of the group at the present stage by realizing the loss of their own value and group value due to their disabilities (Nicholls et al., 2012). Therefore, the degree of disability acceptance can predict an individual's ability to respond to attitudes against disability. The obvious exposure of facial burn scars and the importance of appearance characteristics may easily lead to a feeling of inferiority in patients with facial burn scars. Additional research efforts should be made toward understanding the relevant psychological changes after discharge from the hospital, such as the acceptance of disability.

Researchers have studied the correlation between quality of life and disability acceptance. Some studies have shown that quality of life is affected by the acceptance of disability. The level of patient disability acceptance increases with the duration of disability, and the patient is better able to adapt to life after the illness, so the quality of life also has a significant upward trend. The quality of life also increases significantly (Garcia et al., 2016). The reasons may be as follows. (a) Patients are more able to adapt to life after a longer duration of disability. (b) The effect of rehabilitation therapy is more obvious over time, and the degree of patient disability also improves. There are also studies (Nicholls et al., 2012; Baldwin et al., 2018) that indicate that there is a positive correlation between quality of life and disability acceptance.

In summary, it may have a special relationship between Quality of life and disability acceptance in patients with facial burn. However, there is no quantitative study between the two factors. Therefore, we conducted a case investigation to understand the status of the quality of life and level of disability acceptance in patients with facial burn scars and to explore the correlation between quality of life and disability acceptance and how to improve nursing care for these patients.



METHODS


Participants

Patients with facial burn scars were investigated in an outpatient clinic of tertiary hospitals from September 2015 to February 2016. All participants are voluntary and signed informed consent before investigation.

The inclusion criteria were as follows:

(1) Patient age ≥ 18 years old

(2) Patients with facial damage caused only by heat, current, chemicals, laser exposure, radiation, etc., and the wound had a hypertrophic scar or keloid of >2 cm2 after healing

(3) Conscious patients

(4) Patients with an educational level of primary school and above

The exclusion criteria were as follows:

(1) Patients with disabilities in other parts of the body

(2) Patients with heart failure, severe liver disease, stroke, and other serious physical illnesses

(3) Patients with a history of mental illness

All participants are voluntary and signed informed consent before investigation.



Investigation

In this study, a cross-sectional survey was conducted to investigate the demographic information, quality of life, disability acceptance, and related factors of patients with facial burn scars after discharge. The questionnaires used included demographic data and investigations using the burn scars table, Burn-Specific Health Scale-Brief (BSHS-B), and acceptance disability scale (ADS). This study was approved by the ethics committee of the central hospital of Panyu District, Guangzhou.



Measures
 
Demographic Data and Survey on Burn Scarring

An investigation was conducted by a self-designed questionnaire, which includes 10 questions (gender, age, educational level, pre-burn occupation, current occupation, marital status, place of residence, per capita monthly income of the family, average monthly treatment cost, and mode of payment for medical expenses). The disease and treatment-related information questionnaire included eight questions [cause of burn, time of scar formation, scar site, scar area, whether the patient thinks the burn scar affects facial function (e.g., facial function, sweat gland function, etc.), observation of scar by the patient, length of hospitalization, and presence of burns on other body parts].



Burn-Specific Health Scale-Brief (BSHS-B)

The Burn-Specific Health Scale-Brief was used to investigate the quality of life. The scale includes 9 dimensions and 40 items, including body image, work, heat sensitivity, treatment regimens, simple abilities, interpersonal relationships, hand function, affect, and sexuality. Each item of the scale has 5 rating options for each dimension score, and the Likert 5-point scale was adopted. The scale of 1–5 points for items 1–9 represents 5 levels of “failure to achieve.” The scale of 1–5 for items 10–40 represent 5 grades of “conformity,” from complete conformity to non-conformity. The lower the score of each dimension is, the lower the quality of life (Chin et al., 2018). Previous studies have shown that the scale has good reliability and validity [83], and the Chinese version of the simplified burn health scale BSHS-B has a total Cronbach's α reliability coefficient of 0.968 and Cronbach's α coefficient of 0.795~0.940 after being evaluated by relevant professionals (Gandolfi et al., 2018).



Acceptance Disability Scale (ADS)

The scale includes four dimensions called transformation, enlargement, containment and subordination, with a total of 50 items, in which 35 items are scored in a negative direction (one point representing “agree very much” and six points representing “disagree very much”). The remaining 15 items were scored positively. The total score of the scale ranged from 50 to 300. Low acceptance level is defined as a total score of 50–133, and scores ranging from 134 to 217 and 218 to 300 were for moderate and high acceptance levels, respectively. The subordination dimension ranges from 5 to 30 points, in which the ranges of 5–12, 13–22, and 23–30 are defined as low, moderate and high acceptance levels, respectively. The containment dimension ranges from 16 to 96 points, in which the ranges of 16–42, 43–79, and 80–96 are defined as low, moderate and high acceptance levels, respectively. The transformation dimension ranges from 15 to 90 points, in which the ranges of 15–40, 41–65, and 66–90 are defined as low, moderate and high acceptance levels, respectively. The transformation dimension ranges from 14 to 84 points, in which the ranges of 14–37, 38–61, and 62–84 are defined as low, moderate and high acceptance levels, respectively. The Cronbach's α value of this scale is 0.95 (Nicholls et al., 2012).




Sample Size Calculation

The sample size was calculated according to the total number of scale dimensions used. The empirical formula is sample size = [Max (dimension degree) × (10~20)] × [1 + (10%~15%)]. Among the questionnaires used in this survey, the Chinese version of the BSHS-B has the highest dimensionality coefficient, with a dimensionality of 9; therefore, the dimensionality of this scale is used as the benchmark for the sample size. Considering some invalid questionnaires, the sample size required for this survey is finally defined as 130 patients.



Quality Control

Before the investigation, the specialist nurses were given unified training on the scoring methods of the BSHS-B, ADS and disability acceptance scale, and the contents of the questionnaires were explained in the same words without guidance. Researchers and trained specialist nurses handed out and recycled all questionnaires used at the site. In the process of completing the questionnaires, unclear questions were explained, checked and supplemented in time. During the investigation, the subjects were strictly selected according to the inclusion criteria and exclusion criteria. The content and purpose of the survey were explained to the volunteers first, and then the questionnaires were collected on the premise of their informed consent. The researcher answered the questions one by one within the specified time. The investigators were required to read the answers one by one for those who could not fill in the answers by themselves, and the volunteers made their own choices without intervention.

The questionnaires were evaluated after collection. Invalid questionnaires were removed, and two teams input the data to a computer-independent order to avoid entry error. Ten percent of the data were checked through random inspection, and the unqualified rate of random inspection was controlled below 0.5%. The qualified rate of this sampling inspection was 100%.



Data Analysis

General Demographic and Disease-Related Conditions data about Facial Burn Scar Patients were described by frequency and percentage. The Quality of Life Score was summarized as maximum, minimum, mean, and standard deviation. Each dimension of Acceptance Disability was defined as low, moderate and high acceptance and described by frequency and percentage. Differences between participants in terms of demographic characteristics, quality of life, and disability acceptance were assessed using variance analysis. Spearman correlation analysis was conducted on the quality of life score and disability acceptance.

[image: image]

In, which, ρQol, ADS, Cov(Qol, ADS), [image: image], [image: image] stands for the correlation, covariance between the quality of life score and disability acceptance, and their own standard variance, respectively. P < 0.05 was considered as significantly difference, and, all the analysis was performed using R version 3.4.3.




RESULTS


General Demographic Data of Facial Burn Scar Patients

A total of 130 people were investigated in this survey, 121 valid questionnaires were recovered, and the effective questionnaire recovery rate was 93.08%. The age of the facial burn scar patients ranged from 18 to 83 years, with an average age of 42.77 ± 13.82 years old. The majority of patients were male (63.6%) and married (86%). The ratio of males to females was ~1.75:1. The education levels of patients were 12.4, 35.5, 47.9, and 4.1% for primary school, junior high school, senior high school, junior college, and undergraduate or above, respectively. In total, 82.6% of patients live in cities. Unemployed persons before burning accounted for 1.7% of the total number, while the proportion increased to 17.4% after burning. Approximately 63.6% of families have a monthly income of 2,000~4,000 yuan per capita. The average monthly treatment cost was 620.74 yuan. A total of 66.9% of patients did have medical insurance (Table 1).


Table 1. General demographic of facial burn scar patients (n = 121).
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Disease Related Information of Facial Burn Scar Patients

In total, 113 people (93.4%) suffered from thermal burns. The average scar formation time of facial burns was 116.72 days, ranging from 15 to 427 days, of which 96 patients exhibited scars within 6 months and 25 exhibited scars after 6 months. Submandibular scars were the most common scar formation sites among the facial burns, accounting for 71.9% of 87 patients. Fifty-seven patients had a burn scar area ≥5 cm2, accounting for 47.1% of patients. A total of 7.4% of the patients believed that the impact of their scars was significant. A total of 34.7% of patients often have sensation of their facial burn scars, while only 3.3% of patients have no sensation of facial burn scars. The first hospital stay of facial burn scar patients was 2–74 days in duration, with an average of 20.31 ± 17.82 days. Three (1.7%) patients suffered from facial burns alone; 71 (58.7%) were complicated with trunk burns; 67 (55.4%) were complicated with upper limb burns; and 31 patients (25.6%) were complicated with lower limb burns (Table 2).


Table 2. Disease-related conditions of facial burn scar patients (n = 121).
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Quality of Life

Among 121 patients, 28.93% (35/121) had a score of quality of life greater than 145, 47.22% (57/121) had a quality of life between 130–145, and 23.97% (29/121) had a quality of life below 130. The total score of quality of life in facial burn scar patients was 137.06 ± 17.05. The scores of body image, work, heat sensitivity, simple abilities, interpersonal relationships, hand function, affect, and sexuality were 12.31 ± 2.52, 12.60 ± 3.27, 16.01 ± 3.57, 16.31 ± 2.90, 10.61 ± 2.77, 14.29 ± 1.97, 18.00 ± 4.42, 25.49 ± 4.32, and 11.44 ± 1.50, respectively (Table 3). There's significantly difference between each dimension of quality of life (F = 271.53, P < 0.01).


Table 3. The quality of life score of facial burn scar patients (n = 121).
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Acceptance Disability Scale (ADS)

The total score of disability acceptance was 185.68 ± 23.74. Among the scoring items, the scores for transformation, enlargement, dimension, containment and subordination were 58.64 ± 9.31, 54.12 ± 7.54, 58.04 ± 8.62, and 14.88 ± 2.75, respectively. The degree of disability acceptance and its dimensions are divided into three levels: low, medium, and high. In the distribution of the total disability acceptance score of the study subjects, 91.7% of patients were at the moderate acceptance level, while 22.3% of patients in the compliance dimension scored at the low acceptance level (Table 4).


Table 4. Acceptance disability level of facial burn scar patients (n = 121).
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Correlation Analysis of Quality of Life and Handicap Acceptance

Spearman correlation analysis was conducted on the quality of life score and disability acceptance. The results are shown in Table 5. The results showed that the overall quality of life score of facial burn scar patients was positively correlated with disability acceptance (r = 0.245, p = 0.007).


Table 5. Correlation between quality of life and disability acceptance in patients with facial burn scar (n = 121).
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DISCUSSION

In this survey, the overall quality of life of patients with facial burn scars was divided into 77~160 points with an average score of 137.0 ± 17.05 points, indicating that the quality of life of patients with facial burn scars is at a moderate or low level. However, some researchers scored 182.43 ± 48.6 points in the study on the quality of life of patients in the burn rehabilitation period. This result may be because the face is a special area where once burned, it can easily be observed by other people, so burns on the face have a substantial effect the quality of life of patients. At the same time, facial burn scarring can increase the psychological pressure of the patient and cause great interference to his or her work and life, which may lead to a moderate-to-low quality of life (Spronk et al., 2018b).

According to the Appraisal Standard for Disability Degree of Industrial Injury and Occupational Disease of Workers, the subjects of this study have disabilities ranging from grade 4 to grade 10. The results of this study show that the total score of disability acceptance of facial burn scar patients is 185.68 ± 23.74, which is close to the score of other subjects (181.46 ± 39.45) and higher than score range of the low level of acceptance. This finding indicates that the disability acceptance of burn scar patients is at a medium level and still needs to be improved. According to the grading distribution of the total score of disability acceptance for facial burn scar patients, 91.7% of the patients were at a moderate acceptance level. The low acceptance level was 3.3%. Patients with a high acceptance level only accounted for 5%.

To our knowledge, there's still no report about the relationship between quality of life and the acceptance of disability in facial burn patients, and the acceptance of disability plays a significant role in mediating the correlation between general self-efficacy and depression/general quality of life in mild traumatic brain injury patients (Yehene et al., 2019). The results of this survey show that disability acceptance in facial burn patients is a factor affecting the quality of life of patients, and there is a positive correlation between the two factors. Similar to the research results, the reasons may be as follows. (1) The overall quality of life improvement level in patients is not only affected by the treatment level during hospitalization but also has a great correlation with the attitude in coping with their own disability. Through reasonable cognition, patients can adopt logical thinking to overcome the belittling of self-esteem, create a good life, adapt to their environments with a reasonable outlook on life, and improve their effective adaptability to their disabilities. Patients need reasonable cognition to guide adaptive behavior in the process of social reintegration after burn. Patients can identify new role orientations and self-definitions and then adopt adaptive behaviors to promote the recovery of body functions and the improvement of various skills and abilities. The improvement of disability acceptance level is conducive to further improving the physical condition of patients. (2) Improvement in the degree of disability acceptance changes patients' cognition to a certain extent, improves patients' control over their own emotions, and allows them to perceive less negative psychological emotions, thus guiding patients to actively change their self-value and attitude toward life. The continuous improvement in disability acceptance indicates that patients can actively change their self-value recognition and self-cognition, thus improving their quality of life.

Our study found that the affect dimension in the quality of life of facial burn scar patients has a correlation with all dimensions of disability acceptance, of which the correlation coefficient with the containment dimension was the largest, suggesting that the affect dimension has the closest relationship with the control dimension. According to Maslow's hierarchy of needs theory, after human beings have satisfied their physiological and safety needs, they will pursue the satisfaction of the needs of emotion and belonging (Kowal-Vern and Criswell, 2005); emotional needs are more delicate than physiological needs are, and at the same time, emotional needs have a certain relationship with individual physiological characteristics, social education, personal experience, and religious beliefs. If patients can rationally view facial burn scars and control the negative effects caused by facial burn scars so that they do not exceed the actual damage range to the body, the patient's emotion can be expressed more smoothly, and the demand level of emotion and belonging can be realized, thus improving the patient's acceptance of his or her disability. The sex life dimension of the quality of life of patients with facial burn scars is correlated with all dimensions of disability acceptance, of which the correlation coefficient with the compliance dimension is the largest, indicating that the sex life dimension is most closely related to the compliance dimension. By analyzing the reasons, patients cannot accept their current appearance changes and do not obey their current physical conditions. They still attach great importance to the facial appearance changes caused by sudden accidents and show higher attention to their own abilities and appearance. Patients will be more inclined to think that burn scars lead to the disability of their bodily functions, thus affecting their sex life (Capek et al., 2018).



CONCLUSION AND CLINICAL SIGNIFICANCE

The quality of life of facial burn scar patients will improve with the improvement of disability acceptance level. Therefore, medical staff can improve the quality of life of patients by improving their disability acceptance level. Medical staff can assist patients to find control and management methods of the body, expand the scope of patients' values, establish a correct evaluation of their appearance, obey the changes brought about by facial burn scars, assist patients to reconstruct their internal aesthetics, and help patients to rediscover their own value orientation and meaning of life by guiding patients to formal medical institutions for scar treatment consultation and follow-up.
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The purpose of this systematic review and meta-analysis is to assess the clinical effectiveness and safety of the medical hydrogel dressings used in skin wounds and therefore to weight the evidence for their clinical application. PubMed/Medline (1980–2019), Cochrane Library (1980–2019), ClinicalTrials.gov, Cochrane CENTRAL, Chinese Journal Full-text Database (CNKI, 1994–2019), and China Biomedy Medicine disc (CBM, 1978–2019), Chinese Scientific Journal Database (VIP, 1989–2019), and Wanfang Database (WFDATA, 1980–2019) were searched to identify relevant clinical trials and studies. Forty-three studies that assessed hydrogel vs. non-hydrogel dressings were identified. Compared to the latter, hydrogel dressings associated with a significantly shortened healing time of degree II burn (superficial and deep) wounds, diabetic foot ulcers, traumatic skin injuries, radioactive skin injuries, dog bites, and body surface ulcers. In addition, hydrogel dressing obviously increased the cure rate of diabetic foot ulcers, surgical wounds, dog bites, and body surface ulcers. Moreover, hydrogel dressing significantly relieved pain in degree II burn (superficial and deep) wounds, traumatic skin injuries, and laser treatment-induced wounds. However, no significant differences obtained between hydrogel and non-hydrogel dressings in the healing time of surgical wounds, the cure rate of inpatients' pressure ulcers, and phlebitis ulcers. This comprehensive systematic review and meta-analysis of the available evidence reveals that the application of hydrogel dressings advances the healing of various wound types and effectively alleviates the pain with no severe adverse reactions. These results strongly indicate that hydrogel products are effective and safe in wound management.

Keywords: hydrogel, wound dressing, wound healing, pain relief, meta-analysis, systematic review


INTRODUCTION

Skin is the largest human organ as it reaches almost 10% of the total body mass (Grice et al., 2009) and acts as a key protective barrier against the outside environment. Normally, the human body heal skin injuries via a set of complex and interactive processes that include hemostasis, inflammation, proliferation, and remodeling. However, this healing process can be impaired by various local and systemic factors causing more severe complications and a lower quality of life (Nourian Dehkordi et al., 2019). Plenty of wound care products have been created and developed in the latest decades aimed at promoting wound healing and improving the life quality of the patients afflicted by skin wounds (Metcalfe and Ferguson, 2007; Gil et al., 2013; Chattopadhyay and Raines, 2014; Garg et al., 2015; Xu et al., 2015; Das and Baker, 2016). Therefore, surgeons must specifically select wound treatment products according to the factors impeding wounds healing.

Since the 1960s, wound dressing was considered to play a positive role in wound healing. Wound dressing could establish and maintain an environment apt for wound repair. Winter (1962) were the pioneers of this field by initiating the concept of functional active dressings. According to them, the ideal advanced wound dressing should provide and maintain a moist environment, adequate gaseous exchange, and thermal insulation in the absence of toxic contaminants; it should protect against secondary infections, induce tissue regeneration, relieve wound pain, and promote wound healing quality; finally, it should be elastic, non-antigenic, and allow to manage wound exudate (Purna and Babu, 2000). Considering all the just mentioned factors, hydrogel products have the capacity to act as promising candidates as wound dressings for applications in clinical settings (Qu et al., 2018).

In 1960, Wichterle and Lim prepared the first hydrogels by cross-linking 2-hydroxyethyl methacrylate, thus initiating the application and practice of hydrogels in the biomedical field (Wichterle and Lím, 1960). Hydrogels are extremely hydrophilic. Advanced hydrogel materials are environment-sensitive or stimuli-sensitive, as they start swelling under certain conditions and respond to definite stimuli (Qiu and Park, 2001). They can absorb exudate from the wound surface and promote fibroblast proliferation and cell migration and keratinization. In addition, hydrogels' dense meshes can prevent bacteria from invading the wound while effectively transporting bioactive molecules (such as antibacterial agents and drugs) to the wound surface (Mohan et al., 2007; Tsao et al., 2010; Schwartz et al., 2012; Mao et al., 2017). At the same time, the unique mechanical properties of hydrogels i.e., elasticity and flexibility, allow for their adaptation to different parts of the wound, making them suitable for both wound care and tissue engineering (Huang et al., 2015).

Being a novel category of wet dressings, hydrogel products have been gradually perfected in recent years. Their clinical application has become rather extensive, ranging from dry scab wounds to multiple treatments of skin ulcers, burn wounds, animal bites, bed sores, etc. (Sood et al., 2014). Medicinal hydrogel dressings are endowed with a three-dimensional (3D) crosslinked network structure, which contains three main components, a high-molecular weight compound, propylene glycol, and water. High-molecular weight compounds such as Carboxy Methyl Cellulose (CMC) can double the absorption of wound exudate and necrotic tissue fluid (Roy et al., 2010). Propylene glycol can kill bacteria and prevent bacterial proliferation. In turn, the water in hydrogel dressings can create a relatively moist environment that prevents the wound from drying up (Fan et al., 2014). Therefore, although necrotic tissues in the making go through a slow hydration, the hydrogel dressing ensures a strong absorption of wound exudate. Concurrently, it promotes the debridement of water-soluble materials and absorbs wound carrion to provide a localized moist environment advancing wound healing (Qu et al., 2018). Besides, hydrogels' micro-acidic and hypoxic environment can attract cells involved in wound repair, help inhibit bacterial growth, and promote neoangiogenesis at the wound site (Dong et al., 2016).

Managing wounds through the use of hydrogels has been an accepted practice for decades. At present, many forms of hydrogel and non-hydrogel products are available aimed at managing wounds caused by various injuries. However, the benefits of multiple options also entail many challenges to the clinicians. The purpose of this systematic review and meta-analysis is to assess the clinical effectiveness and safety of the medicinal hydrogel dressings in treating multiple skin wounds compared to non-hydrogel dressings in terms of wound healing time, wound cure rate, pain reduction, and incidence of adverse reactions.



METHODS


Systematic Review Eligibility Criteria

A systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Shamseer et al., 2015). It was based on the planned Participants, Intervention, Control, Outcome, and Study design (PICOS) elements outlined in Table 1.


Table 1. Inclusion and exclusion criteria.
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Search Strategy

We sought to identify suitable studies by searching the following online databases: PubMed/Medline (1980–2019), Cochrane Library (1980–2019), ClinicalTrials.gov, Cochrane CENTRAL, Chinese Journal Full-text Database (CNKI, 1994–2019), and China Biomedy Medicine disc (CBM, 1978–2019), Chinese Scientific Journal Database (VIP, 1989–2019), and Wanfang Database (WFDATA, 1980–2019). With the combination of subject words and free words, the search terms included two categories: (1) “hydrogel,” “polymeric hydrophilic compound,” “guar gum,” “guar bean,” and “polyvinylpyrrolidone (PVP);” (2) “wound,” “wound surface,” and “burn.” The logical relationship was created with “OR” and “AND,” and the search formula was thereafter developed according to the characteristics of the different databases. The search strategy was improved through a pre-retrieval process. Meanwhile, unpublished studies and conference materials were manually searched, and references of the included literature were also tracked. No language limits were applied.



Study Selection

Two reviewers carried out the preliminary screening by independently reading titles and abstracts to exclude literature that obviously did not conform with the inclusion criteria. As a further screening they read the full texts of the literature that might meet the inclusion criteria. When the two researchers' opinions differed, they consulted and discussed with a third researcher to reach a final decision. During the full-text screening, the information below would be extracted: authors, date of publication, study type, subject characteristics, sample number, loss to or withdrawal from follow-up, intervention measures, and measuring indicators, etc. In case of multiple studies in a single published work, data based on study contents would be extracted as needed. With regard to repeatedly reported studies, only the latest or the most comprehensive one was included.



Quality Evaluation

The quality of the methodology employed by the included studies was evaluated according to the Effective Practice and Organization of Care Group (EPOC) improved scoring standard recommended by The Cochrane Collaboration. The evaluation package included randomization methods, allocation concealment, blinding use, control of loss to follow-up, baseline information, outcome data, etc. Scores of 5–6 were classified as grade A, 2–4 as grade B, and 0–1 as grade C.



Meta-Analysis

Meta-analysis was carried out by using the RevMan5.0 software recommended by The Cochrane Collaboration. Subgroups were divided according to patient (wound) types and types of outcome variables. The relative risk (RR) was taken as the combined effect size for categorical data, while the weighted mean difference (WMD) as the combined effect size for measuring data. Each effect size was shown as 95% CI. The heterogeneity of the study results was tested by χ2 test. When studies showed a statistical homogeneity (P > 0.1, I2 < 50%), a fixed-effect model would be used; otherwise, a random effect model was adopted. For subgroups containing a single study, description, and comparative analysis would be conducted on their results.




RESULTS


Study Selection and Characteristics

One thousand four hundred and seventy three studies were selected by the preliminary screening. Only 43 studies were kept after screening titles, abstracts, and full-texts (Figure 1), including 29 randomized controlled trials (RCTs) and 14 clinical controlled trials (CCTs) with a total of 3,521 patients. The basic characteristics of the included studies and the results of methodological quality evaluations are shown in Table 2. In all studies, patients' basic situations were comparable between intervention groups and control groups (P > 0.05).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram for inclusion or exclusion of studies used for systematic review.



Table 2. Characteristics of the studies employing hydrogel dressings vs. non-hydrogel dressings.
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Data Synthesis
 
Healing Times Comparison of Degree-II Superficial and Deep Burn Wounds

Eleven studies, reported by Cui et al. (2007), Jiang et al. (2008), Gong et al. (2009), Jin et al. (2009), Wang et al. (2011), Diao et al. (2012), Liu and Ye (2014), Liu (2015), Jin et al. (2017), Li and Wu (2018); Lin et al. (2018), compared the healing times of degree-II superficial burn wounds treated with hydrogel dressings or other treatments. There existed a statistical heterogeneity among the study results (P < 0.0001, I2 = 76%). Therefore, the random effect model was applied for meta-synthesis (Figure 2A). The results showed that on average the wound healing time of the hydrogel dressings group was shortened by 2.87 days as compared with the control group and that the difference had a high statistical significance (MD = −2.87, 95% CI: −3.35 to −2.38, P < 0.00001).
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FIGURE 2. Comparative meta-analysis of the healing times of degree-II superficial (A) and degree-II deep (B) burn wounds.


Twelve studies, reported by Cui et al. (2007), Jiang et al. (2008), Gong et al. (2009), Jin et al. (2009), Cai et al. (2010), Wang et al. (2011), Wang et al. (2013), Liu and Ye (2014), Lan and Duan (2015), Liu (2015), Shang (2015), and Jin et al. (2017), compared the healing times of degree-II deep burn wounds treated with hydrogel dressings or other therapeutics. There existed a statistical heterogeneity among the study results (P < 0.00001, I2 = 83%). Hence, the random effect model was applied for meta-synthesis (Figure 2B). The results revealed that on average the wound healing time of the hydrogel dressings group was shortened by 5.04 days as compared with the control group and that statistically this difference was highly significant (MD = −5.04, 95% CI: −5.81 to −4.26, P < 0.00001).



WHO Pain Ratings of Burn Wounds

Five studies, reported by Jiang et al. (2008), Jin et al. (2009), Wang et al. (2011), Jin et al. (2017), and Li and Wu (2018), compared the pain ratings difference of burn wounds after treatment with hydrogel dressings or other therapeutic means. There occurred no statistical heterogeneity among the study results (P = 0.57). Consequently, the fixed effect model was applied for meta-synthesis (Figure 3). The results brought to light that patients suffering either grade 0 or grade I pain accounted for a higher proportion among those treated with hydrogel dressings and that statistically the difference was highly significant (OR = 4.93, 95% CI: 4.06–5.98, P < 0.00001).
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FIGURE 3. Comparative meta-analysis of WHO pain ratings of burn wounds.




VAS Pain Scores of Degree-II Superficial and Deep Burn Wounds

Four studies, reported by Diao et al. (2012), Liu and Ye (2014), Liu (2015), and Lin et al. (2018), compared visual analog scale (VAS) pain scores of the burn wounds treated with hydrogel dressings or other therapeutics. There occurred a statistical heterogeneity among the study results (P < 0.00001, I2 = 87%). Accordingly, the random effect model was applied for meta-synthesis (Figure 4A). The results showed that on average the VAS score of the hydrogel dressings group was 3.31 points lower than the control group, and that the difference had a high statistical significance (MD = −3.31, 95% CI: −4.16 to −2.46, P < 0.00001).
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FIGURE 4. Comparative meta-analysis of VAS pain scores of degree-II superficial (A) and deep (B) burn wounds.


Four studies, reported by Liu and Ye (2014), Lan and Duan (2015), Liu (2015), and Shang (2015), compared VAS pain scores of burn wounds treated with hydrogel dressings or other medicaments. A statistical heterogeneity turned up among the study results (P < 0.00001, I2 = 98%). For that reason, the random effect model was applied for meta-synthesis (Figure 4B). The results made clear that on average the VAS score of the hydrogel dressings group was 2.74 points lower than that of the control group and that the difference was statistically significant (MD = −2.74, 95% CI: −4.74 ~ −0.74, P = 0.007).



Wound Healing Times of Diabetic Foot Ulcers

Seven studies, reported by Wang et al. (2008), Mao (2010), Teng (2010), Xiang et al. (2012), Zhang et al. (2012), Chen (2015), and Nie et al. (2015), compared the healing times of diabetic foot ulcer wounds treated with hydrogel dressing or other ministrations. There occurred a statistical heterogeneity among the study results (P < 0.00001, I2 = 99%). Therefore, the random effect model was applied for meta-synthesis (Figure 5). The results made plain that on average the healing time of the hydrogel dressings group was 7.28 days shorter than that of the control group and that the difference had a high statistical significance (MD = −7.28, 95% CI: −11.01 to −3.55, P < 0.0001).
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FIGURE 5. Comparative meta-analysis of wound healing times of diabetic foot ulcers.




Wound Cure Rates of Diabetic Foot Ulcers

Nine studies, reported by Vandeputte and Gryson (1997), D'Hemecourt et al. (1998), Jensen et al. (1998), Xiang et al. (2012), Zhang et al. (2012), Chen (2015), Li et al. (2015), Shao et al. (2015), and Liu et al. (2017), compared the wound cure rates of diabetic foot ulcers treated with hydrogel dressing or other therapeutics. There existed a statistical heterogeneity among the study results (P = 0.002, I2 = 67%). Hence, the random effect model was applied for meta-synthesis (Figure 6). The results proved that the cure rate of diabetic foot ulcers was higher in the hydrogel dressings group than in the control group and that the difference was statistically significant (RR = 1.57, 95% CI: 1.13–2.17, P = 0.007).
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FIGURE 6. Comparative meta-analysis of wound cure rates of diabetic foot ulcers.




Healing Times of Traumatic Skin Injuries

Four studies, reported by Chen et al. (2015), Huang et al. (2016), and Zeng and Li (2016), compared the healing times of traumatic skin injuries treated with hydrogel dressings or other therapeutics. There occurred a statistical heterogeneity among the study results (P < 0.00001, I2 = 97%). Consequently, the random effect model was applied for meta-synthesis (Figure 7). The results revealed that on average the healing time of traumatic skin injuries was 5.28 days shorter in the hydrogel dressing group than in the control group and that the difference reached statistical significance (MD = −5.28, 95% CI: −10.49 to −0.07, P = 0.05).
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FIGURE 7. Comparative meta-analysis of healing times of traumatic skin injuries.




WHO Pain Ratings of Traumatic Skin Injuries

Two studies, reported by Chen et al. (2015) and Huang et al. (2016), compared the WHO pain ratings difference after treatment with hydrogel dressings or other therapeutic interventions. There existed no statistical heterogeneity among the study results (P = 0.63). In consequence, the fixed effect model was applied for meta-synthesis (Figure 8). The results disclosed that patients suffering grade-0 and grade-I pain accounted for a higher proportion than the control group did and that the difference was statistically significant (RR = 25.70, 95% CI: 3.33–198.43, P = 0.002).
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FIGURE 8. Comparative meta-analysis of WHO pain ratings of traumatic skin injuries.




Healing Times and Cure Rates of Surgical Wounds

Two studies, reported by Fan et al. (2013) and Lu et al. (2017), compared the healing times of surgical wounds treated with hydrogel dressing or other ministrations. There existed a statistical heterogeneity among the study results (P < 0.00001, I2 = 98%). Therefore, the random effect model was applied for meta-synthesis (Figure 9A). The results showed that as the healing time of surgical wounds was concerned no statistically significant difference (P = 0.28) intervened between the hydrogel dressings group and the control group.


[image: Figure 9]
FIGURE 9. Comparative meta-analysis of healing times (A) and cure rates (B) of surgical wounds.


Two studies, reported by Fan et al. (2013) and Lu et al. (2017), compared the cure rates of surgical wounds medicated with hydrogel dressing or other treatments. There existed no statistical heterogeneity among the study results (P = 0.08). Consequently, the fixed effect model was applied for meta-synthesis (Figure 9B). The results demonstrated that the cure rate of surgical wounds in the hydrogel dressings group was 20.85% higher than in the control group and that statistically the difference was highly significant (MD = 20.85%, 95% CI: 20.04–21.65%, P < 0.00001).



The Cure Rates of Inpatients' Pressure Ulcers

Two studies, reported by Wen (2015) and Huang et al. (2017), compared the cure rates of inpatients' pressure ulcers treated with hydrogel dressings or other therapeutic means. There existed a statistical heterogeneity among the study results (P = 0.002, I2 = 81%). Hence, the random effect model was applied for meta-synthesis (Figure 10). The results revealed that there occurred no statistically significant difference between the hydrogel dressing group and the control group (P = 0.08) in the cure rate of inpatients' pressure ulcers.
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FIGURE 10. Comparative meta-analysis of cure rates of inpatients' pressure ulcers.




Healing Times of Radioactive Skin Injuries

Two studies, reported by Hu et al. (2015) and Jiang et al. (2018), compared the healing times of radioactive skin injuries treated with hydrogel dressings or other medicaments. There occurred no statistical heterogeneity among the study results (P = 0.95). In consequence, the fixed effect model was applied for meta-synthesis (Figure 11). The results demonstrated that on average the healing time of the hydrogel dressings group was shortened by 9.46 days as compared with that of the control group and that the difference had a high statistical significance (MD = −9.46, 95% CI: −10.90 to −8.01, P < 0.00001).


[image: Figure 11]
FIGURE 11. Comparative meta-analysis of healing times of radioactive skin injuries.




The Cure Rates of Phlebitis Ulcers (Cure and Effectiveness)

Two studies, reported by He et al. (2008) and Shi et al. (2016), compared the cure rates of phlebitis ulcers treated with hydrogel dressings and other ministrations. There existed a statistical heterogeneity among the study results (P < 0.00001, I2 = 96%). Consequently, the random effect model was applied for meta-synthesis (Figure 12). The results indicated that the difference in cure rates between the hydrogel dressings group and the control group of patients with phlebitis ulcers was not statistically significant (P = 0.52).
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FIGURE 12. Comparative meta-analysis of cure rates of phlebitis ulcers.




Dog Bite Wounds, Body Surface Ulcers, and Laser Treatment-Induced Wounds

Only one study, reported by Wang and Teng (2008), compared the cure rates of dog bite wounds treated with hydrogel dressings or saline gauze. The results made known that the healing time of the hydrogel dressings group was 4.0 days shorter than that of controls (t = −16.54, P < 0.001); in addition, the average cure rate of the wounds was 24.8% higher (t = 27.8, P < 0.001) than the controls.

Then again, a single study, reported by Fang et al. (2011), compared the cure rates of body surface ulcers treated with hydrogel dressings or conventional therapy with Iodophor or hydrogen peroxide plus Vaseline gauze. The results revealed that the healing time of the hydrogel dressings group was 18.4 days shorter than that of the controls (t = −5.29, P < 0.001); moreover, the total wound cure rate was also significantly higher than that of the control group (χ2 = 13.78, P < 0.001).

Finally, a lone study, reported by Xin et al. (2014), compared the wound care of patients categorized as hydrogel dressings group and blank control group bearing laser treatment-induced wounds. Concerning VAS scores, as contrasted with the blank control group, the pain score of the hydrogel dressings group was 1.63 lower (t = −6.47, P < 0.001), the burning sensation score was 1.10 lower (t = −8.65, P < 0.001) and the stimulating sensation score was 1.46 lower (t = −10.78, P < 0.001) than the controls.




Data Set of Complaints and Adverse Events
 
Data Source

Besides the mentioned above Chinese and English databases, a supplementary search was carried out in the State Monitoring System of Drug Adverse Reactions (SMSDAR; http://www.adrs.org.cn/).



Data Synthesis and Analysis

To perform Meta-analyses about the incidence rate of adverse reactions RevMan5.0 software was used and the relative risk was taken as a combined effect size. The heterogeneity of the study results was tested by χ2-test. When the study showed a statistical homogeneity (P > 0.1, I2 < 50%), a fixed effect model was applied, otherwise a random effect model was adopted.



Analysis Result

Three studies, reported by Jin et al. (2009), Diao et al. (2012), and Jin et al. (2017), compared the adverse reaction rates in cases of burn wounds treated with hydrogel dressings or other therapeutics. No statistical heterogeneity was detected among the study results (P = 0.79). Therefore, the random effect model was applied for meta-synthesis (Figure 13). The results disclosed that the incidence rate of adverse reactions—including skin dryness, swelling, pruritus, and fever—was lower in the hydrogel dressings group than in the control group, and that statistically the difference was highly significant (RR = 0.47, 95% CI: 0.33–0.67, P < 0.0001). Other included studies reported no details about patients' adverse reactions.


[image: Figure 13]
FIGURE 13. Comparative meta-analysis of the incidence rates of adverse reactions of burn wound-affected patients.


No reports on adverse reactions of using medicinal hydrogels were found in the State Monitoring System of Drug Adverse Reactions (SMSDAR).





DISCUSSION

This study attempted to adopt the Cochrane systematic evaluation and Meta-analysis to assess the effectiveness and safety of hydrogel dressings employed in the management of skin wounds. The results brought to light that the application of medicinal hydrogel dressings can significantly shorten the healing time of skin wounds such as superficial degree-II burns (Figure 2A), deep degree-II burns (Figure 2B), diabetic foot ulcers (Figure 5), traumatic skin injuries (Figure 7), radioactive skin injuries (Figure 11), dog bites (t = −5.29, P < 0.001), and body surface ulcers (t = −5.29, P < 0.001). Hydrogel dressings can also effectively improve the cure rate of diabetic foot ulcers (Figure 6), surgical wounds (Figure 9B), dog bites (t = 27.8, P < 0.001), and body surface ulcers (χ2 = 13.78, P < 0.001). These advantageous effects are likely due to the nearly ideal moist environment that hydrogel dressings provide once applied to skin wounds. This promotes cell viability and physiological functioning and subsequently wound healing. In addition, hydrogel dressings reduce the loss of body fluids while absorbing wound's exudate and advancing autolytic debridement in necrotic wounds and granulating wounds. The hydrogels' swelling property has been proved to decrease the excessive fluid accumulation between the wound surface and the dressing. On the other hand, the hydrogel owns a soft texture and tends to adhere to the wound surface tightly and evenly, which prevents bacterial invasion and reduces soreness as well.

In recent years, with the appearance of new antibiotics and drugs applied to wounds, bactericidal and bacteriostatic substances such as silver ions have been combined with dressings to control local infections and accelerate wound healing. Nanocrystalline silver modulates the inflammatory response through its antimicrobial activity, thereby reducing the infections incidence and leading to an improved wound healing outcome. Furthermore, a faster re-epithelialization occurred in the wounds treated with nanocrystalline silver-coupled dressing rather than with a standard antibiotic solution (Demling and DeSanti, 2002; Nherera et al., 2017).

Study results also indicate that medicinal hydrogels can effectively alleviate the pain and burning and irritating sensations typical of skin wounds. The WHO pain rating of burn wounds (Figure 3) and traumatic skin injuries was significantly lower in the hydrogel dressing treatment studies. In addition, when hydrogel dressings were compared with non-hydrogel treatments, the VAS pain score was obviously lower in superficial degree-II burns (Figure 4A), deep degree-II burns (Figure 4B), and laser treatment-induced wounds. Concurrently, adverse reactions such as wound dryness, swelling, pruritus, and fever were significantly reduced (Figure 13). The benefits brought by hydrogel dressings to wounds might be related to the hydrogel-induced microenvironment that minimizes secondary injuries and alleviates pain by generating a cool feeling and by protecting any exposed peripheral nerve terminals. Our data also indicated that the guar gum-based hydrogel (CQ-01) is safe and can effectively alleviate the intractable pruritus otherwise affecting the patients [the score of Jun Wu scale (JW scale) pruritus rating scale for CQ-01 group was significantly lower than that of the traditional dressing group]. This further supports the clinical antipruritic effect of hydrogel dressings (Wu et al., 2016).

Meta-analysis is an observational study, thus, biases are somehow inevitable (Easterbrook et al., 1991). Among 43 original studies only 8 of them were graded A according to EPOC quality grading, which may potentially prejudice the results. Moreover, some hydrogel dressings were used in combination with other dressings, for example, silver dressings or with Lithosin solution. None of these trials assessed the effects of these combinations. It should be noted that hydrogel dressings are supposed to be applied singly rather than in combination with other therapeutics and that when used in combination their effectiveness and safety cannot be evaluated from individual dressing data. On the other hand, in the result of healing times comparison of burn wounds and others, there existed a statistical heterogeneity among the study results. The main reason for statistical heterogeneity of selected studies is that the sample size of each selected study varies greatly. In addition, clinical heterogeneity may also cause heterogeneity in statistical analysis, such as differences in baseline characteristics and medical conditions of burn patients in various studies, which may affect treatment outcomes.

The limitation of this meta-analysis is that, various dressings were applied in control groups included in this review, such as SSD, Iodine solution, Entoiodine and petrolatum gauze, Lithosin solution and oil, SD-Zn, Petrolatum gauze, Polyvidone iodine, Gentamicin dressing, etc. which may affect the outcomes and potentially add the biases to the study as well.

The main limitation of this review is the potential publication bias in terms of safety assessment of hydrogel dressings. Although we endeavored to collect quite a number of clinical trials by searching both publication databases and SMSDAR, in this systematic review only three studies compared the adverse reactions between hydrogel dressings and other medicinal products. The poor reporting of adverse reactions could be generalizable to the study purpose of clinical trials, which are commonly designed to explore the effectiveness of a dressing in promoting wound healing while they do not focus on the wound site responses to the dressing tested. On the other hand, it is sometimes hard to distinguish an adverse reaction from events related to wound healing.



CONCLUSIONS

This evidence-based systematic review and meta-analysis from RCTs and CCTs studies suggests that the use of hydrogel dressings results in a significant decrease in wound healing time, an obvious increase in cure rate, and a satisfying relief of pain as compared to non-hydrogel dressings. All the above-reported results strongly indicate that hydrogel products are effective and safe in wound management. Furthermore, there is a need for high-quality and international multi-center RCTs reporting adverse reactions to help clinicians make informed decisions on the best options for patients suffering from skin wounds.
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Silk fibroin (SF) is an eligible biomaterial for the development of small caliber vascular grafts for substitution, repair, and regeneration of blood vessels. This study presents the properties of a newly designed multi-layered SF tubular scaffold for vascular grafting (SilkGraf). The wall architecture consists of two electrospun layers (inner and outer) and an intermediate textile layer. The latter was designed to confer high mechanical performance and resistance on the device, while electrospun layers allow enhancing its biomimicry properties and host's tissues integration. In vitro cell interaction studies performed with adult Human Coronary Artery Endothelial Cells (HCAECs), Human Aortic Smooth Muscle Cells (HASMCs), and Human Aortic Adventitial Fibroblasts (HAAFs) demonstrated that the electrospun layers favor cell adhesion, survival, and growth. Once cultured in vitro on the SF scaffold the three cell types showed an active metabolism (consumption of glucose and glutamine, release of lactate), and proliferation for up to 20 days. HAAF cells grown on SF showed a significantly lower synthesis of type I procollagen than on polystyrene, meaning a lower fibrotic effect of the SF substrate. The cytokine and chemokine expression patterns were investigated to evaluate the cells' proliferative and pro-inflammatory attitude. Interestingly, no significant amounts of truly pro-inflammatory cytokines were secreted by any of the three cell types which exhibited a clearly proliferative profile. Good hemocompatibility was observed by complement activation, hemolysis, and hematology assays. Finally, the results of an in vivo preliminary pilot trial on minipig and sheep to assess the functional behavior of implanted SF-based vascular graft identified the sheep as the more apt animal model for next medium-to-long term preclinical trials.
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GRAPHICAL ABSTRACT 1. Novel hybrid textile-electrospun tubular architecture for vascular grafting, highly biocompatible, preventing fibrotic tissue responses, promising off-the-shelf solution for treating vascular diseases.



INTRODUCTION

Cardiovascular pathologies are the leading cause of death worldwide (World Health Organization, 2012), with very high overall incidence on health expenditures. As the vascular diseases progress with age, the related burden is likely to increase with the global rise in life expectancy. Thus, the availability of grafts for the treatment of vascular diseases becomes a real and urgent need. In the vascular surgery field of either coronary or peripheral bypass procedures, there is a crucial necessity of novel viable solutions, which might complement or even replace current surgical approaches, based on autografts, or synthetic grafts (Catto et al., 2014; Hiob et al., 2017; Sugiura et al., 2017). Autografts (using native vessels such as superficial veins or rarely umbilical veins) still remain the standard clinical approach for the replacement of small diameter blood vessels. However, there are some factors which may strongly curb the use of autografts: absence of a usable graft, significative atherosclerosis of the arteries, previous usage of an autograft for surgical procedures, or angiographic approaches (Catto et al., 2014).

Nowadays, small caliber synthetic grafts are made of polyethylene terephthalate (PET) or expanded polytetrafluoroethylene (ePTFE). Their use leads to possible multiple complications like aneurysm, intimal hyperplasia, calcification, thrombosis, infection, and lack of growth potential for pediatric applications. These drawbacks are mainly correlated to the regeneration of a non-functional endothelium and a mismatch between the mechanical properties of grafts and native blood vessels leading to the development of an intimal hyperplasia with subsequent reduction of the patency rate (Catto et al., 2014 and references therein cited).

As a biodegradable and biocompatible natural polymer Silk Fibroin (SF) has the potential to become the biomaterial of choice for the development of a range of medical applications, including small caliber blood vessel grafts (Altman et al., 2003; Thurber et al., 2015; Wang et al., 2017). The starting material can be easily purified and processed in different 2D/3D shapes. It is not immunogenic in humans (preliminary proteomic data revealed that several human proteins expressed by both epithelial and connective tissue cells exhibit homology sequences with SF Armato et al., 2011) and favors angiogenesis, an essential feature for tissue repair/regeneration (Dal Prà et al., 2005).

Manufacturing technologies of SF-based small caliber tubular grafts span from filament winding (Enomoto et al., 2010; Nakazawa et al., 2011), braiding (Ding et al., 2016; Zamani et al., 2017), and knitting (Yagi et al., 2011; Yamamoto et al., 2016), which are textile techniques making use of native microfiber yarns as starting material, to electrospinning (Wang et al., 2010; Liu et al., 2011; Xiang et al., 2011), and gel spinning (Lovett et al., 2008, 2010), which lead to various formats of regenerated SF tubular scaffolds. A recent research trend is to simulate in the scaffold the three-layered structure of the native blood vessel. Thus, designing multi-layered tubular scaffolds is seen as an effective way to mimic not only the native architecture but also to approach functional features of the artery. In particular, the aim is to create regionally selective environments in favor of the infiltration, adhesion, and spreading of cells conducive to the regeneration of neo-tissues with biological features and mechanical behaviors similar to the native ones.

The simplest technical approach to create at least an additional layer is to coat the textile tubular scaffold with a film-forming biocompatible polymer (SF or gelatin) (Fukayama et al., 2015; Yamamoto et al., 2016). The use of SF microfibers as scaffold material and of SF aqueous solution as coating showed advantages in terms of enhanced in vivo endothelialization, which corresponded to improved graft performance (e.g., medium-to-long term patency). Addition of crosslinking agents, like poly(ethylene glycol diglycidyl ether), to aqueous SF enhanced stability, and protected the scaffold from rapid degradation when implanted in vivo (Yagi et al., 2011).

Building a 3D sponge-like layer on one or both sides of the tubular braided/knitted textile core may represent a step forward in approaching more complex scaffold architectures (Aytemiz et al., 2013; Liu et al., 2013, 2018; Ding et al., 2016; Zamani et al., 2017; Tanaka et al., 2018). The manufacturing techniques used by various authors, albeit with minor variations, share common steps: immersion of the tubular textile core in a mold, pouring a polymer solution, freeze-drying, and possible solvent consolidation of the just created layer. Crosslinking agents can be added to modulate porosity, strength, elasticity, and degradation rate; functional molecules, most often anti-thrombogenic agents, can also be loaded into the sponge. In vivo implantation up to 1 year in dogs (Aytemiz et al., 2013) and rabbits (Liu et al., 2018), and up to 3 months in rats (Tanaka et al., 2018) resulted in high patency rate, absence of thrombus, aneurysm, or infection, and a physiological level of endothelialization of the internal lumen of the graft with no signs of intimal hyperplasia.

The three-layered concept for the wall structure of the graft was approached by Enomoto et al. (2010), who fabricated a tubular scaffold by combining two kinds of native SF microfibers, i.e., a thin silk thread and cocoon filaments, which were successively arranged around a cylindrical core. The final consolidation step consisted in dipping the scaffold into a SF solution. The scaffold implanted into the abdominal aorta of male Sprague-Dawley rats showed very good patency at 1 year, organization of endothelial and medial layers, formation of vasa-vasorum in the adventitia, regenerating a vascular-like structure. These findings highlighted the importance of SF as a promising material to develop vascular grafts for smaller caliber blood vessels.

Wu et al. (2018) and McClure et al. (2012) engineered three-layered tubular scaffolds using only electrospinning as the manufacturing technology. Combinations of natural (SF, collagen, elastin) and biodegradable synthetic polymers [polycaprolactone, poly(L-lactide-co-caprolactone), and poly(lactide-co-glycolide)], alone or as blends, were used to build layers with finely tuned morphological and mechanical properties. The devices were fully characterized from the mechanical point of view, but the authors reported no in vivo functional tests. One of the devices was subcutaneously implanted for 10 weeks in rats (Wu et al., 2018) showing a propensity to promote cell infiltration from the outside environment into the interior of the graft.

Electrospinning has the ability to mimic the nanoscale properties of fibrous components (collagen and elastin fibrils) of the extracellular matrix and to realize a range of biochemical, topographical, and mechanical properties conducive to improved cell interactions (Babitha et al., 2017). Our previous studies focused on the development of small caliber vascular grafts made of electrospun SF (Marelli et al., 2009, 2010, 2012; Cattaneo et al., 2013; Catto et al., 2015). SF tubular matrices with inner diameter of about 5 mm had a pressurized burst strength of 576 ± 17 mmHg, higher than physiological and pathological pressure thresholds, but still lower than that of human arteries (~5,000 mmHg for carotids). The compliance value of about 3.5 (radial deformation/mmHg10−2) was considered very interesting since it is higher than synthetic grafts (<2) and closer to the physiological values for saphenous (4.4) and umbilical vein (3.7), the gold standard for autologous replacement of small caliber arteries. In vitro studies (Marelli et al., 2009, 2010, 2012; Catto et al., 2015) showed good integration of cells with the SF matrix, while functional implants in the abdominal aorta of Lewis rats proved short term patency of the grafts (Cattaneo et al., 2013). The cellular intimal thickening showed a structure similar to the tunica of native arterial vessel, with elastin and intimal layers reminiscent of the native inner vascular structure. Small blood vessels with the morphology of vasa-vasorum were found in the thin layer of tissue grown on the outer surface of the graft. Taken together, all these results showed that small caliber SF vascular grafts produced by electrospinning may be promising matrices for vascular tissue replacement, without requiring cell seeding before implantation.

This study reports the chemical, morphological, physical, and mechanical properties of a novel multi-layered SF tubular scaffold (SilkGraft). The hybrid architecture was designed to optimize not only production and pre-surgery manipulation of the device, but also stitching at the site of implantation, biological integration with host's tissues, and biomechanical performance (compliance, resistance to radial stresses, biodegradation rate, etc.). A wide range of in vitro cell interaction studies with human adult fibroblasts, endothelial cells, and smooth muscle cells were performed to investigate the biological response to the device. The cytokine and chemokine expression patterns were investigated to evaluate the cells' proliferative and/or pro-inflammatory attitude. The SilkGraft interaction with blood components was studied by means of the complement cascade activation assay, the change of the leucocyte and erythrocyte counts, and the hemolysis assay. Additionally, the results of in vivo preliminary pilot tests on large animals aimed at evaluating the handling of the device during the surgical procedure and identifying the more apt animal model for next medium-to-long term preclinical trials will be presented and discussed.



MATERIALS AND METHODS


Fabrication of the Three-Layered Tubular Scaffold

The vascular graft is a hybrid three-layered tubular device comprising inner and outer electrospun layers (ES), and an intermediate textile layer (TEX). The TEX layer was manufactured by warp needle braiding technology using degummed SF yarn. The ES nanofibrous layers were produced via electrospinning using pupae-free silk cocoons as starting material. Cocoons were degummed in autoclave at 120°C for 30 min and extensively washed with warm water. Pure SF microfibers thus obtained were dissolved with an aqueous solution of 9.3 M lithium bromide at 60°C for 3 h. The salt was removed by dialysis and aqueous SF was cast in Petri dishes at 35°C in a ventilated oven until complete evaporation of water to produce SF films, which were then dissolved in Formic Acid (8% wSF/vFA) to prepare the spinning dope. Electrospinning was performed as previously reported (Marelli et al., 2010) using the following experimental parameters: voltage 25 kV, flow rate 0.8 ml/h, spinneret-collector distance 15 mm. Coupling of TEX and ES layers was made during electrospinning, according to a patented process (Alessandrino, 2016), with the use of an ionic liquid (1-ethyl-3-methylimidazolium acetate, Sigma Aldrich) as welding agent. Hybrid ES-TEX-ES tubular devices were finally purified by extraction with ethanol under microwave heating at 50°C for 60 min to remove processing aids, immersed in distilled water overnight, dried, packaged under laminar flow cabinet, and sterilized with ethylene oxide (EtO). Henceforth, the final three-layered SF-based ES-TEX-ES vascular graft is identified by the name “SilkGraft.”



Materials and Scaffolds Characterization
 
Morphological and Geometrical Properties

Morphological analyses were performed with a scanning electron microscope (SEM; Zeiss EVO MA10) on Au/Pd sputter-coated samples (Desk IV, Denton Vacuum, LLC), at 10 kV acceleration voltage, 100 μA beam current, and 15 mm working distance.

Geometrical properties of SilkGraft were characterized by determining the weight per unit length, the wall thickness, and the inner diameter. Wall thickness was measured according to the ISO 7198:2016 standard method. The tubular device was cut longitudinally, flattened and measured with a thickness tester MarCator 1075R (Mahr) equipped with a constant load thickness gauge of 1 cm2 foot area that exerts a pressure of 1 kPa. Dry state inner diameter was determined from SEM images of tubular cross-sections mounted on stubs, using the SEM software measuring tools.



Amino Acid Analysis

The amino acid composition was performed after hydrolysis with HCl 6 N, under vacuum, for 24 h. Free amino acids were quantitatively determined by Ion Exchange Chromatography using external standard calibration. Samples were analyzed in duplicate.



Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were made with an ALPHA FTIR spectrometer equipped with an ATR Platinum Diamond accessory, at a resolution of 4 cm−1, in the infrared range of 4,000–400 cm−1. Spectra were corrected with a linear baseline and normalized to the CH2 bending peak at about 1,445 cm−1. This peak was selected because it's not sensitive to SF molecular conformation.



Differential Scanning Calorimetry (DSC)

Thermal analyses were performed with a DSC 3500 Sirius (Netzsch). Samples (3–5 mg) were closed in Aluminum pans and subjected to a heating cycle from 50 to 400°C, at a heating rate of 10°C/min, under N2 atmosphere (flow rate: 20 ml/min).



Circumferential Tensile Tests

Tests were performed according to ISO 7198:2016 using an All Electric Dynamic Test Instrument ElectroPuls E3000 (Instron), equipped with a load cell of 250 N, a thermostatic bath (BioPuls), and appropriate grips fabricated ad hoc. Samples (length = 10 mm, n = 3) were cut carefully, mounted on the grips, conditioned in water at 37°C for 5 min, and tested while submerged at a crosshead speed of 50 mm/min. Due to the difficulty in determining the correct size of the resistant cross-sectional area, the results are expressed in terms of load and not of the usual stress values.



Pressurized Burst Strength

The test was carried out according to ISO 7198:2016. A balloon was placed inside the tubular graft (length = 100 mm; n = 3) and filled with test fluid at a measured rate of pressure change until the sample burst or test was discontinued. Before testing, samples were conditioned in the test fluid (distilled water) at 37°C for 20 min. No sample pre-stretching was applied, but axial displacement (axial elongation of the sample) was allowed. The test was performed with the sample submerged in the testing fluid. A gear pump provided a flow through the sample and pressure was measured just upstream the sample. The rise in pressure and the pressure at which sample burst or test was discontinued were measured and recorded.




In vitro Cellular Studies
 
Preparation of Substrates for in vitro Cell Cultures

SilkGraft samples were washed, transversally cut into 1.5 cm long pieces, and opened lengthwise in order to obtain small squares with an apparent surface area of about 300 mm2. After autoclave sterilization (121°C for 30 min), they were aseptically transferred to 2.2 cm-diameter culture plates (Falcon-Becton Dickinson). Heat-sterilized stainless-steel rings were applied onto the upper surface of the pieces to keep them flat at the bottom of the plates.



Pre-culture Intravital Cell Staining

Cells were stained with fluorescent lipophilic membrane dyes (tracers) such as the red-orange fluorescent DilC18(3) (1,1'-Dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate; maximum fluorescence excitation 549 nm and emission 565 nm; Thermo Fisher Scientific, USA) or the green fluorescent DiOC18(3) (3,3′-Dioctadecyl oxacarbocyanine perchlorate; maximum fluorescence excitation 484 nm and emission 590 nm; Thermo Fisher Scientific, USA) dissolved in DMSO according to seller's instructions. At intervals of 3 days, cultured specimens were observed under an inverted fluorescence microscope (IM 35, Zeiss) equipped with proper excitation and emission filters according to the intravital stain used, and digitally photographed with a DP10 Camera (Olympus, Japan).



Cell Cultures

Adult Human Coronary Artery Endothelial Cells (HCAECs), Human Aortic Smooth Muscle Cells (HASMCs), and Human Aortic Adventitial Fibroblasts (HAAFs) were provided by ScienCell Research Laboratories (Carlsbad, CA, USA). The supplier company guaranteed the cells characteristics we required via Cell Applications Inc. (San Diego, CA, USA).

For the adhesion studies, 2 × 104 human intravitally pre-stained cells were separately seeded onto SilkGraft samples. HCAECs were seeded onto the inner ES layer, whereas HASMCs or HAAFs were seeded onto the outer ES layer. In parallel, the three cell types were separately seeded on 2D polystyrene plates as controls. All the tests were performed in triplicate and repeated in three separate experiments. Cell cultures were kept in an incubator at 37°C in 95 vol% air plus 5 vol% CO2. The growth media used were: HCAECs, ready to use Endothelial Cell Medium; HAAFs, Fibroblast Medium; HASMCs, Smooth Muscle Cell Medium (all from ScienCell Research Laboratories, USA). Every 3 days the growth media were changed with fresh ones and the cell-conditioned media collected and stored at −80°C to be subsequently analyzed. The cultures were kept going for at least 20 consecutive days.



Cells Counts

Cells counts on polystyrene plates were first performed using an inverted light microscope (IM35, Zeiss) (Armato et al., 1986). On the same samples, cell number was determined by means of the Cell Titer-Blue® Cell Viability Assay (Promega, USA) fluorescence assay based on the ability of living cells to convert a redox dye (resazurin) into a final fluorescent product (resorufin). Correlating microscopic findings with resorufin Promega assay data allowed to construct cell type-specific standard curves to be used to determine total cell numbers on SilkGrafts.



Assays of Cell Metabolites

Three metabolites (D-glucose, L-glutamine, lactate) were assayed in the cell-conditioned growth medium samples from each of the three types of cells separately cultured on SilkGraft or on polystyrene surfaces. The data corrected for actual cell numbers were expressed as means ± SE of the respective time-related cumulative curves.

Cell D-glucose consumption was assessed by means of a glucose oxidase assay using the Amplex® Red Glucose/Glucose Oxidase Assay Kit (Invitrogen-USA). L-glutamine uptake/consumption was determined using the L-glutamine assay kit developed by Megazyme (Ireland). The lactic acid release was assessed via the colorimetric enzymatic Lactate Assay Kit (Sigma Aldrich).



Assay of the Extracellular C-Telopeptide of Procollagen Type I

The extracellular release (and subsequent assembly of fibers) of type I collagen was assessed by evaluating the amount of the C-telopeptide, which is released into the cell-conditioned growth medium in stoichiometrically equal amounts from precursor procollagen type I molecules. The samples were assayed using the EIA kit developed by Takara Bio Inc. (Shiga, Japan). The sensitivity of this assay is 10 ng/ml.



Human Proinflammatory Cytokines and Chemokines Antibody Array

The secretion of various cytokines/chemokines into the growth medium was assessed by using the Human Inflammation Antibody Array, C-Series (RayBiotech-USA) in three distinct experiments. In detail, 1.0 ml medium sampled between day 18th and 20th, was used. After a treatment for 60 min with blocking solution (Odissey Blocking Buffer™ (LI-COR) with 0.05% Tween 20), the cytokines and chemokines antibody array membranes were incubated with the medium samples overnight at 4°C. Next, the membranes were washed and incubated at room temperature for 2 h with 1.0 ml of primary biotin-conjugated antibody diluted 1:250 in blocking solution. This was followed by an incubation at room temperature for 1 h with 2 ml of DyLight800-Labeled streptavidin (KPL, USA) diluted 1:7,500 in blocking solution. The immunofluorescent signals were acquired by means of an Odissey Imager™ (LI-COR) scanner and quantified using the Image Studio™ software. The resulting intensity values from each array were normalized per 1,000 cells grown on either substrate. The array kit sensitivity is 4–25 pg/ml and the coefficient of variation of the intensity of the spots is 5–10%.




Hemocompatibility

The interaction between SilkGraft and blood components, i.e., the activation of the complement cascade and the alteration of the leucocyte count, the changes on erythrocyte count, and the presence of hemolysis, was studied according to the ISO 10993-4:2017 standard. As suggested by the regulation, the induction of thrombosis was assessed during the in vivo pilot trials. The tests reported below were performed in compliance with Good Laboratory Practices.


Activation of the Complement System

SilkGraft was incubated in human serum at 37 ± 1°C for 90 min with a surface/volume ratio of 3 cm2/ml. Zymosan A from Saccharomyces cerevisiae served as positive control, human serum alone as negative control and polypropylene material as negative reference material. Serum Complement Membrane Attack Complex (Sc5b-9) and Complement Component 3 (C3a) concentrations were determined with a commercial ELISA (MicroVueTM SC5b-9 Plus EIA and MicroVueTM C3a Plus EIA, Quidel Corporation).



Hemolysis

The blood was collected from three adult rabbits in test tube with anti-coagulant Sodium Citrate 3.2% (ratio 1+9 v/v Sodium Citrate/Blood). Equal quantities of blood from each rabbit were pooled and diluted with Mg- and Ca-free PBS to obtain a final hemoglobin concentration of 1,000 mg/dl.

For indirect contact assay, SilkGraft samples were dipped in Mg- and Ca-free PBS in order to reach a surface/volume ratio of 3 cm2/ml and incubated for 72 h at 50 ± 2°C. Seven milliliter of extract were added to 1 ml of diluted rabbit blood. For direct contact assay, SilkGraft samples were dipped in diluted rabbit blood and in Mg- and Ca-free PBS in order to reach a surface/volume ratio of 3 cm2/ml for SilkGraft/PBS and 0.14 ml/ml for diluted blood/PBS. Negative control (USP reference standard high-density polyethylene), positive control (water for injection) and blank (PBS) were tested.

All the samples (direct and indirect contact) were incubated in a water bath for 3 h at 37 ± 1°C and agitation was inverted twice every 30 min. After centrifugation at 800 G for 15 min, the concentration of hemoglobin in the supernatant was determined with the automatic chemistry analyzer Konelab 20 (DASIT).



Hematology

The effect of SilkGraft on red blood and white blood cells counts was evaluated after immersion in human whole blood in order to reach a surface/volume ratio of 3 cm2/ml and incubation for 15 min at 37 ± 1°C under dynamic conditions. An automatic counter Sysmex KX-21N (DASIT) was used. As control, the remaining part of the blood that did not come in contact with SilkGraft was used.




In vivo Animal Pilot Studies
 
Animal Care

Pilot animal experiments were performed at NAMSA (Lyon, France), an AAALAC internationally accredited firm. The study protocol was approved by the NAMSA Ethical Committee and the French Ministry of Education, Higher Education, and Research. The study conditions conformed to the guidelines of the European Union's Directive EU/2010/63 for animal experiments. One sheep (Blanche du Massif Central) and one minipig (Göttingen) were used. Animals were kept under controlled conditions. The animal housing room temperature and relative humidity were recorded daily. Staff involved was properly qualified and trained. Standard veterinary medical care was also provided.



Pharmacological Treatment

Starting 3 days prior to the operation, the animals received daily antiaggregant treatment (sheep: oral acetylsalicylic acid, Bayer; minipig: Clopidogrel, Sanofi) to prevent thrombosis. Twenty hours before surgery the animals were weighed and Enrofloxacin (5% Baytril®, Bayer) and/or Amoxicillin (Duphamox® LA, Zoetis) were administered. After anesthesia was induced, heparin (Heparin Choay®, Sanofi) was injected into the femoral artery via an introducer sheath and Activated Clotted Time (ACT) was evaluated using a Hemochron Junior 2 (International Technidyne Corp., USA) instrument. Analgesic, anti-inflammatory drugs and antibiotic treatments were administered during surgery and the follow up period. Animals were also maintained under prophylactic anticoagulant/antiaggregant therapy for the 4 weeks of observation until termination.



Surgical Grafting Procedure and Follow-Up

A 2.5 cm (minipig) or 8.0 cm (sheep) segment of the carotid artery was excised and replaced by end-to-end anastomosis with a piece of sterilized SilkGraft (nominal 5 mm inner diameter) of corresponding length. Surgery was unilateral in the minipig and bilateral in the sheep. Angiography and doppler ultrasound controls were performed before and after the grafting procedure and just prior to sacrifice using Iomeron 400 (Bracco Imaging, France) as contrast medium.

After surgery, the animals were transferred to a recovery area and monitored for 1 h prior to be brought back to their housing. The supply of water and food was reinstalled. Animals were monitored for 4 weeks and then euthanized.



Histopathology

At autopsy, the grafts, their connected carotid stumps, and surrounding tissues were excised, endoluminal blood was removed from the carotids by gently flushing it out first with heparinized saline and then with 10% neutral buffered formalin (NBS). To complete fixation explanted samples were dipped into 10% NBS. The fixed tissues were dehydrated in ethanol solutions of increasing strength, cleared in xylene, and embedded in paraffin. Microtome sections (4–7 μm thick) were cut from each paraffin block for histopathological analysis. After removing the paraffin and rehydrating, the sections were stained with Safranin-Hematoxylin-Eosin (SHE). Histopathology analysis concerned graft endothelialization, intimal hyperplasia, thrombi, graft recellularization, potential occlusion and the presence and type of inflammatory cells.




Statistical Analysis

Data were expressed as mean values ± SE and their level of statistical significance assessed by means of one-way ANOVA followed by Holm-Sidak's post hoc test. A P < 0.05 was taken as significant.




RESULTS


Morphological, Chemical, Physical, and Mechanical Characterization

The SilkGraft device (Figure 1A) is a hybrid tubular structure consisting of two electrospun (ES) layers (inner and outer) and an intermediate textile (TEX) layer (Figures 1B,C). It is made of pure SF, present in the final device in form of native microfibers (TEX) with an average diameter of 12–14 μm (Figure 1D), and electrospun nanofibers (ES), whose diameter falls in the 400–600 nm range (Figure 1E) (Marelli et al., 2009).
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FIGURE 1. Morphological and physico-chemical structure of SilkGraft. (A) Picture of a SilkGraft device with 5 mm nominal inner diameter (ruler in mm). (B) SEM cross-section of the graft showing the two inner and outer ES layers that enclose the intermediate TEX layer (scale bar, 1 mm). (C) Detail of (B) showing a magnification of the wall structure (scale bar 20 μm). (D) TEX layer coupled to an ES layer, visible in the background. The texture of the braided mesh is characterized by the presence of voids (scale bar 100 μm). (E) SEM detail of SF nanofibers of the ES layer (scale bar, 3 μm). (F) ATR-FTIR spectra of TEX and ES layers in the 2,000–800 cm−1 range. (G) DSC thermograms of TEX layer, ES layer, and SilkGraft finished device (marked ES-TEX-ES) in the 150–400°C temperature range.


To verify whether the processing steps, including the sterilization with EtO, altered the chemical structure and properties of the constituent biopolymer, the amino acid composition of the sterilized SilkGraft device, as well as that of two constituent materials, i.e., TEX microfibers, and ES nanofibers, was determined and compared to that of native SF microfibers. The results demonstrated that there were no differences in the amino acid composition, indicating that neither processing conditions nor sterilization with EtO (Zhao et al., 2011) altered the intrinsic properties of SF materials (Table S1).

Structural properties of SilkGraft were characterized by ATR-FTIR. The spectra of TEX microfibers and ES nanofibers (Figure 1F) display the typical profile of β-sheet crystalline materials (Marelli et al., 2010; Chiarini et al., 2016), as indicated by the position, shape, and intensity of the Amide bands (Amide I at 1,620 cm−1, with shoulder at 1,691 cm−1; Amide II at 1,512 cm−1; Amide III at 1,227 cm−1, and 1,262 cm−1). The crystallinity index of ES nanofibers, expressed as intensity ratio between the two Amide III components at 1,227 and 1,262 cm−1 (CI = I1227/I1262), was 0.58 ± 0.03, close to that determined on native SF microfibers (CI ≅ 0.60) (Chiarini et al., 2016), thus confirming the completion of the conformational transition from a prevalently random coil structure of as-spun nanofibers to a fully crystallized SF material.

Thermal properties of SilkGraft were investigated by DSC analysis. Thermograms of TEX microfibers, ES nanofibers, and final tubular device are shown in Figure 1G. TEX microfibers displayed a high thermal stability, with a main endothermic transition peaking at about 320°C, attributed to melting/degradation of highly crystalline and oriented SF microfibers (Chiarini et al., 2016). ES nanofibers, as many other regenerated SF materials, showed a marked low-temperature shift of the same transition, with a peak at about 289°C (Marelli et al., 2010). The DSC profile of the SilkGraft device was the sum of the individual components, with two discrete peaks corresponding to the thermal transitions of ES and TEX layers. The enthalpy associated with the thermal degradation of TEX (ΔH = −402 ± 41 J/g) and ES (ΔH = −307 ± 32 J/g) was used to estimate the weight contribution of each component in the final device. ES nanofibers account for about 60% by weight, while the remaining 40% is represented by the TEX layer (Table 1).


Table 1. Geometrical and mechanical properties of SilkGraft (nominal Øinner = 5 mm).
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Geometrical parameters and mechanical properties of SilkGraft with a nominal inner diameter of 5 mm are listed in Table 1. The weight per unit length of the device is very low, about 5 times lower than that of a commercial ePTFE vascular graft with similar inner diameter and wall thickness. While the ePTFE graft has a full thickness wall, the middle TEX layer of SilkGraft shows the typical structure of a braided mesh, with many voids that contribute to make the structure lighter (Figure 1D). The values of breaking load, which are about 30 times higher than those of similar grafts made only of electrospun SF nanofibers (Marelli et al., 2010), confirm that the TEX layer is the load bearing component of the graft. The contribution of the ES layers, which are solidly attached to the TEX layer through numerous welding points, is negligible. The results of burst pressure further confirm the significant contribution of the TEX layer to the mechanical performance of the multi-layered graft. The value of 2,308 mmHg is significantly larger than that of electrospun SF tubes with the same diameter (Marelli et al., 2010) and of the same order of magnitude of the values reported for internal mammary artery (3,196 ± 1,264 mmHg) and saphenous vein (1,599 ± 877 mmHg) (Konig et al., 2009).



In vitro Biocompatibility Studies

The biocompatibility of SilkGraft was tested using the three most representative cell types of human peripheral arteries, namely endothelial cells (HCAECs), smooth muscle cells (HASMCs), and adventitial fibroblasts (HAAFs). To assure the full significance and relevance of the results, we chose and applied a stringent set of selective criteria. To be eligible, the human cells had to originate from disease-free human subjects, to be of recent isolation (i.e., within the second passage in vitro), to be free from contaminating cells of other types, to be diploid and unprocessed, to be free from viral infections (particularly HIV-1, HHVB, HHVC), and to express cell type-specific markers.


Cell Adhesion, Survival and Proliferation Studies

DilC18(3) or DiOC18(3) intravitally stained cells were carefully seeded on the internal (HCAECs) or external (HASMCs or HAAFs) surfaces of SilkGraft and, in parallel, onto polystyrene. Next, the fluorescent cells were observed daily under an inverted microscope for up to 3 weeks of staying in vitro. Examples of the three types of cells grown on SilkGraft and on polystyrene substrates are shown in Figure S1. An adhesion fraction of 61 ± 5% for each cell type was detected 3 h after seeding, which was 2.1-fold (P < 0.001) the fraction of the same cells adhering to polystyrene surfaces at the same time point. Morphological indicators of apoptosis (e.g., cells with a shrunk or blebbing cytoplasm and substrate-adhering or free-floating spherical apoptotic bodies) were very rarely observed. Alike data were reported previously in the case of human dermal fibroblasts isolated from adult subjects and grown on SF-covered poly(carbonate)-urethane vs. polystyrene (Chiarini et al., 2003). Our present findings show that with respect to a polystyrene surface, SilkGraft neatly favors the adhesion of isolated human cells. As is well-known, adhesion to a substrate favors the survival and growth of untransformed (normal) cells.

The absolute numbers of each cell type grown on either substrate are shown and compared in Figure 2. Throughout 20 days HAAFs seeded onto SilkGraft increased their number by 4-fold, HCAECs by 3-fold, and HASMCs by 6.5-fold (P < 0.001 vs. 0 time in all instances). On polystyrene, the increases in numbers of the same cell types were greater, i.e., 7.5-fold for HAAFs, 5-fold for HCAECs, and nearly 7-fold for HASMCs (P < 0.001 vs. 0 time in all instances). However, if data are normalized to the apparent surface area available for growth (lower on SilkGraft due to the steel ring applied onto its surface), after 20 days HAAFs and HASMCs reached significantly (P < 0.001) greater cell densities on SilkGraft than on polystyrene, whereas HCAECs densities were similar between the two substrates (P > 0.05) (Table 2).
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FIGURE 2. Time dependence of the absolute cell numbers of HAAF (A), HASMC (B), and HCAEC (C) cells cultured on SilkGraft and on polystyrene. Absolute cell numbers were lower on SilkGraft than on polystyrene because the available surface area was reduced due to the use of the steel ring which kept the silk substrate under water. Total cell growth differences between cells cultured on SilkGraft or on polystyrene are expressed by the areas under the corresponding curves, the statistical levels of significance of which are: for HAAFs, P < 0.001; for HASMCs, P < 0.01; and for HCAECs, P < 0.001.



Table 2. Living cells density/mm2 of apparent surface area after 21 days of in vitro culture.
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Evaluation of Cell Metabolism

The results concerning the studies on glucose and glutamine consumption, and the extracellular release of lactate were normalized per 1,000 cells and are reported in Figure 3 and Table 3. Cumulative HAAFs consumption of glucose on SilkGraft was greater than on polystyrene, the difference being much more remarkable during the first 12 days of culture in vitro (Figure 3A). Conversely, the cumulative HAAFs consumption of glutamine on polystyrene was greater than on SilkGraft (Figure 3D), the difference becoming remarkable only after the first 12 days. On the other hand, the release of lactate into the medium was the same whichever the substrate considered (Figure 3G).
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FIGURE 3. Cumulative consumption of glucose and glutamine and release of lactate. Results were normalized per 103 cells. (A–C) The cumulative glucose consumption was higher for HAAFs (P < 0.05) and HCAECs (P < 0.001) seeded on SilkGraft, whereas it showed only marginal differences between the two substrates for HASMCs (P > 0.05). (D–F) Glutamine consumption was lower for HAAFs (P < 0.05) seeded on SilkGraft, similar for HASMCs (P > 0.05) cultured on the two substrates, and significantly larger for HCAECs (P < 0.001) grown on the silk substrate. (G,H) The cumulative amount of lactate released by HAAFs and HASMCs was the same whichever the substrate (P > 0.05). Lactate release could not be assessed for HCAECs because the released lactate was re-uptaken and used for metabolic purposes. The statistical analysis of these data is shown in Table 3.



Table 3. Comparison of metabolic parameters* of the different cell types cultured on SilkGraft and polystyrene.
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HASMCs cumulative consumption of glucose (Figure 3B) and glutamine (Figure 3E) and the release of lactic acid into the medium (Figure 3H) were not significantly affected by their attachment to either substrate.

Glutamine oxidation is the main source of energy for HCAECs. On SilkGraft the cumulative consumption of glutamine was typically much higher than on polystyrene (Figure 3F). The cumulative consumption of glucose was also greater than on polystyrene (Figure 3C). Undetectable levels of lactate were released into the medium by HCAECs, whichever the substrate considered, due to the known fact that endothelial cells can uptake and use lactate as an additional source of energy (Krützfeldt et al., 1990; Vegran et al., 2011).



Synthesis of Type I Collagen by HAAFs

Type I procollagen synthesis is a specific biomarker of HAAFs (Dal Prà et al., 2006). The release of the C-telopeptide of the procollagen is a stoichiometric index of the amount of collagen type I secreted, which subsequently undergoes fiber assembly. Thus, when HAAFs were grown on SilkGraft their cumulative release of C-telopeptide significantly decreased vs. that on polystyrene (Figure 4). A quantitative comparison of type I collagen synthesis on the two substrates is listed in Table 3.
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FIGURE 4. The cumulative assembly of collagen type I (indirectly measured as the stoichiometrically released C-telopeptide of procollagen) was significantly (P < 0.001) lower for HAAFs cultured on SilkGraft than on polystyrene surfaces. Results were normalized per 103 cells. The statistical analysis of these data is shown in Table 3.




Cytokine and Chemokine Expression

After 20 days of staying in vitro, each cell type exhibited its own specific pattern of secreted cytokines and chemokines (Figure 5). No substantial qualitative differences emerged when comparing the expression patterns of each cell type in relation to the culture substrate. However, substrate-related significant differences in the quantitative secretion of some cytokines and chemokines could be detected.
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FIGURE 5. Relevant cytokines and chemokines secreted by each cell type cultured between 18 and 20 days on SilkGraft and polystyrene: HAFFs (A), HCAECs (B), and HASMCs (C). Results of immunofluorescence intensities were normalized to 103 cells. IL-6: Interleukin-6; MCP-1: Monocyte chemoattractant protein-1; TIMP-2: Tissue inhibitor of metal proteinases-2; IP-10: Interferon gamma-induced protein-10; MCP-2: Monocyte chemoattractant protein-2; Eotaxin-1; RANTES: Regulated on activation normal T cell expressed and secreted; MIP-1β: Macrophage inflammatory protein-1β; TNF-β: Tumor necrosis factor-β; GM-CSF: Granulocyte-macrophage colony stimulating factor; IL-1α: Interleukin-1α; IL-1β: Interleukin-1β; ICAM-1: Intercellular adhesion molecule-1. The bars are the mean values of three independent experiments corrected for cell numbers. *P < 0.01; **P < 0.001. SEMs, not shown, ranged between 5 and 10% of corresponding mean values.


HAAFs seeded on SilkGraft exhibited a higher secretion of IL-6 (+22%), MCP-1 (+13%), and TIMP-2 (+19%), whereas IP-10 (−26%), MCP-2 (−50%), Eotaxin-1 (−41%), and RANTES (−72%) were released at lesser extent than on polystyrene.

HCAECs grown on SilkGraft released higher amounts of IP-10 (+43%), MCP-1 (+27%), and TNF-β (+84%) as compared to polystyrene. RANTES and IL-6 were released to a lesser extent, while TIMP-2 and MIP-1β did not change significantly between the two substrates.

Finally, HASMCs discretely secreted a wider set of cytokines/chemokines. Interestingly, GM-CSF (+766%), MCP-2 (+557%), IL-1α (+561%), IL-1β (+390%), and Eotaxin-1 (+315%) were secreted at much higher levels on SilkGraft than on polystyrene, the secretion of ICAM-1 and RANTES only raised by +30%, whereas the release of IL-6, MIP-1β, TIMP-2, MCP-1, and IP-10 fell by −10/30% vs. the corresponding levels on polystyrene.




Hemocompatibility

Regarding the complement activation, a statistically significant increase (p < 0.05) in Sc5b-9 was noted (Table S2). However, the Sc5b-9 values of SilkGraft were still inside the range of the control data of a normal standard population (334–1,672 ng/ml). Based on this, the increase was regarded as not biologically relevant. The C3a concentration was comparable to that of the negative control (Table S2). In conclusion, it can be stated that SilkGraft did not induce a biologically relevant activation of the complement system. Both indirect and direct contact hemolysis assays showed that SilkGraft exerted no hemolytic activity (hemolytic indexes <2%) (Table S3). SilkGraft did not cause any alteration of red and white blood cells counts because the difference with the respective controls was <4 and <7%, respectively (Table S4).



Pilot Animal Studies

The purposes of the pilot studies were first to assess which animal model would be better to use for future medium-to-long term trials, and then to establish the suitability of the surgical model, to evaluate handling characteristics, aptness to stitching, patency, formation of thrombi, first signs of degradation, local tissue effects, and the general performance of SilkGraft. Resected portions of the carotid arteries of one minipig (unilateral) and one sheep (bilateral) were replaced with SilkGraft, the animals were sacrificed 4 weeks later, and histopathology of explants was examined.

Surgery was done without major difficulty on both minipig and sheep. SilkGraft preparation, handling, stitching suitability, and anastomosis capacity were overall considered as good. Moderate bleeding at the suture holes was observed. The animals survived for 4 weeks with no unwanted side effects prior to be euthanized. No graft-related clinical or macroscopic abnormalities were noted at the site of implantation or in distant organs during the test period. Ultrasound and angiographic examination at day 13 and 24 after surgery showed patent carotids, no aneurysm, dilation, dissection, blood collection or signs of infection. No stenosis was identified for the sheep, whereas a slight stenosis near the proximal anastomosis was identified for the minipig. Normal blood flow was also noted at termination. The external surface of the grafts explanted from the sheep was covered by a moderate amount of thin and soft tissue, while that recovered from the minipig was surrounded by a thicker layer of soft tissue.

The histopathological analysis of the minipig explant showed that inside the graft and its attached carotid stumps the lumen was still pervious and totally devoid of thrombi (Figure 6A). Histopathology also confirmed the presence of a slight yet diffuse stenosis of the graft's lumen (Figure 6B). Endothelial-like cells lined the whole surface of the newly-formed graft's intima (Figure 6C). Collagen fibers, fibroblasts, macrophages, and multinucleated giant cells together with a lesser number of lymphocytes, plasma cells, and neutrophils filled the voids of the middle TEX layer. Colonizing cells circumferentially infiltrated the graft's outer nanofibrous ES layer. Moreover, the abundant periarterial tissue was infiltrated by lymphocytes and plasma cells. Altogether, these features suggested an ongoing foreign body response (FBR), as reported for other SF-based scaffolds (Dal Prà et al., 2005; Chiarini et al., 2016).
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FIGURE 6. Histopathogical analysis of a SilkGraft stitched end-to-end on the carotid artery of minipig and sheep 4 weeks after grafting. Staining: Safranin-Hematoxylin-Eosin. Minipig: (A) Longitudinal cut in correspondence of the proximal anastomosis showing a pervious lumen (A, anastomotic line). (B) Representative cross-sectional cut of the central part of the graft. The lumen is pervious, though moderately reduced by an intimal hyperplasia. (C) Detail of the graft wall: perivascular cell infiltrates are visible; the inner and outer ES layers appear compact, whereas the TEX layer is penetrated by growing vessels and collagen-producing fibroblasts; endothelialization is visible at the inner graft surface. Sheep: (D) Typical longitudinal sections of the proximal end-to-end anastomotic sites (A, anastomotic line); the lumen is pervious and devoid of any stenosis. Endothelization is restricted to a 3 mm-wide area beyond the anastomosis. (E) Representative cross-section of the central part of the graft; the lumen is pervious while endothelization, neointimal hyperplasia, and stenosis are absent. (F) Detail of the graft wall: an inflammatory infiltrate envelops the graft; a newly-formed vascularized connective tissue only partly colonizes the middle TEX layer.


Grafted sheep carotids were pervious to blood flow and did not show any luminal stenosis (Figures 6D,E). Endothelization was restricted to a 3 mm-wide area beyond the end-to-end anastomotic sites. Only a thin fibrin layer and marginated leukocytes adhered to the remaining inner nanofibrous surfaces of the grafts. Also, differently from the minipig, in the long portion of the graft intervening between the anastomotic sites no newly-formed neointimal connective tissue was present. The middle TEX layer was only partially colonized by newly-formed vascularized connective tissue (Figure 6F). A thick infiltrate made up by lymphocytes, mononuclear macrophages, polynucleated giant cells, and neutrophils enveloped the graft's external nanofibrous layer, being less crowded around the proximal and distal arterial stumps. This picture indicated an ongoing FBR, but with no concurring subendothelial hyperplasia and no damage to neighboring tissues.




DISCUSSION

Electrospun scaffolds may suffer from some limitations when biomimicry must be coupled with a high level of mechanical performance, such as in the case of vascular grafts. An affordable solution is therefore to couple electrospinning and textile technologies (like weaving, knitting, braiding, etc.), with the aim to take advantage of both of them for realizing biomimetic scaffolds able to withstand mechanical stresses in tensile, compression, and bending modes. Zhang et al. (2017) reported the fabrication of a three-layered vascular graft where the intima and media layers were obtained by sequentially electrospinning SF and poly(L-lactide-co-ε-caprolactone), while the outer adventitia-like layer was built up by braiding SF yarns. In another study (Mi et al., 2015), a polyurethane (PU)/SF three-layered small diameter tubular scaffold was fabricated by combining electrospinning (inner PU layer) and braiding (middle SF layer) technologies. In addition, a spongy PU layer was built as third outer layer by molding and freeze drying. Both scaffolds underwent extensive mechanical and in vitro cytocompatibility characterization, but no in vivo functional tests were reported.

Coupling electrospun and textile SF matrices for the production of multi-layered tubular scaffolds is recognized as a valid approach to overcome bottlenecks due to lack of mechanical attributes of the electrospun SF scaffolds. However, the achievement of a strong adhesion between electrospun and textile layers might be a challenge, because textile surfaces onto which electrospun fibers are deposited are not homogenously flat, but present microscopic rough or sunken sites that prevent a continuous contact between the two surfaces. This results in poor adhesion strength, as demonstrated by the fact that the electrospun layer can be easily peeled off by applying a mild strength. Risks associated with poor adhesion between electrospun and textile layers may have very serious consequences on the performance of an implantable device, such as creation of morphological and mechanical discontinuities between layers, yielding and/or collapse of weaker layers, loss of geometric characteristics, thus leading to ultimate failure, especially under the stressing working conditions experienced in vivo.

To overcome these problems, we have developed an advanced manufacturing technology aimed at achieving an effective hybridization between electrospun and textile matrices (Alessandrino, 2016). Coating of the TEX surface with the ionic liquid before electrospinning ensures perfect welding between the electrospun and textile matrices. In fact, as soon as the first electrospun fibers reach the TEX surface, the still plastic fibers melt in contact with the ionic liquid. A dense network of strong welding points between the growing electrospun layer and the textile substrate is created. Adhesion tests showed that a force of 0.5–1 N is needed to peel off one layer from the other (Alessandrino, 2016). Therefore, the multi-layered wall of the tubular scaffold behaves as if it were made of a single piece, while harmonizing the high resistance to mechanical stresses of native SF microfibers with the enhanced biomimicking attitude of regenerated SF nanofibers. The load bearing component is the TEX layer, which confers a high mechanical resistance on the device. When stressed under wet conditions the inner and outer ES layers become very elastic. Under increasing load, they undergo extensive stretching deformation without fracturing or breaking. Interestingly, ES and TEX layers remain strongly attached to each other until the ultimate breaking point is reached, thus confirming the effectiveness of the patented coupling technology, which allows the formation of a dense network of welding points between the ES layers and the meshes of the TEX layer.

The production technology allows the fabrication of SilkGraft in a wide range of inner diameters, overlapping those of currently marketed small caliber synthetic vascular grafts. Compared to available ePTFE and PET vascular devices, SilkGraft is characterized by a design which results in a light but mechanically resistant structure. The light weight is likely to bring biological advantages because the burden of foreign material at the site of implantation is significantly reduced, thus avoiding excessive stresses to surrounding tissues during remodeling. This feature doesn't seem to negatively impact on the mechanical performance, as demonstrated by the values of circumferential breaking load and burst strength. In fact, if the breaking load reported in Table 1 is normalized to the cross-section surface, a stress value of about 3 MPa is obtained, which underestimates the real value due to the open texture of the wall of the device (see: Figure 1D). The stress value is significantly larger than that reported for the human descending mid-thoracic aorta with roughly similar inner diameter (1.72 ± 0.89 MPa) (Mohan and Melvin, 1982). Interestingly, the value of strain falls in the same range of that reported for human aorta (1.53 ± 0.28) (Mohan and Melvin, 1982).

The manufacturing protocol of SilkGraft includes various washing treatments with hydro-alcoholic solutions, which are aimed not only at achieving the complete removal of processing aids, but also at consolidating as-spun SF nanofibers that are still prevalently amorphous and more sensitive to physical, (bio)chemical, and mechanical stresses. The IR crystallinity index confirmed that nanofibers in the final device are fully crystallized. Actually, this structural feature is very important for the functionality of the device because, according to unanimous consensus, the degree of crystallinity of regenerated SF scaffolds strongly impacts on the rate of in vivo biodegradation (Thurber et al., 2015). In our case, the nanofibers are expected to undergo remodeling in the medium term, while in the meantime supporting neo-vascular tissue formation. To this purpose, fully crystalline ES nanofibers are more favorable to ensure a slow degradation rate in the biological environment.

The results of the in vitro studies on SilkGraft showed a high biocompatibility of the device, which was evaluated by seeding the three main types of cells inhabiting the arterial wall (HCAECs, HASMCs, and HAAFs). Cell adhesion to SilkGraft was in all instance superior to polystyrene, in keeping with previous observations (Chiarini et al., 2003; Dal Prà et al., 2006). The preferential energy source for both HASMCs and HCAECs was glutamine, while it was glucose for HAAFs (Wu et al., 2000; Eelen et al., 2013). HAAFs and HASMCs also secreted large amounts of lactic acid into the medium, whereas HCAECs released none. This occurred because HCAECs have the metabolic capability to convert lactate into pyruvate and to use it for oxidative metabolism, thus saving glucose which they cede to the surrounding tissues (Dal Prà et al., 2005; Chiarini et al., 2016). It should be noted that the cumulative curves of consumed glucose and glutamine and of released lactate proper of HAAFs and HASMCs exhibited similar patterns, matching the metabolic activities and the expansion of the respective cell populations.

Notably, addition of serum suppresses the contact inhibition of growth in HASMCs (Krützfeldt et al., 1990; Viñals and Pouysségur, 1999). This may explain why they reached the highest density when seeded on SilkGraft, which did not happen for HCAECs. Moreover, the observed behavioral differences could be due to unlike cell sizes (endothelial cells > fibroblasts > smooth muscle cells), morphological features, and regulatory mechanisms intrinsic to each cell type. In addition, the different characteristics of SilkGraft and polystyrene surfaces, including the adhesiveness for cells and the somewhat broader surface area offered by the nanofibers, also had an impact. Having larger sizes, the HCAECs seeded on the inner nanofibrous surface reached the confluence and the contact inhibition of growth at an earlier time and more permanently than the other two cell types. This could be beneficial because in vivo HCAECs, once they had reached confluence on the surface of the graft, would stop proliferating and thus keep the lumen pervious to the flowing blood. Moreover, according to our previous observations concerning HAAFs grown on SF microfibers (Chiarini et al., 2003), the present results strengthen the view that HAAFs growing on an SF substrate significantly curtail their de novo production of type I collagen, which translates into a remarkable antifibrogenic upshot and could be significantly relevant in the clinical settings. In other words, it can be concluded that the SF substrate in a nanofibrous format exerts a neat antifibrotic effect on HAAFs.

Some cytokines and/or chemokines are cell type-specific biomarkers. The pattern of cytokines and chemokines secreted into the growth medium under the conditions examined would reveal the proliferative and/or pro-inflammatory proclivities of the cells. In particular, released chemokines may attract circulating leukocytes. Moreover, cytokines and chemokines play important roles in several cellular processes like growth, differentiation, apoptosis, angiogenesis, inflammation, and innate immunity. Among the identified cytokines and chemokines, IL-6 stands out, being the most intensely secreted one by each of the three cell types both on SilkGraft and on polystyrene. IL-6 is considered a biomarker of cell proliferation, differentiation and survival (Morimoto et al., 1991; Krishnaswamy et al., 1998; Kyurkchiev et al., 2014). Similarly, the basal secretion of MCP-1 and/or MCP-2 is indicative of a cell proliferation capacity. MCP-1 promotes the arteriogenesis associated with the induction of Vascular Endothelial Growth Factor (VEGF)-A expression (Keeley et al., 2008). Among the other important chemokines secreted by the three cell types, we mention here IP-10, known for its antifibrotic and angiostatic properties, and RANTES protein, known for its ability to regulate leucocyte diapedesis, angiogenesis and some scarring processes (Bujak et al., 2009; Lin et al., 2018). In human aorta-derived SMCs, RANTES increased the expression of cell cycle regulatory proteins and of markers of their synthetic phenotype (Lin et al., 2018). GM-CSF is constitutively expressed by HASMCs and an elevation in GM-CSF expression associates with the HASMCs synthetic phenotype (Plenz et al., 1997). As well, the cellular adhesion molecule ICAM-1 and the HASMCs basal secretion of cytokines IL-1α and IL-1β can influence and potentiate cellular proliferation by playing an autocrine role (Braun et al., 1999; Schultz et al., 2007; Bonin et al., 2009). The low secretion of TNF-β from HCAECs on polystyrene surged significantly when the cells were grown on SilkGraft. Notably, TNF-β signals control the proper development and maintenance of endothelial cells (Zindl et al., 2009).

All the three cell types, once cultured on either SilkGraft or polystyrene, exhibited similarly low basal levels of TIMP-2, a metalloprotease blocker which regulates extracellular matrix (ECM) remodeling processes and interactions between cells and ECM, as well as cell proliferation by an autocrine mechanism (Hayakawa et al., 1994). On the other hand, it is important to note that no significant amounts of truly pro-inflammatory cytokines, such as Tumor Necrosis Factor-α (TNF-α), or of profibrotic cytokines, such as Transforming growth factor-β (TGF-β) were secreted by any of the three cell types grown on either substrate. Therefore, the patterns of cytokines and chemokines secreted by the three cell types cultured on SilkGraft suggest a proliferative attitude while neatly excluding a pro-inflammatory and/or pro-fibrogenic proclivity.

The complement system is part of the innate immune system and may be involved in promoting and accelerating hemolysis, platelet and leukocyte activation and thrombosis on device material surfaces, while hemolysis is the liberation of hemoglobin following disruption of the erythrocytes. The hemocompatibility assays demonstrated that SilkGraft did not activate the Sc5b-9 and C3a components of the complement system, did not result in hemolytic effects, and did not alter the counts of red and white blood cells. Moreover, no thrombi formation was observed during the in vivo pilot trials. The latter parameter will be further controlled during the on-going long-term studies (up to 1 year).

Finally, the pilot animal study showed the feasibility of using SilkGraft as small caliber vessel graft in vivo. Due to the size of the graft, a large animal model with vessels similar in size to human's was needed to allow appropriate placement and evaluation in view of future clinical use. Both minipig and sheep are used as appropriate animal models to evaluate performance, and local tissue effects after vascular implantation (Byrom et al., 2010). Carotid implantation was chosen to mimic clinical use and to avoid anatomical limitations (carotids are straighter and with less branches than femoral arteries). Advantages associated with using sheep as the animal model are: (i) blood vessels easily accessible and more superficial; (ii) slower endothelialization, more similar to human; (iii) ability to perform blood tests and eco-doppler with animals awake, which translates into the possibility to perform more exams with less stress for the animal; and last but not least (iv) the sheep model allows to evaluate a longer graft, up to 10 cm. Therefore, long-term studies (up to 1 year) aimed at assessing the patency and wall restructuration ability of the graft are already under course in sheep, to demonstrate the feasibility of testing SilkGraft in human clinical settings.



CONCLUSIONS

SilkGraft is a small caliber vascular graft entirely made of pure silk fibroin. The fabrication technology was progressively refined through recursive testing and optimization procedures which led to a standardized production protocol. Particular attention was devoted to the careful selection of starting materials and processing aids (e.g., size of the SF yarn, texture and mechanical performance of the TEX layer, chemical properties and efficacy of the welding medium, etc.), as well as to fine-tuning key processing parameters (e.g., electrospinning, strategy of coupling TEX and ES layers, consolidation of the hybrid structure, final purification before sterilization, etc.). The process development led to a tubular device where the inner and outer ES layers and the middle TEX layer are perfectly integrated at the structural and functional level and respond as a single body to mechanical stresses, without showing any mutual slipping or separation. In fact, the main target was to manufacture a multi-layered scaffold characterized by an easy handling during surgery and, when implanted, able to achieve top level biomimicking performance with the surrounding living tissues while avoiding the onset of any biomechanical mismatch with the native artery.

In vitro studies with three main types of cells inhabiting the arterial wall, i.e., HCAECs, HASMCs, and HAAFs, showed that SilkGraft exhibited a high degree of biocompatibility and a level of cell adhesion superior to polystyrene. The trends of specific metabolic markers, like consumption of glucose and glutamine and release of acid lactic into the medium, confirmed the intense metabolic activities and the expansion of the cell populations cultured on SilkGraft coupled with a curtailed production of collagen and with no secretion of pro-inflammatory or pro-fibrotic cytokines and chemokines. Furthermore, blood hemocompatibility was corroborated by the lack of complement activation, hemolysis, and alteration of cell counts assays.

The results of pilot animal studies indicated the sheep as the model of choice to carry out the preclinical in vivo tests before the clinical trials in humans and confirmed that the device is easy to handle and surgically stitch. Finally, it is important to highlight that in our setting, thanks to its promising biological responses, SilkGraft is intended as an “off-the-shelf” device, no longer requiring pre-seeding with cells, thus eliminating related time delays and costs and minimizing the steps for graft preparation before implantation.
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Wound immersion in seawater with high salt, high sodium, and a high abundance of pathogenic bacteria, especially gram-negative bacteria, can cause serious infections and difficulties in wound repair. The present study aimed to prepare a composite hydrogel composed of hyaluronic acid (HA) and quaternized chitosan (QCS) that may promote wound healing of seawater-immersed wounds and prevent bacterial infection. Based on dynamic Schiff base linkage, hydrogel was prepared by mixing oxidized hyaluronic acid (OHA) and hyaluronic acid-hydrazide (HA-ADH) under physiological conditions. With the addition of quaternized chitosan, oxidized hyaluronic acid/hyaluronic acid-hydrazide/quaternized chitosan (OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC) composite hydrogels with good swelling properties and mechanical properties, appropriate water vapor transmission rates (WVTR), and excellent stability were prepared. The biocompatibility of the hydrogels was demonstrated by in vitro fibroblast L929 cell culture study. The results of in vitro and in vivo studies revealed that the prepared antibacterial hydrogels could largely inhibit bacterial growth. The in vivo study further demonstrated that the antibacterial hydrogels exhibited high repair efficiencies in a seawater-immersed wound defect model. In addition, the antibacterial hydrogels decreased pro-inflammatory factors (TNF-α, IL-1β, and IL-6) but enhanced anti-inflammatory factors (TGF-β1) in wound. This work indicates that the prepared antibacterial composite hydrogels have great potential in chronic wound healing applications, such as severe wound cure and treatment of open trauma infections.

Keywords: quaternized chitosan, hydrogel, hyaluronic acid, seawater immersion, wound healing


INTRODUCTION

With the extensive use of high-tech weapons, especially precision-guided missiles on the battlefield, the trauma and burns caused by high-energy explosion in naval battle have become the most important and challenging healthcare issues (Zhu et al., 2017; Chen et al., 2019). In modern high-tech naval warfare, the unavoidable exposure of open traumas to seawater with high salt, high sodium, and a high abundance of pathogenic bacteria, especially gram-negative bacteria, can cause serious infections and wound-repair difficulties (Zhang et al., 2017). Current traditional antimicrobials such as antibiotics, iodine, silver, and zinc oxide are effective in preventing bacterial infection of skin wounds, but they cause resistance to last-line antibiotics and cause significant damage to vital organs (Chung et al., 2017; Lin et al., 2019). Considering these imperfect treatments, the development of new and more effective antimicrobials is still highly desired in clinical application.

Chitosan is a kind of natural polymer that has the characteristics of biodegradability, biocompatibility, and antimicrobial activity (Thattaruparambil et al., 2016; Liang et al., 2019a). It meets the requirements of environmental protection and has become one of the research hotspots in the development of natural antimicrobial agents (Sarhan et al., 2016). The antimicrobial mechanism of chitosan is based on the positive charge of the amino group at the C-2 position after protonation at a pH below 6, which can interact with the surface of bacteria and cause bacterial death (Pires et al., 2013; Yildirim-Aksoy and Beck, 2017). However, chitosan is insoluble in neutral and alkaline aqueous solutions with pH values of >6.5, which greatly limits its application (Mohamed et al., 2017). Recently, quaternized chitosan (QCS) has received more attention from researchers, as it can replace traditional antimicrobials and reduce organ damage (Thanou et al., 2002; You et al., 2016). The addition of quaternary amino groups in chitosan greatly enhances the water solubility of chitosan, and quaternized chitosan with antimicrobial activity combines with polyatomic amino groups to form double antimicrobial active groups, which greatly improves its antimicrobial field of application.

In wound treatment, wound dressing materials with superior properties are typically used to facilitate wound healing, of which hydrogels that have high water content, flexible mechanical properties, and good biocompatibility are considered promising candidates for practical application (Li et al., 2018, 2019; Yi et al., 2018). Firstly, by providing a porous structure and having a suitable swelling ratio, a hydrogel matrix can allow the presence of oxygen, remove wound exudates, and maintain a moist wound bed to promote wound healing (Kaoru et al., 2010; Rakhshaei and Namazi, 2017). Secondly, the antibacterial property of traditional dressing is endowed by antibiotics capsulated in the hydrogel matrix (Li et al., 2016). However, hydrogels with inherent antimicrobial properties have received widespread interest among biomaterial researchers (Gonzálezhenríquez et al., 2017; Zhao et al., 2017; Kumar et al., 2018). Thirdly, unlike traditional wound dressings (gauze and cotton wool), biodegraded hydrogel dressings are easy to peel off and degrade spontaneously, which avoids pain and secondary trauma during dressing changes (Yang et al., 2018).

Inspired by the concept of moist wound healing, numerous novel hydrogels have been designed, and these play an important role in the treatment of various wounds (Blacklow et al., 2019; Wang et al., 2019). The majority of hydrogels are prepared from natural polymer materials (e.g., alginate, carboxymethylcellulose, dextran, gelatin, collagen, and hyaluronic acid) and synthetic polymer materials [e.g., methoxy polyethylene glycol, poly(vinyl alcohol), peptide, and polyamidoamine] because of their excellent biocompatibility and biodegradability (Travan et al., 2016). Hyaluronic acid (HA), the main component of the extracellular membrane (ECM), can increase cell–matrix interaction and initiate the signal transduction essential for cell survival and function and has been widely used in the biomedical materials field because of its property of easily peeling, excellent biocompatibility, and high water retention (Purcell et al., 2012; Julia et al., 2013; Zhu et al., 2018a; Liang et al., 2019b).

In this work, biocompatible hydrogel wound dressings with inherent antibacterial properties were prepared by dynamic Schiff base linkage (Scheme 1). We furthermore demonstrated that these hydrogel dressings greatly promoted the healing process in a seawater-immersed full-thickness skin defect model. The hydrogels were prepared by mixing quaternized chitosan/hyaluronic acid-hydrazide (HA-ADH) solutions and oxidized hyaluronic acid (OHA) solution under physiological conditions. Hyaluronic acid (HA) was chosen as a hydrogel substrate due to its advantageous properties of high water retention performance and good biocompatibility (Li et al., 2017; Park et al., 2019). In this work, the addition of quaternized chitosan enhanced the mechanical properties of OHA/HA-ADH hydrogel. The hydrogels exhibited excellent antibacterial performance compared to the previous reported antibacterial hydrogels in vitro and in vivo. Furthermore, the results for the wound contraction area, bacteria in wound, histopathological examinations, collagen analysis, and pro-inflammatory factors (TNF-α, IL-1β, and IL-6) and anti-inflammatory factors (TGF-β1) in wound were employed to evaluate the in vivo therapeutic effect. The results indicated that these antibacterial hydrogels have good biocompatibility and show great potential as wound dressings, especially for the healing of severe wounds and open trauma infections.
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SCHEME 1. The Davies-ENDOR pulse sequence. Schematic representation of hydrogel synthesis (A). Steps of OHA synthesis. (B) Steps of HA-ADH synthesis. (C) Schematic representation of the preparation of the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels.



MATERIALS AND METHODS


Reagents and Materials

Chitosan (CS, Mw = 3 kDa, degree of deacetylation = 95%) was obtained from Nantong Lushen Bioengineering Co., Ltd. (Jiangsu, China). Benzaldehyde, Glycidyltrimethylammonium chloride (GTMAC), (3-chloro-2-hydroxypropyl) trimethyl-ammonium chloride S, and ethylene glycol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Hyaluronic acid (HA, Mw = 200 kDa) was purchased from Bloomage Freda Biopharm Co., Ltd. (Shangdong, China). Adipic dihydrazide (ADH), hydroxy-benzotriazole (HOBt), and dimethyl sulfoxide (DMSO) were purchased from Aladdin Chemical Company (Shanghai, China). Sodium periodate, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiiminde (EDC), and hyaluronidase were obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The organic silicon film (BD film KYQ-500) was purchased from Hangzhou Baoerde New Materials Technology Co., Ltd (Hangzhou, China).

The L929 fibroblast cell line was obtained from Beogene Biotechnology Co., Ltd. (Guangzhou, China). Cell Counting Kit-8 (CCK8) was obtained from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Live/dead cell staining kits were purchased from BestBio Bio-Technology Co., Ltd. (Shanghai, China). The bacteria strains of Escherichia coli (E. coli, CMCCB 44102) and Staphylococcus aureus (S. aureus, CMCCB 26003) were purchased from Guangdong Institute of Microbiology (Guangzhou, Guangdong). VRBA-MUG selection medium, Mannitol salt agar, and Pseudomonas agar base/CN-AGAR were obtained from HuanKai Microbial Biotechnology Co., Ltd (Guangzhou, China). The other reagents were listed as follows: Dulbecco's modified Eagle's medium (DMEM, Gibco, USA), fetal bovine serum (FBS, HyClone, USA), trypsin (Amresco, USA), and dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). All other reagents were analytical grade unless otherwise noted.



Synthesis of Quaternized Chitosan (QCS)

O-HACC and N-HACC were synthesized according to the previous literature with slight modifications (Hu et al., 2010; Xin et al., 2015; Mohamed et al., 2017). The synthesis route of O-HACC and N-HACC polymer is presented in Scheme 2.
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Scheme 2. (A) Steps of O-HACC polymer synthesis. (B) Steps of N-AACC polymer synthesis. 




Synthesis of O-HACC

Briefly, 0.3 g of chitosan powder was dissolved in 120 mL of 10% acetic acid for 4 h, 40 mL ethanol was added, and then 15.8 g benzaldehyde was added to the mixed solutions with continuous stirring. After the mixed solutions had been heated and reacted at 60°C for 20 h, the pH was adjusted to pH 7.0 using NaOH solution. The mixture was precipitated, filtered, and washed fully with methanol. The yellow powder chitosan imine Schiff base (Schiff-C S) was obtained by vacuum drying. A quantity of 2.5 g chitosan imine Schiff base and 7.5 g 2,3-epoxypropyl trimethylammonium chloride (ETA) were placed in a straight glass cylinder. Then, 0.02 g NaOH was dissolved in 10 mL water. The mixture was dissolved with the 10 mL 0.2 wt% NaOH solution with continuous stirring to obtain a viscous crude product. The product was precipitated by ethanol, filtered, and washed with 80% ethanol aqueous solution. The crude product was extracted by Soxhlet extractor with absolute ethyl alcohol as the solvent for 24 h and dried in a vacuum. The solid powder product was obtained and named O-HACC. The degree of quaternization (DQ) of the obtained O-HACC was 65.2%.



Synthesis of N-HACC

Briefly, 3.0 g of chitosan powder was suspended in 27 mL of isopropanol for a 4-h period at 8°C, and then 35 wt.% GTMAC was added dropwise to the suspension with continuous stirring. The pH of the mixed solutions was then adjusted to pH 7.0 using NaOH solution. After reaction at 80°C for 7 h, the mixture was poured into cold acetone, and stirring was continued for 12 h at 4°C. The mixture was washed three times with cold acetone and dialyzed in a dialysis sack (8–12 KDa molecular weight (MW) cut-off) for 3 days. The purified product was obtained by overnight lyophilization of the dialysate, and the fine powder collected was named N-HACC. The degree of quaternization (DQ) of the N-HACC obtained was 98.4%.




Characterization of O-HACC and N-HACC
 
Water Solubility

Chitosan (20 mg) was dissolved in 2 mL distilled water and 2 mL 1% (w/v) acetic acid solution at 25°C for 2 h with constant stirring, respectively. O-HACC (20 mg) and N-HACC (20 mg) was dissolved in 2 mL distilled water at 25°C for 2 h with constant stirring, respectively. The clarity of the solution was examined and photographed.



pH Dependence of the Water Solubility

The solubility was assessed for the pH range 3.0–12.0 via the turbidimetric titration method. O-HACC (40 mg) and N-HACC (40 mg) were dissolved in 20 mL of 1% acetic acid, and the solution was gradually titrated (20 μL) with NaOH (1 mol/L) to the final pH, with constant stirring. Absorbance measurements of the solutions were recorded using a UV spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan) at λ = 600 nm.



Characterization of 1H NMR and FT-IR

The chemical structure of the synthetic O-HACC and N-HACC was performed by 1H NMR (AVANCE III 600M, Bruker, Germany). FT-IR spectral data were recorded with a Fourier transform-infrared spectrometer (FT-IR; Spectrum One, Perkin Elmer, Norwalk, USA). The samples were pressed with KBr.



Minimum Inhibitory Concentration (MIC) Measurements

The MIC of O-HACC and N-HACC were determined using a broth microdilution method, as described previously (Chin et al., 2018). Briefly, 50 μL deionized water solution of O-HACC and N-HACC with different concentrations was placed into each well of a 96-well microplate. Then, 50 μL of bacterial TSB solution (3 × 105 CFU/mL) was added into each well containing the polymer solution. A bacterial TSB solution without O-HACC and N-HACC was used as the control. The 96-well plate was kept in an incubator at 37°C under constant shaking at 100 rpm for 18 h. The MIC was taken as the concentration of the polymer at which no microbial growth was observed with unaided eyes and with the microplate reader at the end of 18-h incubation. All measurements were repeated three times in the same assay plate.




Preparation of the Antimicrobial Composite Hydrogels
 
Oxidized HA Synthesis (OHA)

OHA was synthesized according to a previously reported method, with a slight modification (Taichi et al., 2007). HA (1 g, 2.48 mmol) was dissolved in 150 mL distilled water, and then 5 mL NaIO4 solution (0.5 mol/L) was added. The mixed solution was stirred at room temperature for 2 h, protected from light. The reaction was terminated by adding 1 mL ethylene glycol and stirring for an additional 1 h. The solution was dialyzed in a dialysis sack (MWCO 8,000–15,000) for 3 days against distilled water, changing the water three times per day, and then OHA was obtained by freeze-drying.



Hydrazide-Modified HA Synthesis (HA-ADH)

Hydrazide-modified HA (HA-ADH) was synthesized according to a previously established carbodiimide chemical process (Jia et al., 2004). In brief, HA (500 mg, 1.24 mmol) was dissolved in 125 mL distilled water, and then 8 g ADH was added. Subsequently, 10 mL DMSO/H2O solution (V:V = 1:1) with 750 mg EDC and 660 mg HoBt was added into the previous HA solution, and the HA was reacted with ADH at a pH 4.75 for 4 h. The reaction was terminated by increasing the solution pH to 7.5 by adding NaOH solution. The HA–ADH solution was precipitated in ethanol, and the precipitate was re-dissolved in distilled water and dialyzed in a dialysis sack (MWCO 80,00–15,000) for 3 days against distilled water, changing the water three times per day, and then HA-ADH was obtained by freeze-drying.



Preparation of Composite Hydrogels

The hydrogels were fabricated by dynamic chemical bonding (Schiff base) of OHA and HA-ADH in a distilled solution. For the preparation of antimicrobial composite hydrogels, 4% (w/v) OHA and 4% (w/v) HA-ADH were fully dissolved in deionized water. Subsequently, 20 mg O-HACC (or 10 mg N-HACC) was added into 0.4 mL HA-ADH solution. After thorough gentle mixing, the mixture was transferred into a 48-well plate as a cylindrical mold. The resultant hydrogels were termed OHA/HA-ADH/O-HACC (or OHA/HA-ADH/N-HACC). The whole preparation processes of OHA/HA-ADH hydrogel was the same as for OHA/HA-ADH/O-HACC except for the addition of O-HACC.




Physical and Mechanical Properties
 
Swelling Ratio of the Hydrogels

The swelling behavior of the hydrogels was determined using the equilibrium swelling ratio (ESR). Briefly, hydrogels were weighed before the test and then immersed in phosphate-buffered saline (PBS) (pH 7.4, 37°C). At each measurement time point, the hydrogels were removed, gently blotted with filter paper to remove the excess surface water, and immediately weighed. The degree of swelling (DS) was calculated using the formula
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where Wt and W0 are the weight of the hydrogel at time t and the weight of the hydrogel at t = 0, respectively.



Rheological Studies

Rheological measurements of the hydrogels were performed using a TA rheometer instrument (Kinexus, Ma Erwen instruments, Britain). For oscillatory time sweep experiments, the storage modulus (G′) and loss modulus (G″) were measured at a 10% strain, 1 Hz frequency, and 0.5 mm gap (CD mode) for 300 s. For the characterization of the linear viscoelastic range, a dynamic strain sweep test was run at frequencies ranging from 0.1 to 100 Hz.



Compression Test

Compression tests of the hydrogels were performed using a universal testing machine (model 5543; Instron, Norwood, MA). The hydrogel samples (8 mm in diameter and 4 mm in thickness) were prepared in advance and equilibrated in PBS. The compressive strain rate was set at 1 mm min−1 with a 5 N load cell under 40% constraint. The measurements were performed three times (n = 3).



Water Vapor Transmission Rate (WVTR)

The moisture permeability of the hydrogels was determined by measuring their WVTR according to the American Society for Testing and Materials (ASTM) standard. Briefly, the hydrogel samples mounted on the mouth of a cylindrical vial (diameter 9.67 mm) containing 5 mL of deionized water, and then placed into a 37°C incubator at 79% relative humidity. The WVTR of the hydrogels was calculated using the formula
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where Δm is the weight of moisture loss for 24 h (g) and A is the effective transfer area (m2).



In vitro Degradation of the Hydrogels

The hydrogels were placed in PBS (pH 7.4) containing either 0 or 100 U/mL of hyaluronidase solution in a horizontal shaker at 37°C for 28 days. The samples were carefully removed at predetermined time intervals of 3, 7, 14, 21, and 28 days. The remaining gels were taken out, washed with distilled water, and lyophilized. The percentage of degradation of hydrogels was calculated using the formula

[image: image]

where W0 is the initial weight of the freeze-dried hydrogels and Wt is the weight of the freeze-dried hydrogel at time t. All tests were performed on five samples (n = 5).




In vitro Biocompatibility Test

Hydrogels pre-treated with radiation for sterilization were immersed in DMEM with 10% fetal calf serum and 1% (v/v) penicillin/streptomycin at 37°C for 24 h to obtain the leach liquor. The L929 cells were seeded on a 96-well plate at a density of 2 × 104 cells per well and maintained with 100 μL of leach liquor. DMEM medium was cultured with L929 cells as controls. The leach liquor and DMEM medium were changed every 2 days. After 1, 2, and 3 days of incubation, the relative cell viabilities of the different experimental groups were measured via live/dead staining and CCK-8 colorimetric assay.

For the live/dead staining, the cells attached in each well were rinsed twice with PBS, and then 100 μL of live/dead staining stock solution was added to each well in a dark environment at 4°C for 15 min. Afterward, fluorescent images of the cells were examined using an inverted fluorescence microscope (TE2000-S, Nikon, Japan). For the CCK-8 assay, the cell culture medium was replaced by 100 μL of DMEM medium containing 10% CCK8 solution and was added to each well at 37°C for 1–1.5 h. The absorbance at 450 nm was read immediately on a microplate reader (SH1000, Corona, Japan).



In vitro Antimicrobial Evaluation

A 100-μL bacteria suspension (density = 106 CFU/mL) of S. aureus was added onto 400 μL of aseptically prepared OHA/HA-ADH, OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels in 48-well plates and incubated for 1 h. Subsequently, 500 μL of LB broth was added to the hydrogels. After incubation for different durations (0, 8, and 16 h) at 37°C, the hydrogels were washed three times with PBS. The hydrogels were fixed with 4% (w/w) paraformaldehyde for 30 min. The hydrogels were further dehydrated with graded ethanol series (25, 50, 75, 90, and 100% ethanol) for 15 min each, and the samples were dried under a glass dryer. The specimens were pre-coated with gold and imaged using SEM.



Evaluation of the Anti-seawater Immersion and Wound Healing Efficacy of the Hydrogels in vivo

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of the General Hospital of the Southern Theater Command of the PLA, and the animals were treated according to the regulations. Adult male Sprague Dawley rats (200–250 g) were used for the study in vivo. Fifty receptor SD rats were randomly assigned to five groups: the organic silicon film control group (group I, the negative control without seawater), organic silicon film group (group II, the negative control with seawater), OHA/HA-ADH hydrogel group (group III with seawater), OHA/HA-ADH/O-HACC hydrogel group (group IV with seawater), and OHA/HA-ADH/N-HACC hydrogel group (group V with seawater). Prior to surgery, each rat was anesthetized with 3% pentobarbital (45 mg/kg), and the dorsal surface of the rats was shaved and disinfected with iodine. Four full-thickness skin wounds (diameter = 12 mm) were then created on the right and left sides of the backbone of each rat (see Figure S1A). Later, the wounded rats were soaked in seawater at a constant temperature of 28°C for 1 h. After 1 h of seawater immersion of the full-thickness skin wounds, the wounds were sewed up with their corresponding hydrogels using silicon film (see Figure S1B).


Wound Closure Measurement

The wounds were photographed at the different time points on day 1, 3, 7, 10, 14, and 21 post-surgery. The wound margin was traced, and the wound size was quantified using IPP 6.0 analysis software. The wound area and wound healing rate were calculated using the formulas
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where S0 and St were the area of the original wound and the area of the wound at the testing time, respectively. Rats were sacrificed on postoperative days 3, 7, 10, 14, and 21, and the tissue including the wound site and surrounding healthy skin was excised and fixed for immunohistochemical and histological evaluations.



In vivo Evaluation of the Antimicrobial Efficacy of Hydrogels

The antimicrobial efficacy of the hydrogels was explored by homogenizing skin tissue excised on day 3 for 3 min in a 5 mL centrifuge tube containing 3 mL saline. Ten-fold serial dilutions of sample solutions were prepared, and then 100 μL samples of the diluted solution were spread onto VRBA-MUG selection medium, Mannitol salt agar, and P. aeruginosa selection medium, respectively. VRBA-MUG selection medium was used to selectively culture E. coli (Red colony morphology), Mannitol salt agar was used to selectively culture S. aureus (yellow-gold colony morphology), and P. aeruginosa selection medium was used to selectively culture P. aeruginosa (green-yellow colony morphology). The plates were incubated for 24 h at 37°C, and the number of colonies with 5–300 CFU was counted.



Histology and Collagen Staining

The excised skin tissue was fixed by immersion in 4% paraformaldehyde solution for at least 12 h. The fixed skin grafts were dehydrated with a graded series of ethanol and then dimethyl benzene and embedded in paraffin. The paraffin-embedded wounds were cut into sections with a thickness of 4 μm using a microtome (RM2016, Leica, Shanghai, China). Sections were collected and stained with haematoxylin and eosin (H&E) for histological studies and with Sirius Red for collagen detection according to routine procedures. Finally, the skin sections were photographed by a light microscope (Vectra 3, PerkinElmer, Waltham, MA). The quantifications from Sirius Red staining was performed using IPP 6.0 software. Collagen deposition in the wound sites was calculated using the formula:
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Immunohistochemistry

For immunofluorescence staining, paraffin sections were stained using primary antibodies to TNF-a, TGF-β1, IL-1β, and IL-6 (Abcam, Cambridge, UK; 1:200 dilution). Subsequently, the sections were incubated with the universal secondary antibody (Abcam, ab205719, 1: 500 dilution) and VECTASTAIN Elite ABC reagent, washed in PBS, and reacted with DAB solution (Agilent Dako, Santa Clara, CA, USA). Finally, the nuclei were counterstained with hematoxylin. Images of the stained samples were photographed under a light microscope (Vectra 3, PerkinElmer, Waltham, MA). The positive marker percentage was quantified using IPP 6.0 software.



Western Blot Analysis

Tissue samples were completely homogenized in 10 times tissue volume protease inhibitors. Subsequently, the homogenates were centrifuged at 12,000 rpm for 10 min and loaded on 10–12% sodium dodecyl sulfate (SDS)-polyacrylamide gels. After being transferred to PVDF Western blot membranes, the proteins were incubated with different primary antibodies, specifically mouse anti- TGF-β1 (Abcam, ab92486, 1:1,000 dilution), rabbit anti- IL-1β (Abcam, ab108499, 1:1,000 dilution), rabbit anti-TNF-α (Abcam, ab6671, 1:1,000 dilution), and mouse anti-IL-6 (Abcam, ab9324, 1:1,000 dilution), overnight at 4°C. The membrane was further incubated with goat anti-mouse IgG H&L (HRP) conjugated secondary antibody (Abcam, ab205719, 1:5,000 dilution) for 1 h at room temperature, and was visualized via enhanced chemiluminescent reagent (Beyotime, Jiangsu, China) on X-ray film.



Assessment of Endotoxin and Inflammatory Mediators

Endotoxin was measured in blood serum. Blood was also obtained from each rat. The blood obtained was centrifuged at 5,000 rpm at 4°C for 10 min, and the upper serum was collected and stored at −80°C for subsequent evaluation. The serum was diluted 1:10 in sterile pyrogen-free water. The concentration of endotoxin (EU/mL) was measured by enzyme-linked immunosorbent assay (ELISA) techniques according to the manufacturer's protocol (Shanghai Biotechnology Co., Ltd., Shanghai, China). In this test, the detection limit of the endotoxin assay was 0–80 pg/mL (1 EU/mL = 100 pg/mL). The absorbance of each well was determined to be 450 nm using a microplate reader. The standard curve of endotoxin was constructed, and the corresponding concentration for the unknown sample was calculated. All determinations were performed in triplicate.




Statistical Analysis

Data were plotted using Origin 9.1 (OriginLab Corporation, Northampton, MA, USA). Error bars represent standard deviations (SDs). The statistical trends were analyzed by one-way analysis of variance (ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001 were considered to be significantly different.




RESULTS AND DISCUSSION


Synthesis of O-HACC and N-HACC

Limited solubility at pH 5.5–7.4 is one of the main disadvantages of chitosan, which restricts its application in biomedicine. The CS (water and 1% HAc, 1.0 mg/mL) and O-HACC and N-HACC derivatives (water, 1.0 mg/mL) all had the appearance of solubility (Figure 1A). The dependence of the solubility of CS, O-HACC, and N-HACC on pH was further investigated (Figure 1B). CS was completely soluble in the pH range from 3 to 5, and as the pH value reached 5.0, its solubility decreased. However, O-HACC and N-HACC were almost completely soluble in the pH range from 3 to 12. The results indicated that O-HACC and N-HACC increased solubility under different pH conditions.
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FIGURE 1. (A) Solutions of quaternized chitosan derivatives (water, 1.0 mg/mL) and chitosan (water and 1% HAc, 1.0 mg/mL). (B) Solubility of CS, O-HACC, and N-HACC at pH 3–12. (C) FTIR spectra, and (D) 1H NMR spectra of CS, O-HACC, and N-HACC.


The FT-IR spectra of CS, O-HACC, and N-HACC are shown in Figure 1C. The main bands of chitosan included a peak at 3,303 cm−1, corresponding to the stretching of the O–H and N–H bonds, and the band at 1,024 cm−1 corresponded to the C = O bending vibration. The peak at 1,478 cm−1, corresponding to the C–H bending vibration of CH3, is presented in the infrared spectra of O-HACC and N-HACC but not that of CS (Ye et al., 2014; Xin et al., 2015). This was indicative of the quaternary ammonium salt side-chain grafted onto the CS chain. In order to further determine whether the quaternary amino bond was conjugated to CS, 1H NMR measurement was carried out (Figure 1D). Prior to the reaction with the quaternary amino group, the spectra of CS samples were determined. Compared to the spectra of the initial chitosan, a characteristic new peak in the strong-field region at δ = 3.2–3.5 ppm (d, -N+(CH3)3) indicates the presence of a trimethyl ammonium fragment in the structure of the macromolecules.



Physical and Mechanical Properties of Hydrogels

In this study, we designed a kind of hydrogel formed by dynamic Schiff's base linkage that has an appropriate swelling ratio, good compressive properties, and a comparable modulus to human soft tissue (Chen, 2017). Following the synthesis routes shown in Schemes 1A,B, OHA and HA-ADH macromolecules were successfully obtained.

The OHA/HA-ADH and OHA/HA-ADH/N-HACC hydrogels had a white color, while OHA/HA-ADH/O-HACC had a yellow color (Figure 2A). The swelling properties of the hydrogels were investigated to illustrate their water sorption capacity (Zhou et al., 2018). The results revealed that the swelling ratios of the OHA/HA-ADH, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC hydrogels in PBS reached 44.47, 6.03, and 10.96, respectively, in the first 2 h (Figure 2B). Compared to OHA/HA-ADH hydrogels, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC hydrogels showed a lower swelling ratio, which may be related to their higher crosslink density. The hydrogels had almost reached equilibrium swelling in 4 h, with a swelling ratio in PBS of 62.31, 14.11, and 28.84, respectively. A lower swelling ratio will not have a negative impact on the organization of the material.
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FIGURE 2. Physical and mechanical properties of the hydrogels. (A) Photograph of typical hydrogels. (B) Swelling ratio. (C) Rheological properties. (D) Gel viscosity with frequency ranging from 0.1 to 100 Hz. (E) Compression modulus. (F) Water vapor transmission rate (WVTR); the blue dotted line represents the optimal WVTR range. ***p < 0.001.


The gelation behavior of the hydrogels was monitored by rheological analysis. As presented in Figure 2C, G′ surpassed G″ immediately after the addition of OHA to the HA-ADH solution due to the rapid formation of the hydrogel. This could provide hydrogel formation through diffusion of the polymer solution to the surrounding tissues when injected into the body. The final G′ of OHA/HA-ADH hydrogel can reach a plateau of 102-103 Pa, which would be able to maintain a structurally robust 3D network shape. Meanwhile, the storage modulus (G′) of OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels was increased due to an increase in hydrogel concentration and dynamic Schiff's base bonding. As shown in Figure 2D, G′ surpassed G″ with a shear frequency from 0.1 to 100 rad/s due to the Schiff's base, which indicated that the hydrogel was stable.

An ideal hydrogel should have mechanical properties that enable it to maintain its integrity during use. The compression moduli of the hydrogels are presented in Figure 2E. The results showed the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels had a higher modulus (~4 kPa) than did OHA/HA-ADH hydrogel, comparable to that of human skin (Chen, 2017). This mechanical property was related to the structure of the hydrogels, i.e., the pore size of OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels, which had a higher crosslinking density, was smaller than that of OHA/HA-ADH hydrogel, leading to a more compact structure. Our results showed that the compression modulus of the hydrogel could be improved by adding O-HACC or N-HACC.

Moisture control is a critical parameter in evaluating the healing process in wounds. A higher WVTR will result in dehydration of wound tissue and scarring, while a lower WVTR will cause wound maceration and harm to surrounding tissues. The WVTR values of the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels were tested to be lower than that of OHA/HA-ADH hydrogel due to their denser network structure (Figure 2F). This may be because the addition of quaternary ammonia chitosan leads to an increase in hydrogel concentration, resulting in a denser network structure. It is reported that the WVTR of normal skin ranges from 240 to 1,920 g/m2·24 h, while that of an uncovered wound is in the order of 5,138 ± 202 g/m2·24 h (Xu et al., 2015; Yang et al., 2017). Previous studies have reported that an ideal wound dressing with a WVTR of 2,028.3 ± 237.8 g/m2·24 h was able to maintain a moist environment and promote exudate adsorption and that cells can also migrate more easily, promoting tissue regeneration (Xu et al., 2016). The WVTR value of the prepared hydrogels is close to that of the intact skin and ideal range, a value that avoids the risk of wound dehydration and is suitable for wound healing applications.

The weight loss curve of the prepared hydrogels when in PBS (either in the presence or absence of 100 U/mL hyaluronidase) decreased gradually as the incubation time increased (Figures 3A,B). All of the hydrogels degraded by 20–33% after 7 days, 50–63% after 14 days, 54–68% after 21 days, and 66–78% after 28 days (Figure 3A). When the hydrogels were submerged in PBS in the presence of hyaluronidase, the weight loss by degradation was significantly higher than that in PBS solution (Figure 3B). All of the hydrogels degraded by 82–93% after 28 days; this fast degradation rate was related to the β-elimination caused by hyaluronidase (Zhu et al., 2018b). Compared with OHA/HA-ADH, the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels shown a lower weight loss ratio. The results indicated that the addition of O-HACC and N-HACC effectively improves the enzymatic stability of the hydrogels by increasing the formation of dynamic chemical bonds (Schiff base linkage between -NH2 and -CHO) (Qu et al., 2018). Therefore, the developed hydrogels could prolong the usage period and reduce replacement frequency. The MIC values of the O-HACC and N-HACC obtained were tested and are shown in Table S1. The results showed that the MIC values of O-HACC and N-HACC against gram-negative bacteria E. coli were 6.25 and 0.039 mg/mL and against gram-positive bacteria S. aureus were 24.2 and 0.078 mg/mL, respectively. In addition, the antibacterial effect of the O-HACC and N-HACC series against E. coli was stronger than that against S. aureus.
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FIGURE 3. Weight loss rate of the hydrogels in pure PBS solution (A) and PBS solution containing 100 U/mL hyaluronidase (B).




In vitro Biocompatibility of the Hydrogels

On the basis that the developed hydrogels had good physical properties and antibacterial activity, it was necessary to determine their biocompatibility, which is a prerequisite for well-designed biomedical materials (Wu et al., 2016; Cai et al., 2018). The cell viability ratio was evaluated by culturing murine-derived cell line L929 fibroblast cells with the leach liquor of the hydrogels. TCP and OHA/HA-ADH hydrogel without O-HACC and N-HACC were used as the control groups. It was clear that continuous increases in cell intensity from days 1 to 3 were observed for all groups, which indicated continuous proliferation of L929 fibroblast cells (Figure 4A). There were a large number of alive cells (green) and few dead cells (red) in all hydrogel groups, and they showed no obvious difference from the control groups, which indicated the innate biocompatibility of the hydrogels. It is worth noting that the cell densities of the OHA/HA-ADH/O-HACC and HA/HA-ADH/N-HACC groups at predetermined time points were slightly lower than those of the OHA/HA-ADH hydrogel A and TCP groups.
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FIGURE 4. In vitro biocompatibility evaluation of the hydrogels. (A) Fluorescence images of L929 cells after live/dead staining at day 1, day 2, and day 3. Green fluorescence indicates living cells, and red fluorescence indicates dead cells. (B) Cell viability of L929 cells at different culture times according to CCK-8 assay.


The cell viability rate of L929 fibroblast cells on the hydrogel groups was further quantitatively examined in accordance with the CCK-8 assay, as shown in Figure 4B. For the first and second days, the cell viability of all of the hydrogel groups was comparable to the control groups. On the third day, the OHA/HA-ADH/N-HACC and OHA/HA-ADH/O-HACC groups exhibited slightly lower cell viability than the OHA/HA-ADH hydrogel and TCP groups because of the interaction between N-HACC and O-HACC, which have a positive charge, and the cells, but it still comparable with the control group (Kowapradit et al., 2011). This excellent biocompatibility can be related to the dynamic chemical bond (Schiff base linkage) of the hydrogels. All of the results confirmed that the addition of N-HACC or O-HACC to an OHA/HA-ADH hydrogel resulted in satisfactory biocompatibility that was favorable for L929 cell growth and proliferation.



Bacterial Growth on the Hydrogel Surface and SEM Imaging

Besides serving as a barrier to protect wound tissues from external bacterial infections, hydrogels with inherent antimicrobial properties will be particularly attractive because they can prevent wound infections and promote the healing process (Gopinath et al., 2004). S. aureus was selected as a representative bacterium to evaluate the antimicrobial effect of the developed hydrogels. The inhibition of the growth of S. aureus by the developed hydrogels was assessed by measuring the number of S. aureus on the surface of the hydrogels. Bacterial growth on the hydrogels was observed using an SEM. It was clear that the OHA/HA-ADH hydrogel, which lacked antimicrobial material, had a large number of S. aureus attached to it, whereas S. aureus had significantly inhibited growth and was killed by OHA/HA-ADH/O-HACC and HA/HA-ADH/N-HACC hydrogels (Figure 5A). In addition, at 8 h, the number of S. aureus on OHA/HA-ADH was calculated to be about 179 CFU/area. However, the number of bacteria on OHA/HA-ADH/O-HACC and HA/HA-ADH/N-HACC hydrogels was 0 CFU/area for S. aureus (Figure 5B). At 24 h, the bacterial growth in the OHA/HA-ADH hydrogel increased significantly, with the bacteria number calculated to be 204 CFU/area, whereas the number of bacteria in OHA/HA-ADH/O-HACC and HA/HA-ADH/N-HACC hydrogels was only 16 and 12 CFU/area, respectively. The results indicated that S. aureus on the surface of the hydrogels were significantly inhibited or killed by the antimicrobial hydrogels (Peng et al., 2010).


[image: Figure 5]
FIGURE 5. (A) SEM images demonstrating the antibacterial activity of OHA/HA-ADH, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC hydrogels. (B) Quantitative analysis of the number of bacteria in each image area. ***p < 0.001.




The Hydrogels Promote Seawater-Immersion Wound Healing

The effect of the hydrogels on wound healing was further evaluated in vivo by using an animal wound model with seawater immersion. Figure 6A shows representative images of the wound surface on days 0, 3, 7, 10, 14, and 21 for each group. The wound area in all five groups became larger before 3 days, and obvious inflammation was observed in the control and OHA/HA-ADH groups with seawater immersion at day 3. Though the wound bed was infected, the wound area in the OHA/HA-ADH, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC groups became smaller with increasing time after 3 days, scab formation was observed in all groups at day 7. At day 14, the wounds of the control and OHA/HA-ADH groups had not healed well, whereas the wounds of the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC groups had healed significantly. It was found that the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels significantly promoted wound healing, which could be ascribed to the combined effects of the inherent antibacterial performance of O-HACC and N-HACC and the moist wound bed provided by the OHA/HA-ADH hydrogel dressing.
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FIGURE 6. (A) Photographs of wounds caused in the control group with or without seawater immersion and OHA/HA-ADH, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC groups with seawater immersion. (B) Percentage change in wound area, presented as mean ± SD. (C) Wound healing ratio over a 21-day period.


The wound area percentage of the different groups at days 0, 3, 7, 10, 14, and 21 is shown in Figure 6B. The control group without seawater immersion showed the lowest wound area percentage of the groups. At days 3, 7, 10, and 14, the wound area percentages of the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC groups were significantly lower than those of the control group and OHA/HA-ADH group with seawater immersion and were comparable with seawater immersion, which indicated that the addition of the antibacterial material (O-HACC and N-HACC) could induce bacterial death and prevent further infection. The same trend is presented through a more intuitive three-dimensional view of the wound healing rate in Figure 6C. In the results, OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels can be seen to accelerate and promote wound closure and re-epithelialization on the seawater-immersed wound infection of full-thickness skin wounds. Moreover, the wound-healing effect of the OHA/HA-ADH/N-HACC group was better than that of OHA/HA-ADH/O-HACC, which might be attributable to the antibacterial effect of N-HACC being stronger than that of O-HACC.



Number of Bacteria on Wound

The bacterial count on seawater-immersed wound infections of full-thickness wounds was determined at day 3. The bacteria from the wound site tissues were cultured on three selected agar media for 24 h and were then counted for further analysis (Figure 7). The results demonstrated that the number of bacteria on the seawater immersed wounds in the control group were approximately 6.2 × 108 CFU/wound for E. coli, 6.8 × 108 CFU/wound for S. aureus, and 2.3 × 108 CFU/wound for P. aeruginosa. However, the number of bacteria was significantly reduced in the OHA/HA-ADH/O-HACC group (~106 CFU/wound for E. coli, 1.3 × 106 CFU/wound for S. aureus, and 2.7 × 106 CFU/wound for P. aeruginosa) and the OHA/HA-ADH/N-HACC group (3.0 × 106 CFU/wound for E. coli, 3.9 × 106 CFU/wound for S. aureus, and 1.6 × 106 CFU/wound for P. aeruginosa) at day 3. The results demonstrated that the bacteria in the wound site were inhibited or killed by the antimicrobial hydrogels. In addition, the antimicrobial hydrogels could accelerate skin wound closure and healing by reducing the bacterial counts in seawater-immersed wounds of rats.


[image: Figure 7]
FIGURE 7. (A) E. coli, S. aureus, and P. aeruginosa colonies from tissues formed on agar plates. A red ring-like morphology precipitating on VRBA-MUG selection medium means E. coli, a yellow-gold colony morphology on Mannitol salt agar indicates S. aureus, and a green-yellow colony morphology on P. aeruginosa selection medium represents P. aeruginosa. (B) Quantitative analysis of the number of bacteria remaining in the wound area. *p < 0.05, **p < 0.01, ***p < 0.001.




Histological Observations

The histologic structures of the regenerated dermis were stained with H&E to evaluate wound healing progress. The degrees of epithelial closure and granulation tissue formation in the different treatment groups were very pronounced (Figure 8). At day 3, a clear newly formed squamous epithelial layer was observed in OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels, whereas the OHA/HA-ADH hydrogels and the control groups with seawater immersion showed an incomplete epidermal structure and a thinner dermal layer. In addition, obvious inflammatory cell infiltration was present in the wounds of the control group with seawater immersion on day 7, whereas the number of inflammatory cells on the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel groups was negligible (locally enlarged images of the tissue sections are shown in Figure S2). Remarkably, thick and well-formed granulation tissue was apparent in the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel-treated group on day 10, indicating that the antimicrobial hydrogels could promote rapid wound healing. At day 14, the epidermis of the new granulation tissue was integrated and thick in both the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel groups. At day 21, the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel groups developed some newly formed hair follicles in the center of the wound, which were not seen in the control group with seawater immersion. However, with respect to the microstructure of regenerated tissues, a more complete re-epithelialization and tight junction between epidermis and dermis was found in the antimicrobial hydrogel groups, which were significant for functional and scar-free tissue recovery.
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FIGURE 8. Representative images with H&E staining of the effect of seawater immersion on wound sections at day 3, day 7, day 10, day 14, and day 21.




Collagen Deposition

In order to gain more insight into the granulation tissue, collagen deposition and maturation were further assessed in each group by Picrosirius red staining (Figure 9A). Ipp 6.0 software was used to quantify the collagen deposition in the wound sites by calculating the intensity of the red areas in tissue area (Figure 9B). After 14 days of treatment, it can be seen that the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel groups not only had nearly twice as much collagen deposition as the other groups, as reflected by the Picrosirius red staining, but also had the most organized fibrous structure (local enlarged images of the wound sections are shown in Figure S3). In addition, at day 21, more mature fibers with regular orientation and distribution were seen in the wound sites treated with OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC as compared to those treated with the control with seawater immersion. With further quantitative analysis, the collagen contents in the wounds treated with OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel were significantly higher than those of the OHA/HA-ADH hydrogel and control group without seawater (p < 0.01) and the control group with seawater (p < 0.001) at day 14. The enhanced collagen deposition could be attributed to the HA (which promotes collagen synthesis in fibroblasts) and the antibacterial properties of O-HACC or N-HACC (Kisiel et al., 2013; Hu et al., 2019).
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FIGURE 9. Collagen deposition in wound sites. (A) Representative images of Sirius red staining in the control group with or without seawater immersion and the OHA/HA-ADH, OHA/HA-ADH/O-HACC, and OHA/HA-ADH/N-HACC groups with seawater immersion. (B) Quantitative analysis of collagen deposition in wound tissue. *p < 0.05, **p < 0.01, ***p < 0.001.




Immunohistochemistry

The mechanism of the prepared hydrogel-promoted wound healing in the rat wound with seawater immersion model was explored by performing immunohistochemistry with pro-inflammatory factors (TNF-α, IL-1β, and IL-6) and anti-inflammatory factors (TGF-β1) in the wound (Figure 10A). The OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel treatment decreased the expression level of pro-inflammatory factors (TNF-α, IL-1β, and IL-6) at day 7. On the other hand, the expression level of the anti-inflammatory factors (TGF-β1) was enhanced much more in the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogel groups than in the OHA/HA-ADH hydrogel and control groups. The results indicated that OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC hydrogels reduced the expression of pro-inflammatory factors and increased that of anti-inflammatory factors in a wound with seawater immersion, which was important for the wound healing process. The Western blot analysis of TGF-β1, TNF-α, IL-1β, and IL-6 further supports these results, as less pro-inflammatory factors and more anti-inflammatory factors occurred in the antimicrobial hydrogel-treated wounds compared to the other groups (Figures 10B,C), which could be attributed to O-HACC and N-HACC being efficient inherently antibacterial materials capable of reducing infection (Qu et al., 2019).
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FIGURE 10. (A) Representative images of immunohistochemistry pro-inflammatory factors (TNF-α, IL-1β, and IL-6) and anti-inflammatory factors (TGF-β1) of wound sections. (B) Western blot analyses were performed for TNF-α, IL-1β, IL-6, and TGF-β1. (C) Quantitative analysis of inflammatory factor. (D) Comparison of serum endotoxin concentration (EU/mL) in the different groups. **p < 0.01, ***p < 0.001.




Endotoxin Concentration

More specifically, the serum endotoxin levels of five groups were substantially elevated in the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC groups compared to the control group with seawater (Figure 10D). The endotoxin concentration of the control group without seawater was about 1.0–1.5 EU/mL. However, the highest endotoxin concentration of the control group with seawater was about 1.5 EU/mL at day 3, 1.9 EU/mL at day 7, 1.8 EU/mL at day 10, 1.6 EU/mL at day 14, and 1.5 EU/mL at day 21. In addition, there was a significant decrease in endotoxin concentration in the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC group compared to the control group with seawater (P < 0.05 at days 7, 10, and 14 and P < 0.001 at day 21), which was related to the bacteria numbers of their corresponding groups.




CONCLUSION

The aim of the present work was to develop biocompatible hydrogel wound dressings with inherent antibacterial properties. OHA/HA-ADH hydrogels with the addition of quaternized chitosan, OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC, were successfully prepared by dynamic Schiff base linkage. These hydrogels exhibited stable rheological properties, appropriate swelling properties, water vapor transmission rate, and biodegradability, inherent antibacterial properties, and good biocompatibility, meaning that they could effectively promote the wound healing process. Furthermore, the hydrogels accelerated the healing process in a seawater-immersed full-thickness skin defect model in vivo, as well as exhibiting excellent reepithelialization and greater granulation tissue thickness, higher-density collagen deposition, a smaller number of bacteria, a lower endotoxin level, and more balanced inflammatory infiltration than control. In particular, by reducing wound healing process-related pro-inflammatory factors (TNF-α, IL-1β, and IL-6) and upregulating anti-inflammatory factors (TGF-β1) in wound, the OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC antibacterial hydrogels presented the best wound healing effect among all groups. All results demonstrated that OHA/HA-ADH/O-HACC and OHA/HA-ADH/N-HACC represent promising antimicrobial hydrogel wound dressings for wound healing application, especially for open and infected traumas, due to their good bioactivity and inherent antibacterial properties.
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Poly (lactic acid) (PLA) has been increasingly used in cutaneous tissue engineering due to its low cost, ease of handling, biodegradability, and biocompatibility, as well as its ability to form composites. However, these polymers possess a structure with nanoporous that mimic the cellular environment. In this study, nanocomposites are prepared using PLA and titanium dioxide (TiO2) (10 and 35%—w/w) nanoparticles that also function as an active anti-scarring agent. The nanocomposites were prepared using an electrospinning technique. Three different solutions were prepared as follows: PLA, 10% PLA/TiO2, and 35% PLA/TiO2 (w/w%). Electrospun PLA and PLA/TiO2 nanocomposites were characterized morphologically, structurally, and chemically using electron scanning microscopy, transmission electron microscopy, goniometry, and X-ray diffraction. L929 fibroblast cells were used for in vitro tests. The cytotoxic effect was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays. Versicam (VCAN), biglicam (BIG), interleukin-6 (IL6), interleukin-10 (IL-10), and type-1 collagen (COL1A1) genes were evaluated by RT-qPCR. In vivo tests using Wistar rats were conducted for up to 15 days. Nanofibrous fibers were obtained for all groups that did not contain residual solvents. No cytotoxic effects were observed for up to 168 h. The genes expressed showed the highest values of versican and collagen-1 (p < 0.05) for PLA/TiO2 nanocomposite scaffolds when compared to the control group (cells). Histological images showed that PLA at 10 and 35% w/w led to a discrete inflammatory infiltration and expression of many newly formed vessels, indicating increased metabolic activity of this tissue. To summarize, this study supported the potential of PLA/TiO2 nanocomposites ability to reduce cutaneous scarring in scaffolds.

Keywords: PLA, nanocomposites, electrospinning, cutaneous scarring, gene expression, in vivo


INTRODUCTION

The standard treatment for skin lesions uses dressings that come in direct contact with the injured region. By replacing these dressings with scaffolds, this treatment becomes non-invasive to minimally invasive along with other positive outcomes such as a reduction in patient recovery times, medical costs and consumption of scarce and valuable health-care resources around the world for treatment of large-scale musculoskeletal injuries with traumatic lesions, birth defects and surgical excisions (Bardosova and Wagner, 2015; Beyth et al., 2015; Walmsley et al., 2015; Ghannadian et al., 2018). Bioabsorbable and bio-degradable polymers have been shown enough mechanical properties that accelerate the cell proliferation process while providing antimicrobial protection. This makes them promising materials for biomedical applications as they have been shown to optimize the tissue repair process which in turn speeds up patient recovery times (Simoes, 2011; Wang et al., 2014; Fonseca et al., 2015). Among the various polymers, poly (lactic acid) (PLA) has proven to be an ideal candidate material due to its mechanical properties, good biocompatibility, low cost, and the adjustable degradation profile with CO2, H2O (Hidalgo et al., 2013; Tawakkal et al., 2014; Annunziata et al., 2015; Toniatto et al., 2017) and polyester as by-products, either from the esterification of lactic acid and its fermentation (Toniatto et al., 2017).

PLA-based nanofibrous fibers have large surface areas, allowing them to interact with large volumes of other substances in their environment. This is a distinguishing feature of this material (Bayon et al., 2016; Toniatto et al., 2017; Salles et al., 2018). The fiber surfaces have several characteristics that make them similar to the extracellular matrices (ECMs) used in biomedical applications. In addition, the interaction of the cells and the substrate influences their morphology, proliferation, and viability (Braunger et al., 2017). ECMs have been assumed to be inert structures that consist of proteins and polysaccharides that are synthesized and secreted by cells. Their sole purpose was once considered to fill up extracellular space. However, recent research indicates that ECMs perform other key roles. They function as scaffolds, aid in cell binding, allow for tissue formation, and play an important role in the control of cell growth, differentiation, adhesion, migration, proliferation, and angiogenesis (Villarreal-Gómez et al., 2016; Saldin et al., 2017).

Studies have shown that titanium dioxide (TiO2) nanoparticles are highly biocompatible and have good physical, chemical, mechanical, and biological properties. These nanoparticles have a variety of uses in many biomedical applications. One study found that they help increase protein absorption and reduce infections caused by both Gram-positive and Gram-negative bacteria (Roy et al., 2007; Liou and Chang, 2012; Kandiah et al., 2014; Wu et al., 2014; Toniatto et al., 2017).

Electrospinning of polymers can be used to generate three-dimensional fibrous structures and is therefore used to produce mats with these polymers. The electrospun mats closely resemble natural ECM (Villarreal-Gómez et al., 2016; Toniatto et al., 2017) and are capable of supporting cell adhesion and proliferation. Due to their inherent material properties, these mats not only provide a three-dimensional structure but are also biocompatible, bioabsorbable, and have antibacterial properties, making them extremely desirable for use in scaffolds and medical devices (Roux et al., 2013; Stocco et al., 2018). PLA/TiO2–nanofibrous fibers produced by electrospinning are being studied in order to evaluate their potential in dressing and wound healing applications (Bayon et al., 2016; Toniatto et al., 2017; Ghosal et al., 2018; Salles et al., 2018).

In prior studies, we have shown that PLA/TiO2-based scaffolds have bactericidal properties and do not exhibit cytotoxicity (Toniatto et al., 2017). Here, we further evaluated the toxicity of electrospun PLA in fibroblast cells and rats (skin model) and compare the results when the material is embedded two different concentrations of TiO2 nanoparticles PLA/TiO2−10% w/w (PLA—A) and PLA/TiO2−35% w/w (PLA—B). We also investigated their potential to upregulate specific genes related to the regenerative process. These electrospun scaffolds are biocompatible and showed no inflammations in rats. They were also found to have upregulated the versicam and type-1 collagen genes. These results provide a strong rationale to use PLA/TiO2 scaffolds as dressings for skin lesion applications.



MATERIALS AND METHODS


Materials

Chloroform, N, N-diethylformamide (DMF), ethyl alcohol, Dulbecco's MEM (DMEM), Fetal Bovine Serum (FBS), 3-4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolol bromide, neutral buffered Formalin, Hematoxilin and Eosin were purchased from Sigma-Aldrich® (USA). PLA (2003D, with 4.30% of D-lactic acid monomer) was donated by NatureWorks (Minnetonka, Minnesota, United States). TiO2 nanoparticles were donated by Evonik Degussa (AEROXIDE® TiO2 P25, Essen, North Rhine-Westphalia, Germany). NCTC clone 929 (L CELL, L-929) cells were purchased from a bank cell in Rio de Janeiro, Brazil. 24-wells plates were purchased from Ciencor®. RNAeasyTM mini kit was purchased from Qiagen (São Paulo, Brazil). Versicam, biglicam, interleukins-6, interleukins-10, collagen-1 genes, complementary DNA (cDNA), RNA, and GoTaq® qPCR Master Mix amplifier kit were purchased from Promega (São Paulo, Brazil).



Electrospinning of PLA/TiO2 Nanocomposite Membranes

Three types of solutions were prepared: PLA, PLA with 10% TiO2 by weight, and PLA with 35% TiO2 by weight. In the first step, 0.09 g of PLA was dissolved in 0.6 mL of chloroform at room temperature for about 150 min in closed system. Three sets of these PLA solution compositions were prepared. Afterwards in two separate containers, TiO2 nanoparticles (0.01 and 0.05 g, respectively) were dispersed in 0.4 mL DMF using a tip ultrasound (Sonics, VCX 500) for ~90 min. A third container with 0.4 mL DMF was also prepared without the addition of TiO2. Subsequently, each of the three DMF solutions (two of them containing TiO2 of different concentrations, and one without TiO2) was added to each of the three PLA solutions in chloroform and then stirred magnetically for 20 h in an enclosed system at room temperature. Table 1 summarizes the masses and volumes of three prepared solutions. The electrospinning process was performed under a temperature and humidity-controlled exhaust hood (at a temperature of 25 ± 2°C and relative humidity of 30–40%). The electrospinning parameters/apparatus used were: 12 kV (Bertan 203R), syringe (5 mL, BD®), metal needle (23G, Inbras), infusion rate (0.05 mL/h), on a collector covered with aluminum foil (100 × 100 × 1 mm, at a distance of 10 cm) and total time of 30 min.


Table 1. Description of produced solutions prior electrospinning process.
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Characterization of Structural, Physical, and Chemical Properties

The samples were characterized after 24 h under vacuum. Scanning electron microscope (SEM, Zeiss EVO MA10) was used to analyze the morphology and determine the diameters of the fibers. To aid the analysis, a thin layer of gold (~10 nm thickness) was deposited using sputtering under an Argon plasma at a pressure of 0.2 mbar under an applied current of 30 mA for 2 min. The micrographs were obtained using magnifications of 500x, 1,000x, and 5,000x. Images were obtained using the SEM and analyzed using ImageJ software to establish the mean diameters for the fibers, and the mean and standard deviations of the data were calculated. Transmission electron microscopy (TEM, Philips CM120) was used to evaluate the homogeneity of the TiO2 nanoparticles incorporated into the fibers. To perform the analysis, the fibers were collected for 5 s onto a copper transmission grid of 3.05 mm in diameter. The grid was positioned at a working distance of 10 cm, and the material was deposited for a few seconds, until a thin layer was formed on the grid.

A goniometer (Krüss DSA 100) operating in dynamic mode was used to measure the angle between the scaffolds and air using water and diiodomethane. Two microliters of deionized water was dropped on each scaffold and images were recorded after 1 min. This test was performed on 5 samples, and the mean and standard deviations for the results were calculated.

TGA measurements were carried out in a STA 7200 Hitachi (Tokyo, Japan). TGA plots were obtained within the range of 25–900°C under nitrogen atmosphere (200 mL·min−1) at 10°C·min−1. Specimens were left at room temperature (25°C) until equilibrium was reached and placed in an aluminum pan. Data was plotted as weight loss percentage vs. temperature, and the mass of dried residues was calculated for each case. The derivative thermogravimetric (DTG) analysis was also performed to identify the maximum peaks of the thermal transformation events.

DSC analyses were carried out in a Mettler-Toledo DSC822 instrument (Giessen, Germany). Analyses were carried out in an aluminum sample pan under nitrogen atmosphere with a flow rate of 20 mL min−1 and heating rate of 10°C min−1. In order to eliminate the thermal history of the material, the first heating cycle was obtained in the range of 0–110°C, afterwards it was cooled down to 0°C and heated again up to 500°C. The graph was plotted as heat flow vs. temperature.

The tensile strength, elongation at break and fracture strain of the nanofibers were measured using a texture analyzer (TA.XT plus, Stable Micro Systems Ltd., Vienna, UK). Rectangular samples of the polymeric scaffolds were specifically cut to have dimensions of 10.00 × 30.00 × 0.10 mm and fixed with the probe provided by instrumentation attached to a 5 kg load cell. Measurements were recorded at 25°C with a strain rate of 1 mm.min−1 (N = 3).

X-ray diffraction (XRD) (PANalytical X'Pert Pro diffractometer) using a monochromatic X-Ray CuKα radiation, was used to study the crystalline structure of the samples. Data were collected over a range of 10–80° using a scanning speed of 0.08 degrees per minute. Data was analyzed using HighScore 3.0a software (PaNalytical, Almelo, Netherlands) for phase identification. The crystalline index was calculated as the ratio of the crystalline scattering fraction to the total crystalline and amorphous scattering.



Biomedical Characterizations of PLA/TiO2 Nanocomposite Membranes

Prior to performing any biological assay, the samples were vacuum dried. For the biological assays, L929 fibroblasts cells were cultured in Dulbecco's Modified Eagle's Medium supplemented with fetal bovine serum (90:10 v/v) and kept in a 5% CO2 atmosphere at 37°C for 7 days to obtain a confluence layer. The polymer sheets were sterilized in ultraviolet radiation and then placed in 70% ethyl alcohol, washed with phosphate-buffered saline, and hydrated with the DMEM/FBS medium prior to use in the biological assays (Lobo et al., 2008).

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to analyze the scaffold (PLA only, PLA—A, and PLA—B) scaffolds for cytotoxicity. Twenty thousand cells were plated in a 24-well plate. After 24 h, a 10 × 10 mm square piece of each of the scaffold types was placed on separate plates. After both 24 and 168 h, 100 μL MTT (1 mg/mL) was added to the culture medium in each well. The plate was then covered with an aluminum foil and incubated for 2 h in an oven with a consistent a 5% CO2 atmosphere and 37°C temperature (Lobo et al., 2008). The MTT was then removed and 100 μL of dimethyl sulfoxide (DMSO) was added in each sample. The absorbance was then measured using a spectrophotometer (570 nm wavelength; instrumentation by AsysHitech GmbH, Eugendorf, Austria). Cells were used as negative controls and latex fragments (10 × 10 mm) as positive controls for cytotoxicity tests. To normalize the results, the absorbance of a blank sample and DMSO were also measured. Gene expression analysis by RT-qPCR, and extraction of total RNA from adhered cells on scaffolds were performed after 7, 14, and 21 days. Versicam, Biglicam, interleukins-6, interleukins-10, and collagen-1 (COL1A1) genes were expressed upon performing RT-qPCR. The integrity of the RNA was evaluated using agarose gel electrophoresis (1.5%) and analyzed using the 18S and 28S bands. Thereafter, the outer diameter was measured (at 260 and 280 nm wavelengths using Nano Drop 2000 manufactured by Thermo Fisher) and the concentration and purity of the RNA sample was determined. Values A260/A280 between 1.8 and 2.0 were accepted. For the synthesis of deoxyribonucleic acid (cDNA), 2.0 μg of RNA obtained via reverse transcription was used following the manufacturer's instructions. The cDNA was amplified and an ABI PRISM 7500 sequence detector (Applied Biosystems, USA) was used for quantitative analysis of the gene expression. The primers analyzed are listed in Table 2. The conditions/parameters applied during this analysis were 95°C (for 5 min), 40 cycles of 15 min each at 95°C, 60°C (for 1 min), and a final cycle of 5 min at 72°C. Each experiment was repeated three times and the data was normalized according to the expression of the reference gene using the selection of the most appropriate endogenous control. Three reference genes were used: Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal 18S RNA (18SrRNA), and beta-beta smooth muscle (β-actin); β-actin was the preferred reference gene. The ΔΔCt method acquires average cycle limit values (Cts) of the target genes and compares them with the Cts of the average reference gene. Relative gene expression was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001).


Table 2. Description of the gene used in RT-qPCR.
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The RNA samples were analyzed using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) at wavelengths of 260 nm for RNA and 280 nm for the protein.

The primers were designed with the aid of the RTD program (Integrated DNA Technologies, www.idtdna.com) and Primer 3 software (frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).



Experimental Model—in-vivo

All in-vivo procedures were performed in accordance with ethical standards. The testing protocol was approved by the Brazilian committee (10/2015-CEUA/ICT/CJSC-UNESP). Six male Wistar rats (Rattus norvegicus) aged 90 days and weighing between 350 and 400 g were used. The animals were provided with food and water ad libitum. The PLA, PLA—A, and PLA—B samples were implanted in the rat dorsal subcutaneous tissue (n = 2). The apparatus was cleaned using 70% ethanol and sterilized for 2 h using UV radiation and surgically inserted using procedures described in Camargo et al. (2010). The rats were euthanized 15 days after the surgery.

For histological analysis, a 10% neutral buffered formalin was applied on the surgical sites. After 48 h, the specimens were processed using paraffin embedding. The paraffin block was oriented parallel to the long axis of the material, and serial sections of 5 μm thickness were cut. Theses sections were then stained with hematoxylin and eosin. Histological qualitative evaluation was conducted using microscopic analysis.



Statistical Analysis

A sample size of 5 has been used in this study. The data was analyzed using two-way analysis of variance (ANOVA) followed by a Tukey's test (GraphPad Prism software, v. 5.01). A value of p < 0.05 was considered statistically significant.




RESULTS


Characterization of the Electrospun Scaffolds

Figures 1A–C shows SEM micrographs of PLA, PLA—A, and PLA—B nanofibrous scaffolds, respectively. The homogeneity of the nanofibers can be observed; the diameters of the nanofibers appear to be similar and they no obvious deformation and free of beads. The mean values of the diameters of the nanofibers in the samples of PLA with 10 and 35% TiO2 were 332 ± 108 and 332 ± 95 nm, respectively—slightly larger than that observed in the PLA sample without TiO2 (315 ± 87 nm). The images obtained by TEM showed that TiO2 nanoparticles were homogeneously dispersed within the PLA fibers at both the concentration levels of 10 and 35%—w/w (Figures 1B.1,C.1). Figure 1D shows contact angle measurement using water. It can be observed that incorporation of TiO2 nanoparticles causes an observable decrease in the contact angle. The PLA, PLA—A, and PLA—B samples had contact angles of 160.0 ± 3.0, 140.0 ± 2.1, 130.0 ± 2.2°, respectively. XRD measurements showed that TiO2 has a different growth process in the single crystalline phase corresponding to the anatase phase (Figure 1E). The preferred orientation plane is the crystalline plane (101) around of 2θ = 25°, which is typical of the anatase phase and the rutile phase, indicating a high purity of the material. This is confirmed by the peaks, 2θ = 37, 49, 54, 56, 63, 70, and 76° at the corresponding crystallographic planes (1 0 3), (2 0 0), (2 1 1), (2 1 1), (2 0 4), (1 1 6), and (2 1 5) (Dinari and Haghighi, 2017; Pava-Gómez et al., 2018). The peaks at 25, 37, and 49° are characteristic of TiO2 and are clearly observed when they are part in the fibers. The intensity of the XRD peaks was lower in the samples that contained the TiO2 than in those without TiO2 (Figures 2A.1–A.3). The measured crystalline index was 89, 87, and 82% for PLA, PLA—A, and PLA—B samples, respectively.


[image: Figure 1]
FIGURE 1. (A) Micrograph for PLA fiber without TiO2 addition; micrographs of polymer solutions with (B) PLA—A; (C) PLA—B. (D) Contact angles measured. (E) XRD of the developed membrane. Images obtained by TEM (B.1) PLA—A, (C.1) PLA—B. * and # referred to typical PLA crystalline planes. ° referred to typical TiO2 crystaliine planes.



[image: Figure 2]
FIGURE 2. X-ray diffractograms deconvoluted in the intervals presented for: PLA (A.1), PLA—A (A.2), and PLA—B (A.3).


Figure 2 shows deconvolutions obtained from XRD, as shown in Figure 1E. The amplitude of the peak found between 16.45 and 16.80° was used to determine the proportion of pure PLA scaffold area. It was found that for the PLA membranes (Figure 2A.1), PLA—A membranes (Figure 2A.2), and PLA—B membranes (Figure 2A.3) had 60.2, 51.45, and 44.38% of pure PLA membranes area respectively. Diffractogram fitting was performed in order to quantify the percentage of area formed under the curve where the characteristic PLA peaks are identified. For this, the deconvolution method with Gaussian function was used in a software Origin 8.0, obtaining curves with R2 = 0.99. The study of this device has been used as a tool in several works of our research group (Silva et al., 2018, 2019a,b).

Table 3 and Figure 3 display the result of the thermal characterization of the sample containing TiO2 nanoparticles. The TGA result shows that the degradation temperature of the composite nanofiber (peak around 355°C against the peak at 326.6°C of the pure PLA) is significantly affected by the presence of TiO2 but not by its concentrations in the polymer matrix (Laske et al., 2015; Wacharawichanant et al., 2017; AnŽlovar et al., 2018). It is clear from Table 3 that the residual weight expressed in mg/mg is proportional to the TiO2 content on the PLA electrospun nanofibers.


Table 3. Main DSC thermal transitions (n = 3; S.D. < 1%), TGA mass loss temperature peaks and residual weight (Rw) at 900°C of samples (n = 3; ± S.D).
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FIGURE 3. (A) TGA curves from 25 to 900°C performed at a heating rate of 10°C min−1 under nitrogen atmosphere with a flow rate of 20 mL min−1 and (B) DSC thermogram from 0 to 500°C and the glass transition region between 40 and 80°C (inset) performed at a heating rate of 10°C min−1 under nitrogen atmosphere with a flow rate of 20 mL min−1 of the of PLA/TiO2 samples.


The DSC results display a glass transition temperature (Tg) and two endothermic peaks in the second heating cycle. The Tg (Figure 3B inset) increase with the amount of TiO2 in the PLA matrix from the 55.4°C of pure PLA to the 61.8°C of PLA-A and 65.8°C of PLA-B. The first peak, attributed to the melting point of PLA, is slightly affected by the presence of the nanoparticles (peak around 157.5°C against the peak at 154.9°C of the pure PLA). The second one, attributed to the PLA degradation, has sharper peaks and shifts to a higher temperature in the presence of TiO2. The introduction of higher concentration of TiO2 in the PLA structure significantly decreases the melting enthalpy of both peaks.

The Figure 4 illustrates the mechanical properties (FS, EM, and TS) of PLA/TiO2 nanofibers with different TiO2 contents. As can be seen, the mechanical properties of the scaffolds were affected by the addition of TiO2. There is an increase in the value of these properties for PLA—A and subsequently a reduction for PLA—B. The changes in evaluated values are summarized in Table 4.


[image: Figure 4]
FIGURE 4. (A) Variation in tensile strength (TS), (B) fracture strain (FS), and (C) elastic modulus (EM) of PLA nanofibers. Statistical test: One-way ANOVA followed by post-test multiple Tukey comparisons *P < 0.05.



Table 4. Mechanical properties analysis of PLA—A and PLA—B over neat PLA scaffolds.
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Cytotoxicity and Gene Expression Analyses

Cytotoxicity studies were performed at two different time points (24 and 168 h) and the analyzed groups were compared to a positive control (latex, Figure 5A). The expression of the genes of interest was studied using RT-qPCR from cDNA obtained by the reverse transcription of mRNA obtained from the fibroblast lineage. Before initiating the RT-qPCR reactions, expression of these genes was analyzed by semi-quantitative or end-point RT-PCR to ensure they were expressed (data not shown). The expression of extracellular matrix Versicam, Biglicam type 1 collagen, interleukins-6, and interleukins-10 were analyzed. It was observed that the expression of Versicam increased when L929 fibroblast cells were cultivated on PLA and PLA—A and PLA—B when compared to the control (only cells, p < 0.05, Figure 5B). Meanwhile, over expression of type I collagen (COL-1) occurred in the fibroblastic cells in contact when cultivated on PLA and PLA—A and PLA—B (p < 0.05, Figure 5C). No statistical differences were observed when the expressions of interleukins-6 and−10 were analyzed (Figure 5D).


[image: Figure 5]
FIGURE 5. (A) Cell viability assay performed by the MTT assay (PLA, PLA—A, and PLA—B). One-way statistical analysis ANOVA and post-test of Tukey Multiple Comparison *P < 0.05 (compared to cells); (B) mRNA expression of the versicam and biglicam genes in L929 cells in the control groups and in the PLA, PLA—A, and PLA—B groups. (C) mRNA expression of the versicam and biglicam genes in the L929 cells in the control groups and in the PLA, PLA—A, and PLA—B groups. All groups were compared to the control group (cells only). (D) Expression of the interleukin-6 and−10 mRNA in L929 cells in the control groups and in the PLA, PLA—A, and PLA—B groups. Statistical test: One-way ANOVA followed by post-test multiple Tukey comparisons *P < 0.05 (compared to control).




Histological Analysis

The groups were compared qualitatively to check for similar histological aspects. The figures show an overview of the control material and nanocomposites.

Clinically, the animals showed no signs of infection, and no foreign body reaction was observed under a microscope (Figures 6–8). A capsule of connective tissue was observed around the membranes of all the three types, indicating a close contact between the material and the surrounding connective tissue. The presence of discrete inflammatory infiltrate was also observed. However, the histological sections of PLA—A (Figure 7) and PLA—B (Figure 8) showed the newly formed vessels, suggesting a higher rate of metabolic activity in this tissue (compared to control, Figure 6). These observed differences are positive events that occurred in the regenerative process, influenced by presence of PLA/TiO2 membranes.


[image: Figure 6]
FIGURE 6. PLA—(A) Overview hematoxilin and eosin staining histological image of connective tissue with biomaterial ([image: yes]) implanted; (B) Detail of representative histologic section of connective tissue ([image: yes]) forming the capsule around of biomaterial ([image: yes]); (C) Capsule detail with inflammatory infiltrate discrete ([image: yes]).



[image: Figure 7]
FIGURE 7. PLA—(A) Overview hematoxilin and eosin staining histological image of connective tissue with biomaterial ([image: yes]) implanted; (B) Detail of representative histologic section of connective tissue ([image: yes]) forming the capsule around of biomaterial ([image: yes]) with inflammatory infiltrate discrete; (C) Capsule reveals details of neoformed blood vessels ([image: yes]).



[image: Figure 8]
FIGURE 8. PLA—(A) Overview hematoxylin and eosin staining histological image of connective tissue with biomaterial ([image: yes]) implanted; (B) Detail of representative histologic section of connective tissue ([image: yes]) forming the capsule around of biomaterial ([image: yes]) with inflammatory infiltrate discrete; (C) Capsule reveals details of neoformed blood vessels ([image: yes]).





DISCUSSION

None of the electrospun membranes showed beads formation, indicating that the work distances and applied voltage were appropriately chosen (Schuster et al., 2003). It was also observed that the solvents had completely evaporated during the electrospinning process, resulting in fiber diameters with little variation (Schuster et al., 2003; Efron and Moldawer, 2004; Zhang and An, 2007). The decision to keep the membranes for 15 h in a vacuum chamber resulted in the elimination of any residual liquid present in the nanofibers (Efron and Moldawer, 2004; Zhang and An, 2007). The incorporation of TiO2 nanoparticles also did not promote bead formation, as seen in Figures 1A–C, indicating that our strategy to disperse these particles using ultrasound resulted in homogeneous dispersion of TiO2 nanoparticles inside PLA fibers—as seen in Figures 1B.1,C.1—without inhibiting the PLA behavior—as shown by the XRD images (Figure 1E). A discrete reduction in contact angle was observed while using water when TiO2 nanoparticles were incorporated into the PLA (Figure 1D). The XRD deconvolution analysis showed that the addition of TiO2 interrupted the arrangement in the PLA polymer backbone by modifying its crystallinity (Baskaran et al., 2006). This intensity was assessed by deconvolutions of the XRD of Figure 2A. Crystallinity plays a very important role in the physical properties of biodegradable polymers—especially the thermal and mechanical behavior—and also affects their biodegradability (D'amico et al., 2016). The addition of 10 and 35% w/w of TiO2 on the PLA matrix resulted in a significant decrease of crystallinity index of about 2 and 8%, respectively. Electrospun PLA exhibited two α crystal reflection peaks at 14.0 and 16.8° and a small phase peak at 25.0° due to the high degree of deformation that the electrospinning process causes to the material (Figure 1E). The positive shift of higher values of 2θ and the high degree of crystallinity of the of the electrospun nanofibers of PLA compared to the PLA films can be ascribed to the higher stretching of the polymer chains resulting in higher degree of molecular organization (Oliveira et al., 2013; Farid et al., 2018).

Thermogravimetric analysis (Figure 3A) showed that the degradation of PLA containing TiO2 nanoparticles takes place in a well-defined single step with a derivative thermogravimetric (DTG) temperature peak at around 355°C (Table 3) with significant differences between nanoparticles content and pure PLA that showed a lower degradation peak at around 327°C in accordance with the DSC results (Mofokeng and Luyt, 2015; Zhang et al., 2015). After degradation, the weight remained constant until 900°C and leading to a residue content in function of the TiO2 concentration (Table 3). PLA lead to a 0% residue at this temperature as previously observed (Virovska et al., 2014). With an increase of TiO2 on the PLA nanofibers, there was an increase in residue produced which supports the presence of the nanoparticles in the nanospun fibers structure (Costa et al., 2013).

During the cooling cycle in the DSC analysis, no crystalline structures or other transitions appeared (data not shown). The DSC thermogram during the second heating shows two endothermic peaks at 157 and 350°C, indicating the melting and degradation peaks of PLA, respectively (Gupta et al., 2007). The inclusion of TiO2 showed small differences in the melting peak (157°C) compared to the pure PLA (155°C). However, comparing the 10 and 35% TiO2 containing PLA nanofibers, the degradation peak displayed a slight increase (from 351 to 357°C) and a large positive shift of around 20°C in the onset temperature (from 308 to 331°C). The Tg of PLA nanofibers showed a significant increase with the addition of TiO2 in the polymer matrix (Table 3). This suggests an interaction between TiO2 and PLA matrix (Zdraveva et al., 2018; Kaseem et al., 2019). These interactions restrict the mobility of the molecular chains in the PLA amorphous segments enhancing the cooperative motions of the chains which require much more activation energy to occur (Gasmi et al., 2019).

Moreover, the significant increase in decomposition onset temperature and the decrease in both enthalpy and crystallinity of the PLA composite with higher TiO2 nanoparticles reinforce the hypothesis that there was an efficient inclusion of intermolecular bonding with the PLA matrix due to the anti-plasticizing effect of TiO2 nanoparticles (El-Sayed et al., 2011; Amin et al., 2019).

Several researches have studied how addition of nanoparticles can improve mechanical properties in ultra-thin polymeric fibers. It has been proven that, the improvement in mechanical properties of PLA—A over neat PLA in this study was attributed to the favorable interactions between the polymer matrix and the homogeneous distribution of TiO2 nanoparticles (as augmented in the internal friction) within the fibers as a filler, showed in the Figure 1C.1, making it toughest and most flexible (Ramier et al., 2014; Sadeghi and Shahedi, 2016; Feng et al., 2019). The reduction of TS, FS, and EM in PLA—B (Figure 4 and Table 4) can be attributed to an anti-plasticizing effect, in which nano-TiO2 might play the part of an anti-plasticizer due to increased interaction, a decreased the free volume between chains, a reduction in film flexibility and reduction in crystallinity, showed in Figure 1E, making it less tough (Shaili et al., 2015; Feng et al., 2019).

The membranes did not cause any decrease in the number of cells when compared to the control group in the cytotoxicity assay (Figure 5A). Cytotoxicity or evaluation of toxicity in cell culture is a complex in-vivo phenomenon that manifests a broad spectrum of effects, from cell death to metabolic aberrations—i.e., no cell death but functional changes (Kao et al., 2007). All groups of materials (PLA—A, and PLA—B) caused an over expression of the versicam mRNA in fibroblasts when compared to the control group. On the other hand, the biglicam showed a decrease in expression in the fibroblasts (down expression) when in contact with the studied nanocomposites in all three groups (Figure 5B). Type-I collagen was upregulated in all the membranes (Figure 5C). The electrospun membranes, however, did not show differences from control when analyzed for 6- and 10-interleukins (Figure 5D).

Type-I collagen plays an important role in maintaining the integrity of the extracellular matrix. Type-I collagen has a fibrillar type structure and is the most investigated type of collagen due to its abundance and the fact that it is the main structural element of several tissues. It is expressed in almost all connective tissues and plays a key role in the skin repair processes (Wong et al., 2013). Versicam is present in the dermis (Ruoslahti, 1989) and has important biological functions in the regulation of skin behavior (Bianco et al., 1990; Kinsella et al., 2004). Recent studies have shown that versicam interacts with leukocytes, promoting their adhesion. In addition, the incorporation of versicam into the ECM blocks monocyte adhesion and attenuates the inflammatory response. When binding to hyaluronic acid, versicam influences the T lymphocytes, aiding these cells to synthesize and secrete cytokines that assist the immune response. Versicam is emerging as a potential target in the treatment of inflammation, promising broad therapeutic benefits in the future due to the fact that it is an ECM molecule that plays a central role in the inflammatory process (Wight et al., 2014). The upregulation of versicam and type-1 collagen can be attributed to the activation of connective tissue formation, presumed to be related to repair of wounds and fibrotic diseases of the skin (Wahab et al., 1996).

A study conducted in 2001 compared down regulation of the decorin gene mRNA expression in post-surgical regenerated fibroblast cells in comparison to healthy human gingiva. The expression of mRNA for the versicam presented increased expression (upregulation) in this study (Ivanovski et al., 2001). In this study, the expression of versicam and biglicam genes corroborate with observations by Ivanovski. In our study, it was observed that all of the three groups of membranes (PLA, PLA—A, and PLA—B) caused over expression of the versicam in the fibroblasts when compared to the control group (Figure 5B). These findings are also in agreement with previous studies where the downregulation of decorin mRNA and upregulation of versicam in gingival cells and periodontal ligament cells were also observed (Haase et al., 1998). Other studies also report the correlation between exposure of growth factors, rates of cell proliferation, and synthesis of proteoglycans in other cell lines (Kähäri et al., 1991; Mauviel et al., 1995).

The gene expression findings of interleukins in the present study demonstrate that there is no change between the control and nanomaterials groups. The cited references support the idea that the developed membranes do not cause an inflammatory response in the cells of the fibroblast line used. This is an important property of a material that can be used in dressings in the future, since it would avoid problems related to scarring—such as excessive inflammatory response—that would delay the regenerative process (Kopf et al., 2010; Scheller et al., 2011).

TiO2 has been proven to be a nanoparticle that can to modulate the immune functions, it is dependent to concentration, dose or route of administration (Lappas, 2015). The ability of TiO2 nanoparticles in prove reactive oxygen species (ROS) and increase membrane permeability maximize antibacterial activity and improve the wound healing as was observed previously (Sankar et al., 2014). Moreover, the TiO2 nanoparticles could cause enhanced blood coagulation, which is an important first step in the wound healing process (Seisenbaeva et al., 2017). Our in vivo results were (Figures 4–6) similar to Seisenbaeva et al. (2017) and in the study, it was observed that TiO2 improved wound healing. We confirmed that the electrospun membranes with TiO2 can stimulate and modulate inflammation, which is very important for human health, since there is bigger formation of blood vessels (Babelova et al., 2009; Moreth et al., 2014).

Various biological and synthetic skin replacements are available commercially available. Although there are over 3,000 types of dressings on the market, there is no product that is effective for treatment of chronic wounds such as venous leg ulcers, diabetic wounds, and pressure ulcers and burns. The membranes discussed in this study are ideal candidates for curative materials in the care of difficult-to-treat wounds and aiding the healing process and helping patients and health care professionals (Dhivya et al., 2015).



SUMMARY AND CONCLUSIONS

Three different membranes types were evaluated: One with PLA nanofibers but without TiO2 content, and two with PLA and varying concentrations of TiO2 (10% and 35%—w/w). A higher concentration of TiO2 in the PLA structure significantly decreases the melting enthalpy of PLA. PLA with 10% of TiO2 improved in more than 300% the tensile strain compared to PLA. All three membranes were found to be non-toxic against fibroblast L929 cells. The membranes also increased mRNA expression in Versicam and type-1 collagen, which are both important for the tissue repair process. It was also observed that the membranes did cause inflammations as demonstrated by the absence of alterations in the expression of interleukins-6 and−10. In vivo analysis indicated that our membranes can be used as materials for wound healing applications, as there were no inflammations observed, and the formation of blood vessels was identified.
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Background: Complex hypertrophic scar is a condition that causes multiple joint contractures and deformities after trauma or burn injuries. Three-dimensional (3D) printing technology provides a new evaluation method for this condition. The objective of this study was to print individualized 3D models of complex hypertrophic scars and to assess the accuracy of these models.

Methods: Twelve patients with complex hypertrophic scars were included in this study. Before surgery, each patient underwent a computed tomography (CT) scan to obtain cross-sectional information for 3D printing. Mimics software was used to process the CT data and create 3D printed models. The length, width, height, and volume measurements of the physical scars and 3D printed models were compared. Experienced surgeons used the 3D models to plan the operation and simulate the surgical procedure. The hypertrophic scar was completely removed for each patient and covered with skin autografts. The surgical time, bleeding, complications, and skin autograft take rate were recorded. All patients were followed up at 12 months. The surgeons, young doctors, medical students, and patients involved in the study completed questionnaires to assess the use of the 3D printed models.

Results: The 3D models of the hypertrophic scars were printed successfully. The length, width, height, and volume measurements were significantly smaller for the 3D printed models than for the physical hypertrophic scars. Based on preoperative simulations with the 3D printed models, the surgeries were performed successfully and each hypertrophic scar was completely removed. The surgery time was shortened and the bleeding was decreased. On postoperative day 7, there were two cases of subcutaneous hemorrhage, one case of infection and one case of necrosis. On postoperative day 12, the average take rate of the skin autografts was 97.75%. At the 12-month follow-up, all patients were satisfied with the appearance and function.

Conclusion: Accurate 3D printed models can help surgeons plan and perform successful operations, help young doctors and medical students learn surgical methods, and enhance patient comprehension and confidence in their surgeons.

Keywords: 3D printed models, hypertrophic scars, preoperative evaluation, surgical planning, wound scarring prevention


INTRODUCTION

Complex hypertrophic scar is a condition caused by trauma or burn injuries that may cause multiple joint contractures and deformities (Butzelaar et al., 2015; Anthonissen et al., 2016; Seo and Jung, 2016). The treatment of complex hypertrophic scars can dramatically improve a patient’s quality of life. At present, many conservative methods are used to treat complex hypertrophic scars; however, the outcomes are poor for patients with multiple skeletal deformities and scar contractures. Therefore, surgery is often the first treatment choice for patients with complex hypertrophic scars. When there are abnormal anatomical structures around the complex hypertrophic scar caused by skeletal deformities and soft tissue contractures, it is difficult for doctors to identify and assess the size of the scar clearly. Preoperative evaluation of complex hypertrophic scars is important for effective surgical treatment.

Currently, preoperative evaluation of complex hypertrophic scars depends exclusively on traditional, two-dimensional (2D) images, namely X-rays, computed tomography (CT), and magnetic resonance imaging (MRI). These types of imaging are used to evaluate the limits of complex hypertrophic scars and bone deformities; however, it is difficult to establish precise limits with 2D images (Ploch et al., 2016; Pfeil et al., 2017). Furthermore, it is also difficult to provide spatial anatomical information and tactile feedback for surgeons using these techniques.

Recently, 3D printing has been widely applied in orthopedic surgery, stomatology, and other medical fields because it has advantages in terms of individualization, tactility, and visualization (Cutroneo et al., 2016; Fitzhugh et al., 2016; Gu et al., 2016; Rashaan et al., 2016; Schepers et al., 2016). In this study, we made 3D models of complex hypertrophic scars to measure their dimensions preoperatively. We evaluated the accuracy of the 3D printed models. In addition, we assessed whether the 3D printed models were useful to surgeons in planning the operation, if they were helpful in the training of young doctors and medical students, and if they were useful tools for explaining the disease and operation to patients. Lastly, we assessed the clinical effect after surgery.



MATERIALS AND METHODS


Patients

Twelve patients who were hospitalized with complex hypertrophic scars from 1 December 2014 to 1 December 2015 were enrolled in this study. All patients experienced a loss of joint function and activity and exhibited severe deformity due to a complex hypertrophic scar (Figures 1, 2A,B). The study protocol was approved by the Institutional Review Board of The First Affiliated Hospital of Sun Yat-sen University, and informed consent was obtained from all participants.


[image: image]

FIGURE 1. Three-year-old girl with a complex hypertrophic scar. (A,B) Preoperative images of the hypertrophic scar, which resulted in a loss of flexure and extension of the right ankle. (C,D) A 3D model of the hypertrophic scar was designed using reconstruction software. (E,F) The 3D model of the hypertrophic scar on the right ankle was printed for surgery simulation and anatomical measurement. (G) Based on the 3D printed model, the hypertrophic scar on the right ankle was completely removed surgically, and the wound was covered with razor-thin autologous skin. (H) At the 12-month follow-up visit, the appearance and function of right ankle were recovered.
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FIGURE 2. Five-year-old boy with a complex hypertrophic scar. (A,B) Preoperative images of the hypertrophic scar, which resulted in a loss of flexure and extension of the left hand. (C,D) A 3D model of the hypertrophic scar was designed using reconstruction software. (E,F) The 3D model of the hypertrophic scar on the left hand was printed for surgery simulation and anatomical measurement. (G) Based on the 3D printed model, the hypertrophic scar on the left hand was completely removed surgically, and the deformed bones were corrected with Kirschner wires. (H) At the 12-month follow-up visit, the appearance and function of the left hand were recovered.




Image Processing and 3D Printing

A 64-slice spiral CT (Toshiba-Aquilion Corporation, Japan) was utilized to acquire serial cross-sectional data for each hypertrophic scar. Hypertrophic scar tissues were segmented from the optimal cross-sectional images with a thresholding tool using reconstruction software. Next, the 3D geometric models of the hypertrophic scar were exported as stereolithography (STL) format files for 3D printing (Figures 1, 2C,D). The STL format files were imported to PST-ZB (PST Photon Technology Co., Ltd., China), a rapid prototyping 3D printer with fused deposition modeling (FDM) principles. The printing material is polylactic acid (PLA), which is obtained by extracting starch from plants such as corn and cassava through multiple processes, fermenting it into lactic acid by microorganisms, and then polymerizing it. PLA is safer, lower in carbon, and greener compared with traditional materials. The printing parameters: printing speed 150 mm/s, temperature 200°C, and layer thickness 0.1 mm. The 3D scar models produced by the 3D printer were used preoperatively by experienced surgeons to simulate the surgical procedure to remove the hypertrophic scar. The printing process is shown in Figure 3.
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FIGURE 3. The workflow showing preoperation image acquisition, printing the 3D model, and follow-up.




Validating Accuracy of the 3D Printed Models

The length, width, and height of each hypertrophic scar were measured manually using rulers for the physical scar and with reconstructive software for the 3D printed model. Then the measurements of the physical scar and 3D printed model were compared as shown in Figure 4 (Olszewski et al., 2014; Yong et al., 2014; Lee et al., 2015; Wu et al., 2015; Yin et al., 2015). The volume of each 3D printed model was calculated automatically by Gemagic Quality software, and the volume of each 3D printed model was measured using the drainage method. These parameters were statistically analyzed by SPSS 13.0.
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FIGURE 4. The length, width, and height of each hypertrophic scar were measured manually with rulers. These dimensions were measured with reconstruction software on the 3D printed models.




Surgical Procedure and Postoperative Visits

Hypertrophic scar resection was performed for all 12 patients by the same group of experienced surgeons. Each hypertrophic scar was completely removed according to the measurement data and preoperative surgical simulation on the 3D printed models. A nurse recorded the surgery time and bleeding for each patient. Razor-thin skin autografts were harvested from the inner thigh to cover the scar area. The autografts were placed over human acellular dermal matrix scaffold (Jie-Ya Life Tissue Engineering, Beijing, China) intraoperatively and sutured to the graft area. Pressure was applied on the graft area. The 12 patients were followed up for 12 months after they were discharged from the hospital. At the 12-month follow-up visit, the skin autografts were assessed for skin color, appearance, elasticity, and texture at the suture.



Evaluation of the 3D Models

The surgeons, young doctors, medical students, and patients evaluated the 3D printed models with specially designed feedback questionnaires. The responses to the questions were made on a 5-point Likert scale where 1 represents strongly disagree, 2 represents disagree, 3 represents neither agree nor disagree, 4 represents agree, and 5 represents strongly agree. The surgeons assessed the use of the models as surgical aids in terms of their visual appearance, quality, size, and surgical anatomy. The young doctors and medical students evaluated the use of the models for surgery simulation and training as well as the quality and size of the models. The patients assessed whether the use of the 3D printed models helped illustrate and explain the disease and helped them understand the surgical process and risks.



Statistical Analysis

Statistical significance between groups was determined by paired t-test. All data were analyzed using SPSS version 16.0 software (IBM, Armonk, NY, United States).



RESULTS

Before surgery, individualized 3D models of the hypertrophic scars and deformed bones were successfully printed (Figures 1, 2E,F). The size and depth of the hypertrophic scar could be measured accurately on the 3D printed models. The average length, width, height, and volume of the physical hypertrophic scars and 3D printed models are presented in Table 1. The average length, width, and height of the 3D printed models were significantly smaller than the measurements of the physical scars. The average volume of the 3D scar models was significantly smaller than the average volume of the physical scars.


TABLE 1. Measurements of the patient scars and 3D printed models.

[image: Table 1]For each patient, surgery was completed according to the planned simulation by the same group of experienced surgeons, and the results were satisfactory. The medical students indicated that they had an improved comprehension of many surgical skills for resecting hypertrophic scars because of the simulated operations using the 3D printed models. The patients indicated that the explanations using the 3D printed models improved their understanding of the surgery and increased their trust of the surgeons. The average score of the evaluation about 3D printed models in each group on was greater than 3 points, which indicated that all of the groups were satisfied with the surgical simulations using the 3D printed models (Figure 5).
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FIGURE 5. Assessments of the 3D printed models. (A) Evaluations by surgeons. (B) Evaluations by young doctors and medical students. (C) Evaluations by patients.


All patients successfully underwent hypertrophic scar resection according to the surgical simulations using the 3D printed models. The hypertrophic scar tissue was completely removed, and deformed bones were corrected according to the preoperative surgical plan (Figures 1, 2G). The surgical time was shortened and the bleeding was decreased. On postoperative day 7, there were two cases of subcutaneous hemorrhage, one case of infection and one case of necrosis, which may have been caused by excessive postoperative activity. On postoperative day 12, the average take rate of the skin autografts was 97.75% (Table 2). At the 12-month follow-up visit, all patients had satisfactory appearance and function (Figures 1, 2H).


TABLE 2. Patient characteristics and the take rate after surgery.
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DISCUSSION

Surgery is generally recommended for the treatment of hypertrophic scars. For surgery to be successful, it is important to identify the precise size of the hypertrophic scar (So et al., 2011; Amici, 2014; Lim et al., 2014; Orgill and Ogawa, 2014). The present study applied 3D printing to produce personalized models and observe the spatial position of the hypertrophic scar and bone deformity (Srougi et al., 2016). Using the models, anatomical measurements were made of the hypertrophic scar, including its length, width, and height (Silberstein et al., 2014). Our results suggest that 3D printed models of hypertrophic scars may guide surgeons to identify the surgical cutting plane that marks the limit between scar tissue and normal tissue. Knowledge of the surgical cutting plane can influence surgical effectiveness and potentially reduce complications (Figure 6).
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FIGURE 6. There is a clear limit between the hypertrophic scar and normal tissue. Surgeons should look for the surgical cutting plane to remove the integrative hypertrophic scar tissue.


Although 3D printing technology has been applied in many fields, it is necessary to evaluate its accuracy to meet clinical requirements. In the present study, the 3D printed models had a significantly smaller average length, width, height, and volume compared with the physical scars. These differences were caused by shrinkage of the material during printing, which affected the accuracy of the 3D models. The results of our study were similar to those of Lee et al. 2015; Wu et al., 2015). Although these differences were statistically significant, they were regarded as clinically insignificant. The 3D models served as valuable references for measuring anatomical parameters of the hypertrophic scar preoperatively, for planning the surgery, and for guiding the intraoperative manipulations.

The preoperative method for surgical resection of hypertrophic scar was direct measurement mainly to measure the size of hypertrophic scar, and the flap covered the wound after scar removal (Alali et al., 2015; Hwang et al., 2015; Martelli et al., 2016). However, this method lacked important parameters such as scar depth and volume, and cannot assess the anatomical relationship between scars and important anatomical structures such as nerves, blood vessels, and tendons, which in turn affects preoperative planning. Furthermore, we also successfully printed 3D models of deformed bones before surgery in the present study, measured the angle of the skeletal deformity, and corrected the angle of the deformity, which would be more helpful for surgeons to preoperative surgical evaluation and surgical planning (Figure 2F).

Many studies reported that 3D printed models were used in clinical practice and achieved good clinical results (Matsumoto et al., 2015; Rose et al., 2015; Powers et al., 2016; Youssef et al., 2016). Valverde et al. (2015) also used a Likert scale to assess the effect of 3D printed models by two experts for treatment of aortic hypoplasia and that it could reduce complications and operative time. Liu et al. (2014) demonstrated that the use of 3D printed models led to a 20% reduction in operating time. In this study, preparation of such 3D models for each hypertrophic scar patient can be feasible for surgeons. Preparation of 3D models has the following advantages. First, 3D printing can provide physiologically, anatomically, and tactilely realistic models before surgery. Second, individualized 3D models can be used for preoperative evaluation to reduce the operation time and bleeding, which can shorten hospital stay and reduce hospitalization costs. Third, individualized 3D models provide an effective way to improve communication and build trust between patients and doctors. Fourth, individualized 3D models may be used to simulate surgery and to teach new doctors (Alali et al., 2015; Hwang et al., 2015; Matsumoto et al., 2015; Rose et al., 2015; Martelli et al., 2016; Powers et al., 2016).



CONCLUSION

Preoperative 3D printing technology can provide accurate 3D models to help surgeons plan operations to resect hypertrophic scars, help young doctors and medical students learn surgical methods, enhance communication and trust between patients and surgeons, and achieve good clinical effects.
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There are many factors involved in wound healing, and the healing process is not static. The therapeutic effect of modern wound dressings in the clinical management of wounds is documented. However, there are few reports regarding the reasonable selection of dressings for certain types of wounds in the clinic. In this article, we retrospect the history of wound dressing development and the classification of modern wound dressings. In addition, the pros and cons of mainstream modern wound dressings for the healing of different wounds, such as diabetic foot ulcers, pressure ulcers, burns and scalds, and chronic leg ulcers, as well as the physiological mechanisms involved in wound healing are summarized. This article provides a clinical guideline for selecting suitable wound dressings according to the types of wounds.

Keywords: wound, wound healing, wound dressing, clinical application, physiological mechanism


INTRODUCTION

Physical or thermal damage can cause defects or interruptions in the epidermis of the skin or mucous membranes, forming a wound (Singh et al., 2013). Wounds are classified as acute or chronic wounds. Acute wounds can recover in a short period of time. The size, depth, and degree of injury of the wound are factors that influence the healing process. However, the healing process of chronic wounds is longer and different from that of acute wounds (Schreml et al., 2010). The healing of acute wounds occurs in a normal, orderly and timely manner throughout the entire process. However, the repair of chronic trauma in this fashion is challenging, and it is difficult to restore normal anatomical structure and function (Tarnuzzer and Schultz, 1996; Borda et al., 2016).

There are many factors involved in wound healing (Guo and Dipietro, 2010). The healing process is not static and growth involves four different phases, namely coagulation and hemostasis, inflammatory, proliferation, and remodeling. These phases are not independent but partially overlap on the basis of a sequence by hemostasis, inflammatory, proliferation, and remodeling (Kasuya and Tokura, 2014; Wilhelm et al., 2017). After skin injury, the wound or tissue fracture is filled with blood clots, followed by acute inflammation of the surrounding tissue. The release of inflammatory mediators and infiltration of inflammatory cells cause tissue swelling and pain. Proliferative fibroblasts, endothelial cells, and newly formed capillaries interact to form granulation tissue filling the crevices. During the shaping period, the scars are softened without affecting the tensile strength through the action of various enzymes and stress, thereby adapting to physiological functions (Jeffcoate, 2012; Harper et al., 2014; Nuutila et al., 2016; Ascione et al., 2017a,b).

Medical dressings are essential devices in healthcare. According to the types and stages of wounds, dressings can be applied to their surface and promote healing. The therapeutic effects of traditional dry dressings and modern wet dressings in the clinical management of wounds are documented. Although dressings commonly used in clinical practice (gauze, sterilized absorbent cotton, and bandages) are economical, they can only offer physical protection and have limited benefit on wound healing and prevention of infection. Adherence of the dressing to the wound will cause secondary damage when the two are eventually separated. The generation and development of modern dressings are based on the healing theory of the moist environment and have numerous advantages compared with traditional dressings (Skorkowska-Telichowska et al., 2013; Vowden and Vowden, 2014). For example, modern dressings are conducive to the dissolute and abort necrotic tissue and fibrin, as well as play a role in autolysis and debridement. Moreover, they are beneficial in maintaining a relatively constant local temperature and humidity of the wound, providing the wound with conditions similar to those of the body's internal environment (Richetta et al., 2011; Heyer et al., 2013). Furthermore, modern dressings avoid re-injury of new granulation tissue due to scarring and promote cell proliferation, differentiation, and epithelial cell migration. Particularly, they may play a role in avoiding wound contact with external bacteria and effectively prevent cross-infection (Murakami et al., 2010; Horn, 2012). Although various advanced wound dressings have been developed and applied in the clinical setting, there is no relevant study investigating the reasonable selection of dressing for a certain type of wound (Powers et al., 2016).

In this review, we summarized the mechanisms of wound healing, traditional and modern wound dressings, and the advantages and disadvantages of both types of dressings. In particular, the clinical application of commercialized modern dressing products in various pathological wounds (diabetic foot ulcers [DFUs], pressure ulcers, burns and scalds, chronic leg ulcers, radiation dermatitis, and skin grafts) is described in detail to provide insight into the care of wounds. The content of this article is shown in Scheme 1.
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SCHEME 1. Schematic depiction of the content of this article.




WOUND DRESSINGS

With the gradual acknowledgment of wound healing theories, the development of wound dressings also evolved considerably. At present, wound dressings are expected to cover the wound and accelerate the healing process (Vowden and Vowden, 2014). Traditional dressings, also termed inert dressings (gauze, cotton pads, and bandages), are the most widely used clinical dressings owing to their low cost and simple manufacturing process (Broughton et al., 2006). However, several shortcomings limit their application, such as difficulty to maintain the wound bed moist and proneness to adhesion to granulation tissue (Moore and Webster, 2013). Modern dressings may be more suitable candidates owing to their properties providing a moist environment for wound healing (Heyer et al., 2013; Moura et al., 2013). Compared with traditional dressings, modern dressings are characterized by better biocompatibility, degradability, and moisture retention. These advantages of modern dressings relieve pain and improve the hypoxic or anaerobic environment (Hopper et al., 2012; Thu et al., 2012; Okuma et al., 2015). The most commonly used modern dressings in clinical practice are hydrogels, hydrocolloid, alginates, foams, and films (Table 1).


Table 1. Modern dressings used in clinical practice.
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Hydrogels have a three-dimensional structure composed of hydrophilic substances (Tsang and Bhatia, 2004). They are insoluble in water and subsequently absorb water from 10% to thousands fold their equivalent weight (Goodwin et al., 2016). Owing to their excellent moisturizing ability, hydrogels maintain the wound moist and play a positive role in the cleansing of necrotic tissue. In addition, a wound covered with a dressing can be monitored, as the hydrogels are typically transparent (Hunt, 2003; Scanlon, 2003; Kamoun et al., 2017). Based on these characteristics, hydrogels are primarily used on pressure ulcers, surgical wounds, burns, radiation dermatitis, etc. (Francesko et al., 2017; Shamloo et al., 2018). They are suitable for wounds with minimal-to-moderate exudate. The degradation rate of the hydrogel can also be adjusted, which renders this material appropriate for use as a drug carrier and biologically active substance (Gil et al., 2017). For example, silver nanoparticles (Ag NPs) and ZnO NPs loaded hydrogels can maintain antibacterial activity for a long period of time (Li S. et al., 2018). Recently, a study prepared a multifunctional hydrogel for diabetic wounds. This hydrogel can be used on wounds to collect wound photos via mobile phone and transformed into RGB signals to monitor the pH and glucose levels of diabetic wounds in real time (Zhu et al., 2019). Hydrocolloid and hydrofiber dressings are composed of the same materials in nature. Notably, the latter type is a variant of hydrocolloid dressing appropriate for use as a secondary dressing, which can absorb >25-fold its own weight in fluid while maintaining its integrity (Hobot et al., 2008; Richetta et al., 2011).

Sodium alginate (SA) dressings are fibrous products derived from brown seaweed, which can form a gel after binding to wound exudate (Dumville et al., 2013c; O'Meara and Martyn-St James, 2013). The SA dressings used in the clinic are generally made into sheet fibers, which can be freely cut according to the shape of the wound. SA is also often used to synthesize hydrogels. The SA dressings also possess excellent exudate absorption properties; hence, they can be used in infected and non-infected wounds with a large amount of exudate (Hess, 2000). Owing to the strong absorption property of alginates, their use in the treatment of dry wounds or wounds with minimal exudate should be avoided. Meanwhile, A study developed an alginate hydrogel contained both bioglass and desferrioxamine, which better facilitated diabetic skin wound healing. The results demonstrated that combination use of BG and DFO improved the migration and tube formation of HUVECs as compared with the use of either BG or DFO alone as BG and DFO could synergistically upregulate VEGF expression (Kong et al., 2018).

Foam dressings are semipermeable and either hydrophilic or hydrophobic with a bacterial barrier (Sedlarik, 1994). They are composed of polyurethane or silicone-based, rendering them suitable for handling moderate-to-high volumes of wound exudate (Marks and Ribeiro, 1983). Foam dressings provide thermal insulation and maintain moisture to the wound, and prevent damage to the wound at the time of removal. These dressings may also be used as secondary dressings with hydrogel or alginate dressings, in conjunction with a topical antimicrobial agent for infected wounds (Davies et al., 2017)Moreover, polyaniline/polyurethane foam dressing carried an anti-biofilm lichen metabolite usnic acid indicated an improved antibiofilm activity of conducting polymer (dos Santos et al., 2018).

Film dressings are composed of adhesive, porous, and thin transparent polyurethane. Oxygen, carbon dioxide, and water vapor from the wound pass through the dressing, whereas liquids and bacteria are well-isolated. Furthermore, film dressings possess autolytic debridement properties (Thomas, 1990; Fletcher, 2003), and are suitable for use on epithelializing wounds and superficial wounds with few exudates (Imran et al., 2004). The various types of dressings described above have their own characteristics; thus, the selection of the dressing should be based on the specific conditions of the wound.



CLINICAL APPLICATIONS OF MODERN WOUND DRESSING PRODUCTS

Wound healing involves four different phases, namely coagulation and hemostasis, inflammatory, proliferation, and remodeling (Amini-Nik et al., 2018). Different types of dressings have different characteristics; different pathological types of wounds also have their own characteristics (Table 2). For example, DFUs are prone to infection and cause unsatisfactory wound healing. The prevention of pressure ulcers is focused on the reduction of the shear force and pressure in the hazardous area. Following the formation of the ulcer, it is equally important to prevent further pressure on the ulcer and apply the dressing. Lower extremity chronic ulcers are associated with exudation from wounds due to lower limb edema. Acute wounds, such as burns and scalds, also have their own characteristics. The application of different dressings to different pathological types of wounds in the clinical setting is illustrated in Table 2.


Table 2. Overview of various wounds and appropriate clinical dressings.
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DFUs

In diabetics, the incidence of DFUs is approximately 5–10%. It is one of the most common chronic complications and the cause of lower extremity amputation in patients with diabetes mellitus (Brennan et al., 2017). DFUs as a common type of non-healing or chronic wounds are attracting considerable attention in the medical field (Khanolkar et al., 2008). Currently, the selection of the most appropriate treatment is challenging. During this process, multiple types of dressings are applied to the treatment of DFUs (Saco et al., 2016). One such method is the application of various kinds of modern dressings. Treatment with suitable dressings is an important part of the management of DFUs.

DFU is defined as foot pain, foot ulcer, and foot gangrene caused by neuropathy and lower extremity vascular disease. The pathogenesis of DFU is very complicated, and its clinical manifestations are heterogeneous (Acosta et al., 2008; Blakytny and Jude, 2009). Therefore, the treatment strategy for DFU is a multi-disciplinary, long-term combination therapy process. Application of dressings is an integral part of long-term treatment options. In the diabetic state, multiple factors cause stagnation in one or more stages of the normal healing process. Microvascular disease results in a reduced supply of oxygen and blood in the wound bed, which delays healing and increases the risk of infection (Rathur and Boulton, 2005; Snyder and Waldman, 2009). Bioactive dressings are a good choice for the repair of diabetic wounds. As shown in Figure 1, researchers have prepared an injectable adhesive thermosensitive multifunctional polysaccharide-based dressing (fluorinated ethylenepropylene) that can continuously release exosomes to promote angiogenesis at the wound site and accelerate the healing process (Khanolkar et al., 2008; Wang et al., 2019). The silver ion foam dressing used in patients with diabetic foot maintains the wound moist. Studies have shown that a better extracellular matrix environment is a vital factor in promoting the migration of keratinocytes and fibroblasts, and synthesis of collagen (Alvarez, 1988; Morton and Phillips, 2012). In addition, silver ions prevent wound infection, thereby avoiding long-term stagnation in the inflammatory phase due to recurrent infections (Barnea et al., 2010).


[image: Figure 1]
FIGURE 1. Bioactive dressing promoted angiogenesis in DFU. (A) Synthesis and biological function of the fluorinated ethylenepropylene (FEP) hydrogel scaffold containing exosomes. (B) Immunofluorescence images of the wound bed stained withα-smooth muscle actin(α-SMA) at day 7. (C) The number of new blood vessels at day 7. (D) Images of wound healing in mice in different groups. (E) Wound closure rate in different groups during wound healing (**P < 0.01). Reproduced with permission from Wang et al. (2019).


Several studies have applied modern dressings containing silver ions to the treatment of DFUs. Jude et al. reported the effect of AQUACEL® Hydrofiber® (E. R. Squibb & Sons, L.L.C., Princeton, NJ, USA) dressings containing ionic silver and Algosteril® (Les Laboratoires Brothier, S.A., Nanterre, France) calcium alginate (CA) dressings in patients with diabetes mellitus and non-ischemic Wagner Grade 1 or 2 DFUs. The study found that the clinical effect of ionic silver dressings was better compared with that of CA dressings, especially for the reduction of ulcer depth and healing of infected ulcers. Ionic silver-treated ulcers reduced in depth nearly twice as much as CA-treated ulcers (Jude et al., 2007). Another study used Contreet Foam (Coloplast A/S, Humlebaek, Denmark), a foam dressing containing silver ions to manage patients with diabetic foot. The study showed that Contreet Foam is safe and easy to use, and effectively accelerates the wound healing process (Rayman et al., 2005). A study evaluated the efficacy of hydrofiber dressings and wound healing in DFUs, comparing the safety, final outcome, and patient compliance. Following treatment, hydrofiber dressing showed better healing of the foot ulcer vs. the povidone dressing (Suvarna et al., 2016). Richard et al. studied the effect, tolerance, and acceptability of UrgoStart Contact dressing (Laboratoires Urgo, Chenove, France) in diabetic patients with a neuropathic foot ulcer. The results indicated that the UrgoStart Contact dressing is linked to good tolerance and acceptability, which can effectively promote the healing of neuropathic DFU (Richard et al., 2012).

Zhang et al. compared the efficacy of Mepilex® Lite Dressings (Mölnlycke Health Care, Gothenburg, Sweden) with Vaseline Gauze in the treatment of DFU. The results showed that the study group (Mepilex® Lite) was significantly different from the control group in terms of the mean healing time and wound area. The investigators concluded that the Mepilex® Lite dressing provides a better alternative for the treatment of DFU and warrants further research (Zhang and Xing, 2014). In one study, pure hyaluronic acid was applied to the treatment of DFUs. The results showed that pure hyaluronic acid without other ingredients significantly promotes the healing of DFU without the occurrence of adverse reactions (Lee M. et al., 2016). Lohmann et al. investigated the effect and safety of Biatain® Non-adhesive Dressing (Coloplast A/S, Humlebaek, Denmark) in the treatment of patients with DFU. The results indicated that the average wound area was reduced by more than half in patients treated with the Biatain® dressing (Lohmann et al., 2004). In addition to the common dressings mentioned above, there are other dressings that promote the healing of DFU. A study used sucrose octasulfate dressing treating neuroischemic DFU for 20 weeks, result indicated this dressing significantly improved wound closure without affecting safety (Edmonds et al., 2018). Other study compared bioimplant dressing, a tissue-engineered form of wound dressing containing acellular human amniotic collagen membrane (Life Patch, International Bioimplant Company, Tehran, Iran) with wet dressing in treating DFU. The results show that bio-implantable dressings promote wound healing in DFU better than wet dressings (Edmonds et al., 2018).

DFU is a prevalent and serious global health issue. Wound dressings are regarded as important components of treatment system, with clinicians and patients having many different dressing types to choose from, including hydrogel, foam, hydrocolloid, alginate. The effectiveness of these dressings in DFU has been systematically evaluated, but the conclusions indicated only hydrogels are superior to other types of dressings in healing of DFU (Dumville et al., 2013a,b,c,d). It is worth noting that these systematic reviews included a very small number of studies and were performed several years ago. Decision makers can consider aspects such as the cost of the dressing and the wound management features provided by each type of dressing to determine its use (Wu L. et al., 2015). The effectiveness of these dressings in DFU has been systematically evaluated, but only conclusions are that only hydrogels are superior to other types of dressings in healing of DFU. It is worth noting that these systematic reviews included a very small number of studies and were performed several years ago. Decision makers can consider aspects such as the cost of the dressing and the wound management features provided by each type of dressing to determine its use. It is suggested that more higher quality clinical dressing studies and more comprehensive systematic reviews of the effects of dressings will be conducted in the future.



Pressure Injury

Pressure injury is local injury to the skin or subcutaneous soft tissue, manifested as intact skin or an open ulcer, possibly accompanied by pain. It usually occurs at the site of bone prominence or compression of the medical device (Webb, 2017). Stress injuries often occur in patients who are unable to change their position (Pancorbo-Hidalgo et al., 2006; Pieper et al., 2009). The application of dressings is one of the preventive strategies employed in such cases; however, this approach also increases the total cost of treatment. Therefore, it is necessary to determine whether the use of these dressings provides potential benefit to patients (Sebern, 1986). The main factors in the occurrence of injury are stress and tissue tolerance. Stress factors include compressive strength and duration; tissue tolerance is usually affected by the patient's patient's condition and the external microenvironment (Tirgari et al., 2018; Weller et al., 2018). Since the formation of stress injuries can be avoided, prevention is the main task in the clinic. Foam dressings help to reduce the vertical pressure, shear, and friction of the skin, effectively preventing the occurrence of pressure damage (Bolton, 2016; Truong et al., 2016). As shown in Figure 2, researchers have evaluated the effects of the structural and mechanical properties of different dressings to the soft tissue around the wound. These three dressings were Mepilex® Border Sacrum, hypothetical isotropic stiff dressing, and hypothetical isotropic flexible dressing. The anisotropic stiffness feature of the Mepilex® Border Sacrum dressing is essential in wound healing (Schwartz and Gefen, 2019). Studies have shown that excessive skin moisture leads to excessive hydration and damage to the normal barrier function of the skin, hence increasing the risk of ulceration (Demarre et al., 2015). Hydrocolloids or foam dressings for patients with incontinence protect the skin of the appendix from infestation, maintain the skin dry, provide a good microenvironment, and improve tissue tolerance (Williams, 2000). A study assessed the pressure-reducing effect of 10 dressing products, consisting of five types of material (polyurethane foam, hydropolymeric, hydrofiber, hydrocolloid, and low-adherent absorbent). ALLEVYN Non-Adhesive(Smith & Nephew Healthcare, London, UK) exhibited the lowest pressure, while DuoDERM® Extra Thin CGF (ConvaTec Inc., Princeton, NJ, USA)showed the highest pressure (Matsuzaki and Kishi, 2015). Interestingly, a study investigated the modes of action preventing the occurrence of pressure ulcer, such as shear and friction force redistribution, and pressure distribution. The results revealed that the use of Mepilex® and ALLEVYN® dressings reduced frictional forces and shear forces at high-risk areas. In addition, dressings with horizontal fabric structures transferred load over a greater area (Call et al., 2015).


[image: Figure 2]
FIGURE 2. Cumulative volumetric exposures to effective stresses in different parts of the buttocks under combined compression and shear loading. (A) Models of the buttock under pressure and coated dressing. (B) On the skin surface near the perimeter of the pressure ulcer. (C) On the skin surface near the border of the dressing. (D) On the skin surface near the tip of the coccyx. Reproduced with permission from Schwartz and Gefen (2019).


Many clinical studies show that foam dressings can reduce the incidence of pressure ulcers. A randomized controlled trial investigated the role of Mepilex® Border Sacrum and Mepilex® Heel dressings in preventing stress injuries in critically ill patients prior to transfer to the intensive care unit (ICU). The results showed significant differences in the incidence of pressure injuries between the two groups (≤10%). Thus, the study concluded that the application of multi-layered soft silicone foam dressings reduces the incidence in patients prior to transfer to the ICU (Santamaria et al., 2015). A study reported the preventive effect of a five-layer soft silicone border dressing in patients undergoing cardiac surgery in the ICU. The results indicated that there are differences in the occurrence of pressure injury; however, the difference was not significant (Brindle and Wegelin, 2012). Chaiken et al. applied a silicone border foam dressing to the appendix of patients in the ICU to examine whether the dressing reduces sacral pressure injury. The results showed that the incidence of pressure ulcers decreased from 13.6 to 1.8% after application of the dressing, indicating that this type of dressing effectively reduces the incidence of sacral pressure injury in the ICU (Chaiken, 2012). Furthermore, Walsh et al. applied a silicone border foam dressing to the tibia region of patients in the ICU. The results showed that the incidence of hospital-acquired pressure injury in the ICU decreased from 12.5% in 2009 to 7% in 2010, and the number of sacral pressure injury cases decreased from 50 to 13, respectively (Walsh et al., 2012). Nakagami et al. reported a new dressing containing ceramide 2, which can improve the water-holding capacity. The results indicated that the incidence of persistent erythema was significantly lower in the intervention area compared with the control area. The study concluded that the dressing may be applied to patients with thin and dry skin for the prevention of pressure injury (Nakagami et al., 2007). Another study reported the effect of a polyurethane film in preventing postoperative pressure ulcers. The study found that the polyurethane film patch effectively prevented the occurrence of erythema in the sacral area immediately after surgery (Imanishi et al., 2006). A retrospective study investigated the effectiveness of Mepilex® Ag dressings in decreasing post tracheotomy pressure injury. Another retrospective study reported the effectiveness of Mepilex® Ag dressings in preventing stress injuries in children after thoracotomy. Prior to the application of Mepilex® Ag, the incidence of skin rupture during replacement of the first tracheostomy tube was 11.8%. When Mepilex® Ag was applied, there was no occurrence of skin rupture around the stoma. The study concluded that use of Mepilex® Ag reduces the occurrence of postoperative peristomal pressure injury (Kuo et al., 2013). A systematic review evaluated the effectiveness of dressings and topical preparations in preventing pressure ulcers. Nine dressing studies were included in the 18 included studies. It is concluded that silicone dressings can reduce the incidence of pressure ulcers, but the certainty of the evidence is still low and further research is needed to confirm it. At the same time, the role of polyurethane foam dressings and conventional treatments or hydrocolloids in the prevention of pressure ulcers was also compared. Although the results showed no significant difference, the level of evidence in these studies was very low, and more high-quality studies are needed in the future (Moore and Webster, 2018).

Dressings are widely used to treat pressure ulcers and promote healing, and there are many options, including alginates, hydrocolloids, etc. In 2017, a network meta-analysis of dressings and topical medications for pressure ulcers has been performed. This work concluded that there is currently insufficient evidence to determine whether any dressing or topical treatment promotes the healing of pressure ulcers over other methods. However, it is worth noting that many of the trials in this review are small and carry a high risk of bias (Westby et al., 2017). Only one of these studies had a low risk of bias, which compared the effects of local collagen and hydrocolloids on pressure ulcer healing. Although the results showed no significant difference in healing results between collagen and hydrocolloids, the cost of using collagen was more than double that of hydrocolloids (Graumlich et al., 2003).

Although some research results have demonstrated the role of dressings in the prevention and treatment of pressure ulcers. At the same time, the network meta-analysis also revealed generally poor quality of randomized controlled trials of pressure ulcer dressings, which indicates that the trial plan in this field needs to be improved and perfected. Given the uncertainty of the effectiveness of dressing interventions, any investment in future research must maximize its value to decision makers. Any evaluation of future interventions for the healing of compression ulcers should focus on the dressings most widely used by health professionals. In addition, for people with pressure ulcers, faster recovery is as important as whether recovery occurs, so future research should consider the time to recover from pressure ulcers.



Burns

Burns, generally caused by heat (i.e., hydrothermal fluids, vapors, hot gases, flames, hot metal liquids or solids) cause tissue damage, mainly on the skin and mucous membranes. Severe cases may also injure subcutaneous and submucosal tissues, such as muscles, bones, joints, and even internal organs (Park, 1978). Acute burns are divided into surface, partial, and full thickness burns (Stavrou et al., 2014). Full-thickness burns involve the entire structure of the skin, and even affect the muscles and bones in severe cases. Despite causing considerable pain and suffering, these types of burns heal easily without surgical intervention. Accurate assessment of the depth of burns is crucial for treatment decision-making. In the presence of infection, superficial and partial thickness wounds can deteriorate into deeper burns. A large amount of exudate causes the patient to lose water and nutrients, and provides the appropriate conditions for bacterial growth. Exudation continues to increase in the inflammatory phase, eventually leading to delayed wound healing. Therefore, most of the dressings (e.g., Ag foam dressings) have the ability of osmotic absorption and prevention of infection. Modern dressings used in the remodeling stage reduce the formation of scars and maximize functional recovery at the wound area. Researchers have prepared a new type of hydrogel, termed HA-az-F127 hydrogel. It is formed by the reaction of a hydrazide-modified hyaluronic acid with a F127 triblock copolymer terminated with a benzaldehyde, as shown in Figure 3. The excellent physical properties of this hydrogel and the action of aspiration drainage promote healing of burn wounds (Li Z. et al., 2018).


[image: Figure 3]
FIGURE 3. HA-az-F127 hydrogel promotes healing of burn wounds. (A) Synthesis and physical characteristics of the HA-az-F127 hydrogel. (B) H&E staining at different days after treatment. (C) Epidermal thickness in different treatment groups at days 14 and 21. (D) Masson's trichrome staining of wounds at day 21. (E) Quantification of collagen content in different treatment groups at day 21 (*P < 0.05). Reproduced with permission from Li Z. et al. (2018).


Mabrouk et al. compared the effects of two moist wound management methods, AQUACEL® Ag (ConvaTec Inc., Princeton, NJ, USA), a moist occlusive dressing, and MEBO® (Beijing, China), a moist open dressing, in children with facial partial thickness burns. The results showed that the AQUACEL® Ag group had a faster re-epithelialization rate, a lower frequency of dressing change, and less pain, compared with the MEBO® group. The study concluded that the healing rate and long-term outcomes of the moist occlusive wound dressing was better than those of the moist open dressing for the repair of facial partial thickness burns (Mabrouk et al., 2012). A study reported the effectiveness of two commonly used silver dressings, ACTICOAT™ (Smith & Nephew, Hull, UK) and AQUACEL® Ag, in the treatment of partial burns. The results showed that the healing time and bacterial control of the two silver dressings was similar. However, AQUACEL® Ag dressings have advantages over ACTICOAT™ dressings in terms of patient comfort and cost-effectiveness (Verbelen et al., 2014). Bugmann conducted a study to compare the effects of Mepitel® (Mölnlycke Health Care, Gothenburg, Sweden) and silver sulfadiazine for the treatment of pediatric burns. The results indicated that the Mepitel® group achieved a faster healing process (Bugmann et al., 1998). Huang et al. reported the efficacy and safety of the ACTICOAT™ Ag dressing and silver sulfadiazine for the treatment of burn wounds. The study concluded that ACTICOAT™ with nano silver effectively promoted the healing process of residual wounds after burns without the occurrence of adverse effects (Huang et al., 2007).

A study investigated the degree of pain experienced by the patient when using two different dressings: ACTICOAT™ dressing and silver sulfadiazine. The results demonstrated that the use of the ACTICOAT™ dressing for burn wound care is less painful than the use of silver sulfadiazine in patients with partial thickness burns (Varas et al., 2005). A study reported the pain-reducing function of a silver dressing (AQUACEL® Ag) in patients with partial thickness burns. The results indicated that the wound healing time in the AQUACEL® Ag group was significantly shorter compared with that observed in the silver sulfadiazine group. In addition, the patient's pain was also significantly reduced (Muangman et al., 2010). Another study reported the efficacy of an alginate silver dressing, Askina Calgitrol Ag® (B. Braun Hospicare Ltd, Collooney Co. Sligo, Ireland), and 1% silver sulfadiazine in the management of partial-thickness burn wounds. The results indicated that the average pain score and wound healing time in the Askina Calgitrol Ag® group was significantly lower/shorter than those reported in the silver sulfadiazine group (Opasanon et al., 2010).

Similar to DFUs, burns and scalds are generally larger and prone to infection. Therefore, some antibacterial dressings are often used. Silver sulfadiazine is a commonly used wound management method for burns; however, it can easily cause pain in patients. A recent systematic review evaluated the effectiveness of silver-containing foam dressings and traditional SDD dressings in treating partial thickness burns. This work concluded that there is no significant difference in wound healing between silver-containing foam dressing and SSD dressing, but silver-containing foam dressing reduced pain during the early treatment phase and potentially decreased infection rates. Excessive pain may severely affect the patient's mental and physiological state. Therefore, most studies select the severity of pain as one of the outcome variables to compare these two dressings. Rapid healing of wounds and the prevention of hyperplasia of scars in advanced stages of healing are important aspects for patients with burns. Scar hyperplasia in key areas will seriously affect the patient's physiological function and quality of life. Nevertheless, very few studies have focused on this aspect. Future studies including larger sample sizes and follow-up of patients with wound scar hyperplasia are warranted.



Chronic Venous Leg Ulcers (VLU)

Venous leg ulcers (VLU) are chronic ulcers caused by excessive venous pressure in the lower extremities and abnormal venous blood flow, eventually leading to the formation of an ulcer on the skin of the lower leg (Palfreyman et al., 2007; Chapman, 2017). It is one of the clinical manifestations of chronic venous insufficiency at the most severe stage. The underlying causes of the disease are venous valve incompetence and calf muscle pump insufficiency, leading to venous stasis and hypertension (Gianfaldoni et al., 2017). In this case, the local blood circulation is altered, and the blood supply to the local tissue is insufficient (Serra et al., 2016). Prolonged care leads to high treatment costs. Moreover, the quality of life of patients with chronic VLU is severely affected (Salome et al., 2016).

The venous regurgitation disorder, insufficiency of the vascular function, weak venous wall, and incomplete systolic muscle pump function are considered to be the main causes of VLU formation (Lozano Sanchez et al., 2014). The inflammatory response of leukocytes and endothelial cells is important in the development of VLU (Raffetto, 2009). Based on the above, skin capillary damage, local microcirculation and tissue absorption disorders, fibrin exudation, accumulation of metabolites, lower extremity edema, and skin nutrition changes, followed by bacterial and other microbial infections, eventually lead to the development of ulcers (Dawkins, 2017). Compression therapy is the main conservative treatment of VLU. The treatment mainly includes bandages, elastic stockings, and inflation and compression devices (Rajendran et al., 2007). Moreover, there is substantial necrotic tissue and abnormal exudate on the surface of the ulcer, often accompanied by multiple bacterial infections. Thus, treatment of the wound surface is also necessary. The Ag foam dressing absorbs a large amount of exudate, and it can be used for the prevention of infection. The dressing can be combined with compression therapy to promote wound healing. The alginate dressing absorbs large amounts of exudate and is also suitable for the treatment of VLU. As shown in Figures 4A,B, silver ion dressing plays a positive role in wound healing (Harding et al., 2016). Of course, debridement is inevitable. A new type of porous mesh foam dressing, cell foam dressing with through holes (ROCF-CC), was introduced into negative pressure wound therapy with instillation and dwell. As shown in Figures 4C–E, this dressing is highly effective on debridement (McElroy et al., 2018).


[image: Figure 4]
FIGURE 4. Modern dressings promoting the healing of VLU. (A) Ulcer areas in patients with infected (red line) and non-infected (blue line) at different time points. (B) Trends in the ulcer area in different patients. (C) Initial state of the wound. (D) Dressing application of cell foam dressing with through holes (ROCF-CC). (E) Dressing replacement. Reproduced with permission from Harding et al. (2016) and McElroy et al. (2018).


A study evaluated the effectiveness of knitted viscose and hydrocolloid dressings for venous ulceration. The results indicated that there are no significantly differences in these two dressings (Nelson et al., 2007). Maggio et al. tested the effectiveness and safety of Vulnamin® gel (Errekappa, Milan, Italy) and compressive bandages in patients with lower limb chronic venous ulcers. The results indicated that the use of Vulnamin® together with elastic compressive bandages is safe and more effective than standard dressing (Maggio et al., 2012). Another study compared the wound healing efficacy of AQUACEL® Ag dressing and Urgotul® (Laboratoires Urgo, Chenove, France) Silver dressing for the treatment of venous ulcers at risk of infection. The results showed that both silver dressings were effective in the healing of venous ulcers (Harding et al., 2012). Lammoglia et al. reported the effectiveness and safety of M. tenuiflora cortex extract (MTC-2G) in patients with VLU. The results indicated that there was no significant difference between hydrogel containing MTC-2G and hydrogel alone for the treatment of VLU (Lammoglia-Ordiales et al., 2012). A study evaluated LyphoDermTM (XCELLentis, Belgium) gel containing allogeneic epidermal keratinocytes in the treatment of patients with venous ulcers, which are difficult to heal. The results indicated that, in the subgroup with enlarging ulcers, there were significantly more healed ulcers in the LyphoDerm™ group vs. the control group (Harding et al., 2005). Franks et al. compared the effectiveness of ALLEVYN® Hydrocellular and Mepilex®, two commonly used foam dressings, in the treatment of chronic VLU. Although the results did not reveal significant differences in the number of patients achieving complete repair of ulcers between the two groups, both dressings reduced pain after treatment (Franks et al., 2007). Another study compared the treatment effect and cost-effectiveness of silver-containing and non-silver low-adherence dressings in the management of VLU. The results indicated that there were no significant differences between the silver-containing dressing group and the control group (Michaels et al., 2009). A study evaluated the effectiveness and safety of Contreet Foam, a dressing with sustained release of silver, in the management of chronic VLU with moderate and high exudation. The results indicated that Contreet Foam combined with silver achieved excellent exudate management in patients with hard-to-heal chronic VLU (Karlsmark et al., 2003).

Unlike the aforementioned types of wounds, VLU in the lower extremities requires treatment of lower extremity edema to promote wound healing. Tissue edema can stress the arteries and affect the blood circulation in the lower extremities, resulting in insufficient blood supply to the wound. The combination of wound dressings and multiple lamination treatments may exert the best therapeutic effect. At the meantime, a network meta-analysis show that silver-containing dressings can increase the likelihood of VLU healing, but because of the small number of related studies and high risk of bias, the most effective treatment is still not determined (Norman et al., 2018). This results of this network meta-analysis focus exclusively on complete healing, did not take other important outcomes into consideration. Therefore, decision makers can appropriately draw on the results of the above studies according to the actual situation of the wound when choosing a dressing. At the same time, more high-quality research is needed in order to obtain more definitive evidence-based evidence in order to provide reliable decision-making basis for decision makers.



Radiation Dermatitis

Radiation therapy is a common method for the treatment of cancer. It is used to treat cancer that is not suitable for surgery or assist surgery (Terasawa et al., 2009). Radiation-related skin lesions are most common in radioactive local lesions and can be classified as acute radiation-induced skin injury, chronic radiation-induced skin injury, and radiation skin cancer (Kirkwood et al., 2014). Skin side effects of radiation therapy occasionally limit its application (Wickline, 2004; Hird et al., 2008). Severe adverse skin reactions may affect further treatment. At present, the prevention and management of radiation-induced skin injury remains a challenge. Modern wound dressing can be used as a prevention and management method.

Radiation increases the expression of apoptosis-related genes, retards cell proliferation, and decreases cytokine activity and collagen content, resulting in delayed wound healing (Zhang et al., 2012, 2014). A transparent film dressing can be used to protect the skin in the illuminated area. The film dressing using Airwall exhibited a satisfactory prophylactic effect (Arimura et al., 2016).

Radiation dermatitis severity was reduced in patients with breast cancer radiotherapy after prophylactic use of Hydrofilm (Paul Hartmann AG, Heidenheim, Germany) compared with control (Schmeel et al., 2019). A study examined the effect of a film dressing (Airwall) in the management of acute radiation dermatitis induced by proton beam therapy. The results indicated that the Airwall group experienced less severe acute radiation dermatitis compared with the standard management group (Arimura et al., 2016). Perea et al. evaluated the effectiveness of silver-containing Hydrofiber® dressings in minimizing or preventing radiation-induced dermatitis. They suggested that silver-containing Hydrofiber® dressings are effective in reducing radiation dermatitis and arresting its progression, consequently leading to shorter healing time (Whaley et al., 2013). A clinical study investigated the effects of film dressings 3M™ Cavilon® No Sting Barrier Film (3M, Minneapolis, MN, USA), and topical corticosteroids on skin exposed to radiotherapy and compared the effects of the two methods in preventing radiation dermatitis. The results showed that although 3M™ film dressings and corticosteroids were not significantly different vs. control in all respects, 3M™ film dressings may reduce skin itching, while corticosteroids may delay the onset of severe skin inflammation (Shaw et al., 2015). In a single-blind, randomized controlled trial for the prophylactic use of a silicone-based film forming gel dressing (StrataXRT® Stratpharma AG, Basel, Switzerland) in patients with head and neck cancer undergoing radiation therapy, the results show that it is effective for preventing, and delaying the development of grade 2 and 3 skin toxicity (Chan et al., 2019).

For skin already suffering from radiation dermatitis, the use of a suitable dressing can promote healing. Lee et al. studied the effects of a foam dressing combined with recombinant human epidermal growth factor on the treatment of seven patients with head and neck cancer experiencing radiation-induced dermatitis. The wounds of these seven patients with radiation-induced dermatitis healed within 14 days (Lee J. et al., 2016). A study compared the effects of Mepilex® Lite dressing on wound healing and the quality of life in patients with nasopharyngeal carcinoma. The results indicated that the patients in the Mepilex® group had significantly shorter wound healing time and improved sleep quality compared with those in the control group (Zhong et al., 2013).

The onset time of chronic dermatitis usually occurs after radiotherapy for a prolonged period of time (Spalek, 2016). Therefore, the application of modern dressings in radiation dermatitis is mostly focused on acute dermatitis. Although the above studies have concluded that the use of modern dressings and growth factors can improve radiation dermatitis, there is a lack of evidence-based, randomized, controlled trials comparing different types of these dressings. Importantly, future studies should examine skin-specific quality of life and cost-effectiveness. Medical staff should focus on the prevention of radiation dermatitis. They can comprehensively evaluate the skin in the radiotherapy area prior to radiotherapy and use film dressings or liquid dressings to protect the skin.



Split-Thickness Skin Grafting (SSG)

SSG is a common reconstructive technique used to repair orthopedic wounds and burns. However, the repair and regeneration of the donor site is overlooked, causing unnecessary pain to the patient (Shoemaker, 1982; Kirsner et al., 1997; Coruh and Yontar, 2012). In recent years, the application of new dressings is one of the common methods used to promote the repair of the donor site (Malakar and Malakar, 2001). Studies have shown that as many as half of donor sites show signs of infection, and patients often experience pain at these sites. Leakage of blood and fluid is also common. Infections, pain, and leakage are factors that complicate and retard the healing process, as well as cause hypertrophic scars and hypopigmentation or hyperpigmentation. Therefore, appropriate management of the donor site after the collection of SSG is essential. The application of the dressing is a key part of this process. The ideal dressing should assist rapid epithelialization, prevent infection and leakage, and feel comfortable and painless for the patients. It is also adjustable according to different parts, easy to use, and cost-effective.

The skin graft donor site is a type of surgical wound; therefore, it is less likely to be infected than the aforementioned types of wounds. Dressings used in this condition provide a good healing environment to prevent wound infection and reduce the formation of scars. Researchers have combined antimicrobial-impregnated dressing with negative-pressure wound therapy to greatly improve the survival rate of skin grafts (Wu C. C. et al., 2015). Alginate dressings, hydrocolloid dressings, and foam dressings are used in this setting. A study compared the effectiveness of two types of advanced dressings, namely polyurethane foam (ALLEVYN™) and CA (Kaltostat®), in the management of the donor site after SSG. The results indicated that, although there were no significant differences in wound healing time, pain intensity, length of stay, and staff and patient satisfaction between the ALLEVYN™ group and Kaltostat® group, the former dressing was more cost effective than the latter (Higgins et al., 2012). A study compared the effectiveness of two silver dressings, AQUACEL® Ag (Convatec) and Alginate Silver (Coloplast), in the management of donor site wounds. The results showed that Alginate Silver exhibited superior performance in terms of pain and re-epithelialization time (Ding et al., 2013). A trial compared the effectiveness of six wound dressings, including semipermeable film, alginate, hydrocolloid, gauze dressing, hydrofiber, and silicon, in the management of donor-site wounds. The results showed that the hydrocolloid group had the fastest epithelialization rate, and the wound infection rate in the gauze group was 2-fold higher than that reported in the other five groups (Brolmann et al., 2013). A study compared the effectiveness of banded dressings and not banded dressings in patients who underwent skin grafting. Studies showed that the use of polyurethane foams and elastic tape was a simpler but effective method of trimming and may be associated with a shorter operating time than conventional fixation methods using bonded pads (Yuki et al., 2017).

SSG, as a reconstructive technique, is used in burn patients with larger wound bed. The goal of donor site management is to achieve a faster healing speed without pain. Treatment of donor site wounds after SSG is an important clinical issue because patients generally report greater pain at the donor site than at the graft receiving site (Voineskos et al., 2009). Acute wound pain has been shown to increase patient stress and subsequently negatively affect quality of life and lead to delayed wound healing (Broadbent et al., 2003). An evidence-based review summarizes the current evidence that wet wound healing dressing products have clear clinical advantages over non-wet dressing products in treating SSG donor site wounds (Brown and Holloway, 2018). However, no clear trend was detected regarding the performance of each dressing type. So far, there has been limited discussion about the influence of secondary dressings as well as methods/techniques of primary dressing use on donor site wounds. Further research is clearly needed in this area. Especially should explore the role of secondary dressing use, and using more than one primary dressing product throughout the donor site wound-healing process should be taken into consideration.




PROSPECT

With the increase in the incidence of diabetes and chronic vascular diseases, wound management (especially for certain chronic wounds) has gradually attracted the attention of clinicians. The poor healing of wounds results in pain to patients and causes a heavy medical burden. For example, DFU can cause severe and persistent infections and, in extreme cases, lead to amputation. The use of dressings is a common treatment for the management of wounds. In particular, modern dressings are superior to traditional dressings in preventing infection, accelerating wound healing, and reducing pain in patients. The selection of the most appropriate modern dressing product is a challenge for clinicians. An ideal dressing should have the ability to maintain moisture balance in the wound, promote oxygen exchange, isolate proteases, stimulate growth factors, prevent infection, facilitate autolytic debridement, and promote the production of granulation tissue and re-epithelialization (Moura et al., 2013).

Although these modern dressing products are superior to traditional dressings in some respects, their cost is higher than that of traditional dressings. The use of modern dressings in countries and regions where health insurance systems are not well-established involves a significant cost, especially for those with low- or average-income levels. Therefore, dressing manufacturers improve production efficiency, optimize production processes, and reduce costs to ensure that more patients benefit from the use of these new dressings. At the same time, research on a variety of new materials for wounds has emerged, but few have been applied to the clinic in the end. Therefore, promoting the industrialization of scientific research results and providing patients with more alternative dressings is a problem that needs to be solved. Most of the studies discussed above were conducted in hospitals and the subjects were hospitalized patients. Nevertheless, chronic wounds (e.g., DFUs and PUs) were treated at home or nursing home in most cases. It is suggested that how to promote wound healing in a home and nursing home should be studied in the future. In particular, most studies have only evaluated the effect of a single dressing on the wound, but it may have better results when combined with other treatments, such as light therapy and topical drugs. It is suggested that this research direction can be considered in the future. At the same time, additional multi-center, high-quality, randomized, controlled clinical trials are warranted to prove the advantages of modern dressing products in wound healing. Last, systematic review and meta-analysis of DFU and pressure ulcers is slightly lagging, and it is recommended to include research in recent years for timely updates to provide reliable evidence for decision.



CONCLUSION

In summary, the process of wound healing is not static. It requires an appropriate environment at each stage of the healing process, and a reasonable approach to the selection of dressing for certain types of wounds should be clarified for clinical professionals. In the opinion of the author, an ideal dressing is expected to possess the capacity of moisture balance, promote oxygen exchange, isolate proteases, stimulate growth factors, prevent infection, facilitate autolytic debridement, and promote the production of granulation tissue and re-epithelialization. However, currently, there are no dressings that can achieve all these functions. Hence, the specific selection of modern wound dressings for different wounds should be based on the particular conditions, such as the patient's primary disease, the characteristics of the dressing, and especially the physiological mechanisms of wounds. This article summarized the advantages of various wound dressings and their applications in different wounds, aiming to provide a clinical guideline for the selection of suitable wound dressings for effective wound healing.
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Electrospinning is a promising method for the rapid and cost-effective production of nanofibers from a wide variety of polymers given the high surface area morphology of these nanofibers, they make excellent wound dressings, and so have significant potential in the prevention and treatment of scars. Wound healing and the resulting scar formation are exceptionally well-characterized on a molecular and cellular level. Despite this, novel effective anti-scarring treatments which exploit this knowledge are still clinically absent. As the process of electrospinning can produce fibers from a variety of polymers, the treatment avenues for scars are vast, with therapeutic potential in choice of polymers, drug incorporation, and cell-seeded scaffolds. It is essential to show the new advances in this field; thus, this review will investigate the molecular processes of wound healing and scar tissue formation, the process of electrospinning, and examine how electrospun biomaterials can be utilized and adapted to wound repair in the hope of reducing scar tissue formation and conferring an enhanced tensile strength of the skin. Future directions of the research will explore potential novel electrospun treatments, such as gene therapies, as targets for enhanced tissue repair applications. With this class of biomaterial gaining such momentum and having such promise, it is necessary to refine our understanding of its process to be able to combine this technology with cutting-edge therapies to relieve the burden scars place on world healthcare systems.

Keywords: nanofibers, nanotechnology, electrospinning, polymer, drug delivery, tissue engineering, wound healing, scars


INTRODUCTION

Pathological scar formation is the physiological conclusion of wound healing, and so it is important to understand its underlying cellular and molecular processes in order to apprehend how a scar is formed, but also for the exploration of potential therapeutic targets. Currently, scarring is a huge burden on world healthcare, and the global scar treatment market is projected to represent as much as $34.9 billion by the year 20231. Indeed, scarring can lead to many adverse side effects such as reduced mobility, compromised function in organs such as the liver or kidney, and the development of functional disabilities such as the psychological stress (Krafts, 2010; Sarrazy et al., 2011). A plethora of treatment options are available for scarring including topical treatments and dressings but are met with many limitations and are proving ineffective. This review will explore the use of electrospun nanofibers as novel instruments for efficient wound healing and reducing scar formation. The large surface area to volume ratio make electrospun fibers attractive options as they offer therapeutic incorporation capabilities whilst also being absorptive. A key focus of this review will be how these nanofibers can be applied alone, but also in conjunction with pharmacotherapies and cells for effective skin repair.
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WOUND HEALING

Wound healing is a highly complex process which stems from three well-defined phases: inflammation, proliferation, and remodeling. Inflammation is the immediate response phase, commencing with the contact of platelets from blood with exposed collagen at the site of injury (Qin, 2016). This contact initiates the formation of a fibrin clot, comprised of the platelets, thrombin, and fibronectin. The fibrin clot acts as a reservoir of cytokines and growth factors, stimulating inflammatory mediators to migrate to the wound, while also providing an architecture for infiltrating cells (Hsieh et al., 2017). For example, transforming growth factors (TGF-α, TGF-β) is a highly significant signaling pathway initiated by platelets within the fibrin clot (Ramirez et al., 2014). TGFs draw leukocytes to the injury site and initiate the inflammatory stage (Kryczka and Boncela, 2015). These leukocytes support the secretion of additional cytokines, e.g., platelet-derived growth factor (PDGF), interleukin-1 (IL-1), and fibroblast growth factor (FGF) (Grove and Kligman, 1983). During proliferation, the secondary stage of wound healing, TGF signaling becomes increasingly crucial, especially in cell types such as keratinocytes, macrophages, and fibroblasts, essential for the transcription of collagen, fibronectin, and proteoglycan. Additionally, TGFs prevent the release of protease enzymes responsible for the degradation of the matrix and activates inhibitors of protease production (Broughton et al., 2006). As proliferation progresses, fibroblasts are the principal cell type. Fibroblasts are of mesenchymal origin and are accountable for new matrix production, resulting in the restoration of tissue homoeostasis (Darby et al., 2014). Remodeling, the final stage, can last up to 1-year after injury. Collagenase enzymes secreted from fibroblasts, macrophages, and neutrophils, cleave the molecules of collagen, thereby breaking it down (Caley et al., 2015). This results in Type I collagen gradually replacing Type III collagen, which in time increases the tensile strength of the new tissue (Longaker et al., 2008). The collagen fibers in the wound tissue are thinner than that of normal dermal collagen. These thinner fibers will gradually thicken over time and organize along the stress lines of the injury. This resulting scar tissue, however, will never be as strong as the preceding normal tissue (White et al., 1971; Schilling, 1976; Corr et al., 2009). Many studies suggest that variations in inflammation during the wound healing process are directly related to the extent of scar tissue formation (Lim et al., 2006). For example, fetal wound healing presents with a lack of typical inflammatory markers and is “scarless” up to a certain age (Longaker et al., 2008). In adult wound healing, polymorphonuclear leukocytes are recruited to the site of injury, followed by macrophages and lymphocytes. Contrastingly, fetal wounds are void of polymorphonuclear leukocytes, and as healing progresses, fetal macrophages enter the wound site but in lesser numbers than that of an adult (Mackool et al., 1998). This characteristic lack of an inflammatory response may be credited to a dearth in appropriate signaling in fetal wounds, and the fundamentally immature condition of fetal inflammatory cell populations. Many non-healing wounds fail to switch from the inflammatory phase into the proliferative phase, thus resulting in abnormal wound repair.



SCAR FORMATION

Scars present as a significant burden to healthcare systems, and so are a catalyst for global research for prevention and reduction (Mirastschijski et al., 2015; Barnes et al., 2018). A mature scar consists predominantly of Type I collagen (Marshall et al., 2018). Within scar tissue, this collagen is arranged in bundles parallel to the skins surface, as opposed to a non-parallel conformation in normal skin. This parallel configuration in scar tissue equates to an overall reduction in tensile strength (van Zuijlen et al., 2003). The epidermal basement membrane presents with a more flattened nature as opposed to normal skin, as it does not contain the rete pegs which typically infiltrate the dermis (Monaco and Lawrence, 2003). Furthermore, scar tissue is void of other classic dermal adjuncts such as hair follicles or sweat glands (Fu et al., 2005; Kiani et al., 2018). Upon maturation, the concentration of fibroblasts with the scar tissue depletes, which in combination with the lack of dermal adjuncts results in a dermal layer comprising of few cells. The extracellular matrix (ECM) of this tissue has less elastin than healthy tissue, which contributes to the loss in tensile strength, and means that re-injury is more probable (Kordestani, 2019).

The extent of fibrosis post-injury varies between organs and tissues. When the molecular regulation of the remodeling phase of wound healing is inefficient or disturbed, more problematic scars occur: hypertrophic scars and keloids. Hypertrophic scars typically develop post-surgery or from other trauma such as burns (Carswell and Borger, 2019). Keloids contrast from hypertrophic scars in that they grow beyond the natural margins of the initial damaged tissue (Berman et al., 2017). These keloidal scars do not naturally revert, as opposed to hypertrophic scares which typically regress to a degree within 6 months. Histologically speaking, keloid, and hypertrophic scars are distinguishable by a difference in collagen fiber architecture, presence of myofibroblasts which are alpha-smooth muscle actin-positive, and the degree of angiogenesis (Carswell and Borger, 2019). Keloids are characterized by thick fibers of collagen, while hypertrophic scars encompass thin fibers organized in nodules. The dysregulation to normal collagen maturation is a central influencer on excessive scar formation. Hypertrophic scars contain high concentrations of microvessels, attributed to excess proliferation and loss of functionality of endothelial cells. This phenomenon can be traced back to myofibroblast hyperactivity and the resulting excess collagen fabrication. Myofibroblasts are the principal cell type responsible for scar contraction (Li and Wang, 2011), and are derived from fibroblasts ~2 weeks post-wounding (Singer and Clark, 1999). PDGF and TGF-β stimulate this cellular differentiation and the resultant contractile force exerted by the myofibroblasts enables wound edges in humans to come together, at a rate of ~0.75 mm a day (Figure 1) (Werner and Grose, 2003; Storch and Rice, 2005). Of course, in normal scars this wound contraction is an essential process; however, myofibroblasts typically go through apoptosis post-epithelialization, thus halting contractive pathways (Desmoulière et al., 2005). In hypertrophic scars, these myofibroblasts do not apoptose beyond epithelialization and so cause persistent contraction, resulting in functional implications to the skin (Ehrlich et al., 1994). Keloid scars, however, are smooth muscle actin negative (Ehrlich et al., 1994). This can be attributed to the presence of protomyofibroblasts in keloids, which can manufacture large quantities of ECM but not the force to contract lesions. This explains why functional defects resulting from contraction are only observed in hypertrophic scarring. Typically, the granulation tissue continues to expand and secrete growth factors, while lacking molecules essential for apoptosis or ECM remodeling such as cleaved-caspase 3,−8, and-9 (Yang et al., 2016). Indeed, upregulation of p53 expression has been reported in scarring phenotypes, a protein important for the inhibition of apoptosis (Tanaka et al., 2004).
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FIGURE 1. Schematic of fibroblast differentiation into myofibroblasts within scar tissue. TGF-β and PDGF stimulate the differentiation of myofibroblasts from fibroblasts, thus contributing to wound contraction. The contractile force is delivered by the myofibroblasts until re-epithelialisation is complete then they go through apoptosis. MMPs are also released and are essential in the remodeling phase of wound healing and scar formation. However, in hypertrophic scarring this myofibroblast depletion is not well-orchestrated, resulting in functional defects.


Most lab-based in vivo assessment of wound closure and development is performed in rodents. This is mainly due to the high-throughput and low costs of these systems. However, it is important to understand that rodent wounds close differently to that of human's, primarily due to the process of contraction. This is mainly owed to an extensive subcutaneous striated muscle layer known as the panniculus carnosus that is virtually non-existent in humans. In rodents however, the panniculus carnosus allows the skin to move independently of the deeper muscles and is accountable for the rapid contraction of skin following injury. This physiological difference therefore creates difficulties to replicate the wound closure processes of human skin. This is a universal problem, one that is noted in much recent literature (Wang et al., 2013; Hu et al., 2018). Wang et al. discussed this problem, proposing an alternative model which involved splinting rodent wounds to inhibit contraction and force re-epithelization. Nevertheless, this model also encountered limitations including inflammation induced from sutures used to anchor the splint to the mouse skin which could influence any molecular changes (Dunn et al., 2013). Formerly published reports utilizing the splinted wound model lack descriptive details of splint management and exclusion criteria for removing animals from analysis in cases where splints might have been incompletely secured due to suture rupture or damage to the splint by the animal.

Another alternative method is the direct suturing of a scaffold to the edges of the experimental wounds. Anjum et al. conducted wounding experiments of this nature with (Nu/Nu) mice and found that contraction is still observed in all wounds, however a more reepithelialization route was observed in the central wound regions (Anjum et al., 2017). However, limitations of this method again point to the provoking of an inflammatory response and coincidently with an increased risk of surgical site infections (He et al., 2009). Suture knots, for example, can act as platforms for bacterial colonization and reproduction (Mashhadi and Loh, 2011).

To overcome these limitations, porcine models of wound healing are often used. Pigs are anatomically and physiologically similar to humans, and therefore can be considered excellent models of human diseases (Seaton et al., 2015; Acevedo et al., 2019). Indeed, the skin of pigs and humans are similar in that they have a relatively thick epidermis and dermal papillae (Montagna and Yun, 1964).



CURRENT SCAR TREATMENTS

There is a vast array of current treatments for scars which come in a variety of forms. Topical treatments such as Mederma® Skin Care gel (Merz Pharmaceuticals, Greensboro, NC, USA)2 is available over the counter. The active ingredients of Mederma® gel include onion extract; however, this product displayed no benefit when tested in a trial involving patients subjected to Mohs microsurgery (Jackson and Shelton, 1999).

Surgical revision is sometimes utilized for hypertrophic or normal scars. It is common practice in the clinic to wait several months before surgically excising scars, allowing them to become fully mature (Thomas and Somenek, 2012). The most direct excision technique for scar removal is surgical removal followed by linear closure of the skin. Surgery as a treatment, however, can result in excessive tension across the wound area or infection (Marshall et al., 2018). There are also many injectable treatments which can be used for scar treatment, including corticosteroids which is common therapy for keloid and hypertrophic scars (Thomas and Somenek, 2012).

A further example is Botulinum toxin [BOTOX® Cosmetic (onabotulinumtoxinA)3, Allergan, Irvine, CA], which is linked with improving scar appearance (Gassner et al., 2000). However, in a clinical trial in humans who presented with forehead wounds in an emergency department and were treated with botox or placebo, there was no difference in scar appearance in 3 of 4 visual scales upon suturing (Ziade et al., 2013).

Dressings are the traditional treatment mode for wound healing and scar reduction as a means of protecting the wounds, keeping a moist microenvironment, and offloading tension from the skin (Commander et al., 2016). Indeed, the use of simple paper tape alone has shown promise. When paper tape was applied to patients with cesarean section wounds for 12 weeks post-surgery, there was a reduction in scar formation, and it decreased the probability of the patient developing hypertrophic scars (Atkinson et al., 2005).

With current treatments offering varying degrees of efficacy it is imperative to develop novel modalities of treatment. The electrospinning of polymers holds potential in this regard.



ELECTROSPINNING

Electrospinning forms fibres through the application of an electrostatic field to a polymer solution (Cui et al., 2007; Bhardwaj and Kundu, 2010; Lagaron et al., 2017). The process of electrospinning can produce fibers right down to nanoscale and have applications in various fields, for example, wound dressings, drug delivery, and tissue engineering devices. The process itself is rapid and can be scaled to meet industrial demands to continuously produce fibers. This technique involves the use of a high voltage field strength from as low as 1 kV cm1, to charge the surface of a polymer solution droplet, subsequently inducing the ejection of a liquid jet toward a grounded surface. When the voltage reaches the optimal threshold [critical voltage (VC)] by radial charge repulsion, the single jet will divide into multiple filaments; this is recognized as the Taylor cone effect (Figure 2). This cone formation results in the construction of solidified fibers as the solvent evaporates. The VC value varies between polymers due to alterations in chemical properties (Quinn et al., 2018). Solution properties such as viscosity, concentration, and dielectric constant, and operational parameters including the strength of the applied voltage, jet to collector distance, and flux, will all affect the morphology of the resulting fibers (Sencadas et al., 2012; Haider et al., 2015). Electrospun fibers possess high surface area to volume ratios, meaning they exhibit many of the desirable properties of an effective wound dressing such as protection from mechanical stimuli and providence of excellent gaseous exchange, and as such a lot of research has gone into optimizing them for this application. The following sections, therefore, explore the use of electrospun fibers in the treatment of scars and the potential future applications this technology could hold as a therapeutic (Table 1).
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FIGURE 2. Schematic of the formation of the Taylor Cone. As the voltage supply to the electrospinning rig increases and surpasses the critical voltage (Vc), the repulsion within the charged polymer overcomes its surface tension, fabricating solid nanofibers onto the collector. This is known as the Taylor Cone effect.



Table 1. Therapeutic potential of various electrospun polymers including therapy loaded nanofibers and tissue engineering options.
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Electrospinning is a versatile process which encompasses many different modes of fabrication for the incorporation of therapeutics (Figure 3). Blending is the predominant method for drug incorporation into electrospun nanofibers. The process of blending consists of drug or drug precursors encapsulated by means of dissolving or dispersing it into the polymer solution, before subsequent electrospinning. As the drug itself is in direct contact with the polymer, the drug-polymer interaction must be analyzed to ensure functionality is retained and that the drug can be adequately released from the product fibers. For example, Yang et al. investigated the use of gold nanoparticles modified with an antibacterial intermediate (6-aminopenicillanic acid) for wound healing applications. The gold nanoparticles were assimilated into electrospun nanofibers composed of polycaprolactone (PCL) and gelatin by blending. The nanoparticles release profile was investigated by nanofiber dipping into saline. The results showed that after Day 1 20.4% of the gold had been released, increasing to 65.7% by Day 7. Burst release was apparent within the initial days which can be attributed to a percentage of the gold existing near the surface of the fibers (Yang et al., 2017).
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FIGURE 3. Schematic of electrospinning equipment and the resultant fibers and therapy loaded variants. The electrospinning set-up comprises a high voltage (V) supply which is connected to a syringe loaded with a polymer solution. Within the blending technique therapeutics or therapeutic precursors are mixed with polymer solutions before electrospinning. Either co-axial or emulsion electrospinning produces core/shell morphology fibers. This method allows for the encapsulation of therapeutics in either layer. Therapeutic attachment to fibers post-electrospinning allows for the loading of fragile molecules which cannot endure the electrospinning process.


Modification of nanofiber surfaces to allow incorporation of therapeutics is another method for drug and cell loading (Prabhakaran et al., 2008; Ma et al., 2011; Wakuda et al., 2018). This method is advantageous for avoiding burst discharge of therapeutics and results in a more gradual release profile (Im et al., 2010). This technique is particularly beneficial for biomolecular therapeutics such as enzymes as surface conjugation, and slow-release helps to preserve functionality (Zamani et al., 2013). Plasma treatment of polymers is a typical method of surface modification. Nanofiber treatment with plasma in the presence of oxygen, ammonia, or air has resulted in the generation of amine or carboxyl groups on the surface of the fibers (Baker et al., 2006; Yan et al., 2013). This process functionalizes fibers for a variety of applications, such as the adhesion of the collagen or gelatin, which are key proteins found in the extracellular matrix, and so can improve cell adhesion and proliferation (He et al., 2005; Koh et al., 2008). It has been shown that poly(lactic-co-glycolic acid) PLGA nanofibers can be transformed to contain carboxylic acid groups through plasma glow discharge in the presence of oxygen and gaseous acrylic acid (Park et al., 2007). These fibers exhibited enhanced fibroblast cell adhesion and proliferation, desirable properties for wound healing.

The fabrication of core/shell nanofibers is another attractive method of bioactive incorporation into electrospun nanofibers. The production of electrospun core-shell nanofibers is accomplished through either co-axial or emulsion electrospinning. Co-axial electrospinning is a two-stream process that results in the fabrication of multipolymer fibers with the inner stream being the “core,” and the outer polymer passed stream forms the shell (Jiang et al., 2014). This method is auspicious for the incorporation of fragile cargos (e.g., DNA or growth factors) as the therapeutic interaction with the shell polymer blend which may be produced with harsh solvents is minimized, therefore preserving the cargo (Ghosh et al., 2008; Xie et al., 2016; Cheng et al., 2019). Wei et al. utilized this technique for the development of a wound dressing, comprising a PCL core and collagen shell nanofibers. The shell was blended with silver nanoparticles to take advantage of the anti-bacterial activity, and the core permeated with vitamin A, which has been shown to help with wound healing by increasing intra- and extracellular hydration (Campos et al., 1999; Wei et al., 2016). Emulsion electrospinning produces nanofibers of core/shell morphology by first introducing an emulsion into an initial polymer solution before the addition of a surfactant to isolate the different phases from each other (Liao et al., 2009). Castro et al. manufactured nanofibers composed of PCL and PCL/gelatin, which retained and delivered ketoprofen by solution and emulsion electrospinning, respectively. It was reported that using emulsion electrospinning of PCL/gelatin could diminish the burst release of ketoprofen compared with single PCL nanofibers, and sustained drug release for >100 h. Furthermore, the combination of gelatin into the nanofibers resulted in an increase in the cell proliferation of L929 fibroblast cells (murine) (Basar et al., 2017). It should be noted however that emulsion electrospinning can cause damage to molecules such as DNA via interface tension between the organic and aqueous phases within the emulsion (He et al., 2012).



ELECTROSPINNING POLYMERS FOR SCAR TREATMENT

With the process of electrospinning being so versatile, a plethora of both synthetic and natural polymers can be processed to form fibrous structures with the potential to promote scar-free wound healing. Expectedly, not every polymer can be easily electrospun. Many factors influence this ability, including polymer viscosity, concentration, and entanglement. For polymers with inadequate characteristics for electrospinning, a copolymer can be employed to improve mechanical properties. Alginate is an example of a naturally occurring polymer with a well-noted history for improving wound healing due to its excellent ability to swell and maintain a moist microenvironment, which aids healing (Aderibigbe and Buyana, 2018). However, alginate alone does not possess ideal attributes for electrospinning due to its low chain entanglement (Nie et al., 2008). Poly (vinyl alcohol) (PVA) is a reputable polymer for electrospinning and as a result is frequently selected as a copolymer. Indeed, PVA is extensively used on an industrial scale and is favored in the medical industry due to excellent physical properties, processability, and biocompatibility. Tarun et al. developed an electrospun matrix composed of PVA/ sodium alginate (Tarun and Gobi, 2012). It was demonstrated that the matrix displayed excellent water vapor transmission rates, thus maintaining a moist wound microenvironment. Furthermore, in vivo studies using the full-thickness wound model in rats exhibited seemingly new epithelium development, void of any local adverse reactions. Indeed, the movement of epithelial cells across the surface of a wound is enabled in a wound that is kept moist, and in turn, promotes efficient healing (Field and Kerstein, 1994). Wounds that are kept moist typically present with less scar tissue formation (Atiyeh et al., 2003).

A further example of a natural polymer includes chitosan, which has noted antibacterial and antifungal properties, which would be highly beneficial for a wound dressing. It was suggested by Ignatova et al. that the crosslinking of PVA/Q-chitosan (a chitosan derivative) through the photo-crosslinking electrospinning procedure, would have antimicrobial effects on both Gram-positive and Gram-negative bacteria (Ignatova et al., 2006). The author's results showed that the matrix had exceptional resistance to the growth of bacteria exhibiting activity against E. coli and S. aureus. However, it is important to note that with polymers like chitosan there are drawbacks. Chitosan, as an example, is poorly soluble (Shete et al., 2012), and so tends to be dissolved in acidic conditions, namely using acetic acid or trifluoroacetic acid for example (Geng et al., 2005; Bazmandeh et al., 2019; Gu et al., 2019). The toxicity and cost associated with such solvents can imped the potential of chitosan in wound and anti-scarring therapies (Mengistu Lemma et al., 2016), however, during the electrospinning process much of the solvent evaporates under ideal conditions, and so could help alleviate these unwanted side effects when harsher solvents are required (Golecki et al., 2014; Haider et al., 2015).

Another natural polymer of noted potency as a wound-healing material is silk fibroin, a protein produced by some insects (e.g., silkworm). Fibroin makes for an excellent wound repair candidate as it is highly biocompatible, contains anti-inflammatory properties, and has notable anti-scarring potential. As such, much attention has turned to the electrospinning of silk to fabricate bioactive wound dressings. For example, Ju et al. developed electrospun silk fibroin nanofibers as a dressing material for the treatment of burn wounds. The authors found that the expression of IL-1α, which is pro-inflammatory, had significantly lower expression levels in silk fibroin treated skin compared to a gauze control treatment in the skin of male Sprague-Dawley rats where second degree burn wounds were induced on the backs. Further to this, the expression profile of TGF-β1 peaked at Day 21 post-wounding before declining, compared to at in gauze treated wounds which crested at Day 7. It was also noted that the silk fibroin nanofibers induced rapid collagen formation, which organized within the wound in a similar fashion to that of normal skin as opposed to a scarring composition (Ju et al., 2016).



ELECTROSPUN POLYMERS WITH ADDED THERAPEUTICS FOR SCAR TREATMENT

With the variety of production avenues for electrospinning nanofibers (blending, core/shell, attachment), there lays the opportunity for the incorporation and delivery of a variety of anti-scaring therapeutics. As discussed, alginate offers an excellent polymer choice for wound dressings as it promotes a moist wound environment, and hence reduces the extent of scarring. In a study by Shalumon et al. the use of electrospun sodium alginate/PVA nanofibers loaded with ZnO nanoparticles (via the blending method) as an antibacterial wound dressing was explored. The study concluded that a concentration of between 0.5 and 5% is required for the fibers to have antibacterial activity as tested with S. aureus and E. coli, with minimal cytotoxic effects (using L929 murine fibroblast cells) (Shalumon et al., 2011). These nanofibers were tested in vivo using C57BL/6J mice, where UVB irradiation was employed to produce visible skin lesions, and scar formation was evident within 48–96 h. When these lesions where treated with the nanofiber dressings it was reported that no burn marks were detectible after 24 h post-injury. This rapid recovery was further confirmed by the downregulation of inflammatory cytokines IL-6, IL-1B, and TNF-a after 24 h compared to untreated controls. Taken together this electrospun device shows excellent potential for the reduction of scar tissue formation in a burn wound model (Hajiali et al., 2016).

A historic but still pertinent avenue for the treatment of wounds and scars is the use of essential oils (Sequeira et al., 2019). Previous research as developed electrospun nanofibers composed of alginate/polyethylene glycol (PEO) infused with lavender essential oil, for the treatment of UV-induced skin burns. These fibers showed antibacterial efficacy in vitro against S. aureus, and furthermore reduced the production of pro-inflammatory cytokines both in vitro and in vivo (Hajiali et al., 2016). The authors found that the burns of mice treated with the lavender-infused nanofibers healed faster compared to the untreated group. Karami et al. developed electrospun fibers of PCL and polylactic acid (PLA) which encapsulated thymol from thyme essential oil for the treatment of skin infections, with a focus on E. coli and S. aureus (Karami et al., 2013). Application of these nanofibers in vivo using a full-thickness wound model in Male Wistar rats resulted in an enhancement in granulation tissue formation and re-epithelialization at 14 days post-wounding (92.3%) compared to gauze (68%) and commercial (Comfeel Plus) (87%) controls. Histologically, the wounds treated with the commercial dressing exhibited some epidermal tissue at day 14, but this was more extensive in the nanofiber treated wounds (Karami et al., 2013). These results demonstrate the power of essential oils as efficient wound healing therapeutics, which could be employed for the reduction in scar tissue formation.

In another study conducted by Gao et al., endothelial progenitor cells were cultured on composite fibers consisting of PCL/collagen and bioactive glass nanoparticles in vitro (Gao et al., 2017). In vivo wound healing studies using specific pathogen-free male Sprague-Dawley rats revealed evident blood vessel formation, as well as upregulation of angiogenic markers such as hypoxia-inducible factor−1 alpha (HIF-1α) and vascular endothelial growth factor (VEGF). Throughout the in vivo study, wound healing potential was superior in wounds treated with nanofibers containing the bioglass nanoparticles. These bioglass-loaded nanofibers achieved 60% wound closure in the first week and ~90% closure with 2 weeks, compared to nanofibers containing no bioglass beads which achieved only 50 and 80% closure within week 1 and week 2, respectively. The total area of scar tissue in wounds treated with the bioactive glass-loaded nanofibers was significantly smaller and with highly organized collagen deposition compared to treatment with unloaded nanofibers (Gao et al., 2017).

Many studies have explored the use of electrospun nanomaterials in the treatment of diabetic foot ulcers (DFU). DFU are categorized as a major complication of diabetes mellitus, and typically present on the feet, toes, and heels. DFU result from peripheral neuropathy, poor circulation, and impaired immune function, or a combination of these foundations. Of diabetic patients in the USA, 20% of foot ulcer cases displayed insufficiencies in peripheral atrial supply. Moreover, 50% of patients primarily displayed peripheral neuropathy, and ~30% presented with a combination of these conditions (Reiber et al., 1999)4 As such, with a wide-reaching cohort of diabetic patients suffering from chronic wounds, there is a continuous need for efficient wound healing options which result in rapid and scar-free results. Indeed, Yang et al. developed an electrospun dressing composed of poly(dl-lactide)-poly(ethylene glycol) (PDLLA-PEG) fibers which had polyethyleneimine (PEI)/pbFGF polyplexes incorporated by the emulsion loading technique, advantageous for the integration of fragile genetic material. PEG was also added to the shell portion of the fibers to aid in smooth release of the cargo. The authors found that the structure was able to sustain release of the polyplexes over a 4-week period, and successful transfection was observed that ensued for over 28 days, enhancing the proliferative capacity of the mouse embryo fibroblast cells in vitro. The efficacy of the fibers in vivo was tested in skin wounds generated on the dorsal area of diabetic male Sprague Dawley (SD) rats. The fibers containing PEI/pbFGF complexes resulted in a significantly higher wound recovery rate compared to untreated wounds, exhibiting improved vascularization and completed re-epithelialization (Yang et al., 2012). These are important outcomes as the more rapid and efficient cell migration corresponds to a reduction in scar tissue formation (Hadjizadeh et al., 2017). Yuan et al. also explored the combination of growth factors and electrospun materials for skin regeneration. The authors utilized a dual-spinneret electrospinner to manufacture fibers composed of chitosan- PEO and fibrinogen, loading the polymers with PDGF via blending directly before electrospinning (Yuan et al., 2018). PDGF is a critical player in wound repair initiation and progression, acting as a chemotactic instrument for neutrophils, monocytes, and fibroblasts (Sá et al., 2018). Furthermore, PDGF can block fibroblast differentiation into myofibroblasts thus decreasing scar formation (Yuan et al., 2018). Indeed, a therapy option of wound repair termed Regranex® is the only growth factor wound treatment for diabetic ulcers currently FDA approved, utilizing recombinant human PDGF (Figure 4) (Fang and Galiano, 2008). A single daily application of Regranex® has been shown to enhance wound closure, with a 30% faster healing time observed. It must also be noted that in the case of Regranex® it was previously suggested that it increased the rate of mortality related to malignancy development in patients treated with >3 tubes of the product, as concluded from a post-marketing retrospective study. However, this warning has since been removed from the product packaging, and many studies have disproved this theory (Ziyadeh et al., 2011; REGRANEX®, 2018). Nevertheless, daily application is considered to be inconvenient for the patient, impacting the quality of life. Thus, the delivery of this growth factor in a controlled manner could be of great benefit. In the instance of Yuan and authors, it was observed that the nanofibers developed exhibited an average fiber diameter of 202.3 ± 113.2 nm, PDGF integrity was retained, and upon release promoted an increase in the migration rate of human dermal fibroblasts. With regards to cytotoxicity, there was a significant decrease in the viability of cells exposed to the nanofibers (unloaded) at 72 h post-incubation compared to a no scaffold control. It is postulated that this decrease is the result of the degree of acetylation of chitosan, which has been shown to elicit strong cellular interactions due to positive charges (Aranaz et al., 2009). Indeed, other groups have observed a decrease in cell viability after 24 h in bladder carcinoma cells exposed to chitosan with a degree of acetylation greater than 50% (Younes et al., 2016). This is an interesting observation, and so should be factored into the rational for novel wound healing devices. However, it is suggested that this observation may be unique to in vitro experimentation, as prior studies using chitosan observed negligible toxic effect in vivo, linked with metabolic clearance of biodegradation products (Kean and Thanou, 2010; Jeong et al., 2017).
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FIGURE 4. Schematic showing the molecular pathways associated with PDGF. PDGF activation gives rise to an increase in cell proliferation, migration, and angiogenesis through AkT, MAPK, and calcium pathways for example. PDGF is essential for efficient wound repair and minimization of potential scar tissue. Commercial product REGRANEX® utilizes recombinant human PDGF for the treatment of diabetic foot ulcers.




CELL DELIVERY VIA ELECTROSPUN POLYMERS FOR SCAR TREATMENT

The use of cells in regenerative medicine is widely explored and considered by many to hold great promise5. For example, mononuclear umbilical cord cells are easily available and have few associated ethical issues. Furthermore, it has been previously demonstrated that these cell types can be cultured on electrospun nanofibers (Chua et al., 2006).

In light of the advantageous potential of cell therapies for regenerative purposes, they are not without limitations. Therapies of this nature would require a large number of donors, these cells would not survive past low passage numbers, and there is the potential risk of rejection from the host (Venkat et al., 2018). A further example of potential cell therapies includes allogeneic bone marrow cells, which are easily available but carry the risk of rejection and would require specialized techniques for cell harvest and separation. Martinello et al. used allogenic mesenchymal stem cells to treat wounds in a large animal study using female Bergamasca sheep. It was found that at 15 Days post-injury, when compared to a control group, sheep treated with allogeneic bone marrow cells presented with a higher degree of wound closure, reepithelialization, as well as a reduction in inflammation. The latter of which the authors postulate may result in a decreased myofibroblast development and thus scar formation (Martinello et al., 2018).

In saying this, autologous cells helps mitigate the problem of immune rejection, but nevertheless require the same specialized harvesting and separation expertise (Venkat et al., 2018; Ramotowski et al., 2019).

Many studies have explored the use of cells for wound healing and scar tissue minimization. However, the most typical route for this exploration is the direct injection of cells, which can be highly inefficient, and incurs substantial cell death due to shear forces through the injection needle (Burdick et al., 2016). Electrospun nanofibers may be the solution for the efficient and effective delivery of cells for skin regeneration. Electrospun nanofibers have high surface areas, and therefore have the capacity to retain many cultured cells (Chen et al., 2009). For example, it was shown by Zhao et al. that electrospun nanofibers composed of silk fibroin could successfully host cardiomyocytes (Zhao et al., 2019). This capability of electrospun fibers to host cells is thought by many to be owed to the likeness to the natural ECM, fitting to the fibrous nature of collagen, thereby facilitating the natural proliferation of cells (Ramakrishna et al., 2006).

The disadvantage of using these nanofibers for this purpose, however, is the restricted control over pore structure. The pore size in this instance is proportional to the fiber diameters, with smaller diameters resulting in smaller pore sizes, which consequently can decrease cell infiltration (Wu and Hong, 2016). In some cases, cells only infiltrate the uppermost portion of the nanofibers, which reduces the advantages of three-dimensional cell culture. When nanofibers are compared to microfibers in this regard, it has been shown that larger pore sizes, inherent to macrofibers, promote stem cell differentiation, coupled with improved cellular permeation, however nanofibers are associated with higher cell attachment (Wu and Hong, 2016).

Mahjour et al. developed a skin substitute composed of electrospun PCL/collagen fibers for the treatment of burn wounds. The fibers in question were layered in a composite manner, with different layers infused with keratinocytes (top layer) and fibroblasts (bottom layer). The electrospun fibers were applied in an in vivo mouse model of wound healing. Data collected from the study showed that the cell incorporated composite fibers integrated into the wound bed in a highly effective way, becoming unrecognizable after Day 21 post-implantation. This was in comparison to blank fiber scaffolds which received the lowest score of integration. Furthermore, at Day 21, wounds treated with the cell-incorporated composite fibers had 7% remaining non-reepithelialized skin and 45% wound contraction, whereas the blank composite fibers had only 21% re-epithelialization and 56% wound contraction (Mahjour et al., 2015).

Mesenchymal stem cells (MSCs) are multipotent stem cells typically isolated from bone marrow, adipose tissues, and the dermis (Orbay et al., 2012). MSCs have shown avid potential in skin repair, promoting angiogenesis, reducing inflammation, and facilitating the establishment of an ECM (Jackson et al., 2012). When MSCs enter an inflammatory environment a switch to an immunomodulatory phenotype is initiated by Interferon-gamma (IFNγ), Tumor Necrosis Factor-alpha (TNFα) and IL-1β (Ren et al., 2008). When this phenotype is active; there is evidence suggesting that MSCs can suppress the proliferation of B cells as well as natural killer cells (Corcione et al., 2006; Sotiropoulou et al., 2006). This suppression enhances the acute immune response to damage and can reduce a pro-fibrotic response that can result from sustained inflammation (Redd et al., 2004). Williams et al. tried to reduce scar sizes in ischemic cardiomyopathy through injection of allogeneic MSCs (Williams et al., 2013). The authors suggested that MSCs could reverse ventricular remodeling, and, indeed, it was shown that MSCs stimulate endogenous cardiac stem cells to proliferate and differentiate. The resulting mature cardiomyocytes exhibited therapeutic effect by secretion of growth factors and cytokines.

Similarly, Li et al. showed that MSCs loaded into a 3D graphene foam decreased scar tissue formation. The foam resulted in upregulation of VEGF as well as bFGF leading to enhanced neovascularization, as well as heightening levels of TGF-β3, which prevents scarring. The MSC loaded foams were tested in vivo in a full-thickness wound model using wild-type rats. The use of MSCs in the foam resulted in a significant closure of the wound from day 3 post-wounding compared to controls of untreated and unloaded foam, this trend was observed consistently until endpoint at 14 Days post-wounding (Li et al., 2015).

With such obvious potential, it is not surprising that many researchers have explored the incorporation of stem cells like MSCs into electrospun nanofibers for wound and scar treatments. For example, Ma et al. integrated bone marrow-derived MSCs (BM-MSCs) into nanofibers comprised of collagen and PLGA. The device demonstrated enhanced healing profiles in a full-thickness wound model in vivo using rats. The wounds treated with the BM-MSCs loaded nanofibers resulted in faster closure times compared to the untreated control, closing 8 days earlier (Ma et al., 2011). Furthermore, it was observed that localized treatment with the BM-MSCs resulted in a decrease in myofibroblast numbers. The authors postulated this may be due to MSCs ability to express hepatocyte growth factor 8 which inhibits myofibroblastic differentiation (Ma et al., 2011). These results suggest that this device would reduce scar tissue formation whilst allowing rapid and efficient wound repair.

In another study, Machula et al. electrospun nanofiber membranes of tropoelastin seeded with adipose-derived stem cells for wound healing applications (Machula et al., 2014). The authors found that the stem cells rapidly proliferated on the nanofibers and partook in efficient ECM establishment, covering the entire scaffold in vitro. Application of the cell-nanofiber device in an in vivo excisional wound model with female SCID mice showed an enhancement in wound closure and restoration of normal epithelium compared to control wounds treated with petrolatum jelly–impregnated gauze. The average thickness of re-epithelized skin tissue for the control and stem cell-nanofiber treated groups was 27.7 ± 7.8 μm and 51.9 ± 11.27 μm, respectively (p = 0.001). It is postulated by the authors that the electrospun tropoelastin device may persist within the scar tissue of healed skin and in doing so enhance the tensile strength of any resultant scar tissue.

A limitation associated with stem cell culture on electrospun nanofibers is that small pore size may result in a blockage in nutrient diffusion and cellular infiltration. If this problem can be mitigated, it could lead to a highly potent regenerative device.



CONCLUSIONS AND FUTURE DIRECTIONS

As detailed in this review, the use of electrospun nanofibers for scar treatment has substantial potential. With a plethora of polymers being “electrospinnable” alone or in conjunction with therapeutic agents or cells, the problem of scar management could be significantly improved. However, much work is still required to get such therapies into the clinic. Indeed, there are currently 5 clinical trials exploring the use of electrospun nanofibers6; yet, none of these are scar tissue-specific, and no current trials are recruiting. Conversely, there are 760 clinical trials listed for skin scarring7, 140 of which are recruiting8. This suggests that much research is focusing on novel therapies for scar treatment and prevention, which is a favorable scenario, and indeed these therapies if approved could in future be incorporated into electrospun nanofibers. Recent results have been notably discouraging. Metelimumab, for example, a TGF-β1 targeting antibody, exhibited no improvement in the treatment of systemic sclerosis compared to a placebo control9. In saying this, an RNAi-based inhibitor of connective tissue growth factor (CTGF) termed RXI 109 has completed phase I trials and is now in phase II trials for hypertrophic scar treatment10. With promising therapies in the pipeline, it is exciting to hypothesize the efficiency of their delivery via electrospun nanofibers.

Encouragingly, electrospun nanofibers can be manufactured on an industrial scale, with the production of continuous nanofibers from a variety of polymers already proven (Ramachandran and Gouma, 2008; Zhang et al., 2012; Ma et al., 2015; Wang et al., 2018). Translating nanofiber production from laboratory to commercial scale is readily accommodated through the application of multi-jet nozzle electrospinners, which have been reported to process as much as 6.5 kg/h of polymer to produce fibers (Persano et al., 2013). Current commercial examples include the Zeus Bioweb™ composites, composed of electrospun polytetrafluoroethylene (PTFE). The Bioweb™ exhibits a high surface area and possesses an advantageously minute pore size, typically in the range of 1–4 μm. Zeus boasts a variety of Bioweb™ applications including scaffold potential and implantable structures in the body11. A further commercial example of an electrospinning product is the SpinCare™ system by Nicast. SpinCare™ is a handheld device that fabricates nanofibers from polymers directly for tailored wound healing applications. These nanofibers provide a semi-permeable coverage facilitating excellent moisture regulation. The fibers are also comfortable as they are made to fit the shape of the patient's wound12.

It is well-believed that the combination of gene therapies with biomaterials hold great potential as future generation therapeutic devices (Bleiziffer et al., 2007; Goker et al., 2019). Although promising, gene therapy is not without limitations. For example, therapies of this nature are historically challenging to deliver into cells, due to similarities in charges between nucleic acids and cell membranes. Viral gene delivery is the most common form of gene therapy due to its high efficiency. These vectors, however, are met with numerous trepidations as they can result in mutagenesis and have a restricted capacity for genetic material (Mingozzi and High, 2013). Non-viral options for gene therapy also exist and include cationic polymers (Olden et al., 2018), liposomes (Balazs and Godbey, 2011), and peptides (McCarthy et al., 2014; Cole et al., 2019). Indeed, recent literature published by Mulholland et al. explored the delivery of an siRNA complexed with a cell penetrating peptide termed RALA from an electrospun bilayer wound patch. The use of the RALA peptide significantly enhanced the transfection efficient of the nucleic acids in vitro using HMEC-1 endothelial cells, downregulating expression anti-angiogenic FK506-binding protein-like FKBPL. This high efficiency translated to significant upsurge in angiogenic activity in vivo in wounds on the backs of C57BL/6 mice, resulting in an increase in blood vessel density of 326% compared to untreated wounds (Mulholland et al., 2019). This technology holds excellent potential for scar tissue treatment as a vast array of nucleic acids could be delivered in this manner.

Taken together, with the literature and the state-of-the-art technology discussed in this review, it can be rationalized that electrospinning shows great promise for the development of next generation devices for the treatment and management of scars.
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FOOTNOTES

1https://www.prnewswire.com/news-releases/global-scar-treatment-market-2013-2018–2023—rise-in-online-retailing-of-scar-treatment-products-300698219.html

2https://www.mederma.com/

3https://hcp.botoxcosmetic.com/Contact

4https://www.niddk.nih.gov/about-niddk/strategic-plans-reports/diabetes-in-america-2nd-edition

5https://www.mayoclinic.org/tests-procedures/bone-marrow-transplant/in-depth/stem-cells/art-20048117

6https://clinicaltrials.gov/ct2/results?cond=&term=electrospinning&cntry=&state=&city=&dist=&Search=Search (Date visited November 15, 2019).

7https://clinicaltrials.gov/ct2/results?cond=Skin+Scarring&term=&cntry=&state=&city=&dist= (Date visited November 15, 2019).

8https://clinicaltrials.gov/ct2/results?cond=Skin+Scarring&Search=Apply&recrs=a&age_v=&gndr=&type=&rslt= (Date visited November 15, 2019).

9https://clinicaltrials.gov/ct2/show/NCT00432328

10https://clinicaltrials.gov/ct2/show/NCT02246465

11https://www.zeusinc.com/products/biomaterials/bioweb-composites

12http://nicast.com/spincare/product-description/
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Chronic wounds caused by infections, diabetes, and radiation exposures are becoming a worldwide growing medical burden. Recent progress highlighted the physical signals determining stem cell fates and bacterial resistance, which holds potential to achieve a better wound regeneration in situ. Nanoparticles (NPs) would benefit chronic wound healing. However, the cytotoxicity of the silver NPs (AgNPs) has aroused many concerns. This review targets the tunable physical properties (i.e., mechanical-, structural-, and size-related properties) of either dermal matrixes or wound dressings for chronic wound care. Firstly, we discuss the recent discoveries about the mechanical- and structural-related regulation of stem cells. Specially, we point out the currently undocumented influence of tunable mechanical and structural properties on either the fate of each cell type or the whole wound healing process. Secondly, we highlight novel dermal matrixes based on either natural tropoelastin or synthetic elastin-like recombinamers (ELRs) for providing elastic recoil and resilience to the wounded dermis. Thirdly, we discuss the application of wound dressings in terms of size-related properties (i.e., metal NPs, lipid NPs, polymeric NPs). Moreover, we highlight the cytotoxicity of AgNPs and propose the size-, dose-, and time-dependent solutions for reducing their cytotoxicity in wound care. This review will hopefully inspire the advanced design strategies of either dermal matrixes or wound dressings and their potential therapeutic benefits for chronic wounds.

Keywords: chronic wounds, stem cells, mechanical properties, structural properties, nanotechnology


INTRODUCTION

Infections, diabetes, or radiation exposures promote chronic wounds. About 1–2% of the population in developed countries suffer from chronic wounds throughout their lifetime (Dovi et al., 2003; Satish et al., 2017). In China, the prevalence rate of chronic wounds was 1.7‰ among hospitalized patients based on the latest cross-sectional epidemiological survey (Jiang et al., 2011). The feet of diabetic patients usually suffer more as compared with other bodily parts because of further aggravations due to persistent bacterial infections, to sympathetic nerve dysfunctions, and to the continuous frictions of walking (Akash et al., 2020). Approximately one diabetic patient in six suffers from chronic foot wounds (Bakker et al., 2016). Among them, each year almost one million diabetic patients have to undergo lower limb amputation (Boulton et al., 2005). With the aging of the global population, chronic wounds are becoming a worldwide growing medical burden.

Traditional therapeutic approaches to chronic wounds are unsatisfactory because patients suffer prolonged pain as well as unavoidable upshots such as scarring and physical dysfunctions. Commonly used therapeutic approaches are chemical strategies, such as drugs, growth factors, agonists, or inhibitors of critical signaling pathways. However, recent advances in the fields of stem cells and nanotechnology highlighted some knowledge-updating discoveries of physical properties (i.e., mechanical-, structural-, and size-related properties) in directing endogenous stem cell fates (Jiang et al., 2018) and fighting bacterial resistance (Bhattacharya et al., 2019), which might play major roles in chronic wound healing.

The World Health Organization reported that about 265,000 deaths occur every year caused by burns or lack of appropriate treatments including skin substitutes or wound dressings (Das et al., 2016; Khorasani et al., 2018). Generally, skin substitutes aim at replacing missing tissues with gradually degrading dermal matrixes (Ramanathan et al., 2017), while wound dressings cover wound beds acting as temporary mechanical barriers to prevent bacterial infections and to avoid the loss of water and nutrients (Kalantari et al., 2020). Herein, we respectively discuss how the mechanical and structural properties of dermal matrixes affect stem cell behavior, as well as the application of nanoparticle-based (size-related properties) wound dressings for treating infections of chronic wounds. Moreover, we also discuss some worries about mechanical- and structure-related regulation of stem cells. We also address current biosafety concerns about nanoparticles (NPs) and examine workable solutions to reduce their cytotoxicity.



CHRONIC WOUND HEALING


Endogenous Stem Cells

Concerning acute wounds, healing processes are singled out in stages such as hemostasis, inflammation, novel tissue generation, and remodeling, which successively appear and overlap one after the other. Endogenous stem cells (i.e., endothelial progenitor cells, epidermal stem cells, etc.) can both undergo self-renewal and differentiate into one or multiple lineages to repair tissue losses (Kanji and Das, 2017). However, infection, diabetes or radiation exposure may disrupt the well-orchestrated stem cell behaviors and result in chronic wounds (Figure 1). Even worse, continuing pathological risks (i.e., bacterial infection, high blood glucose levels, local continuous pressure or friction, etc.) hinder the healing of wounds, which become chronic when they did not show any sign of improved healing after 30 days (Kim et al., 2018).


[image: Figure 1]
FIGURE 1. Pathological mechanisms active in acute wounds and chronic wounds, respectively. Acute wounds (Left Side): an adequate angiogenesis promotes re-epithelialization, fibroblasts' proliferation, and neutrophils' anti-infection activities. Chronic wounds (Right Side): persistent local bacterial infections hinder the formation of novel blood vessels. In turn, the restricted angiogenesis hampers fibroblasts' proliferation and the neutrophils' anti-infection activities.


Endogenous endothelial progenitor cells, which are either resident in wound environments or originate from bone marrow, can promote wound healing via angiogenesis (Kanji and Das, 2017). Angiogenesis involves the sequential occurrence and overlap of various stages, i.e. the activation of endothelial cells, the degradation of the endothelial cells' basement membranes, and the sprouting and ripening of newly-formed vascular structures (Huang et al., 2019). Various alterations of oxygen, nutrients, metabolites' levels, and inflammatory events easily impact on the whole angiogenic process. For example, diabetic wounds easily suffer from hypoxia (or reduced oxygen supply) due to inadequate angiogenesis and a concurring vascular dysfunction and neuropathy. Even more worrying, diabetic wounds usually exhibit higher oxygen consumption rates causing a further lessening of available oxygen in situ (Hopf and Rollins, 2007). Concurrently, an inadequate angiogenesis due to an impaired function of endogenous endothelial progenitor cells restricts the proliferation of fibroblasts and their collagen deposition by affecting the hydroxylation of proline and lysine residues, which impacts on scarring's outcomes (Figure 1; Desmet et al., 2018).

Endogenous epidermal stem cells with different lineages inhabit the basal layers, interfollicular epidermis, sebaceous glands, eccrine sweat ducts, or hair follicles bulges. During wound healing processes, epidermal stem cells are capable of differentiating into multiple lineages and of repopulating other epidermal components (Haensel et al., 2020). In chronic wounds, most epidermal stem cells show a blunted self-renewal or have been destroyed together with the missing deep tissue. In this case, re-epithelialization typically occurs from the peripheral edges of chronic wounds, being mediated by the recruitment of mobilized stem cells from wound-adjacent stem cell sources (Vagnozzi et al., 2015). Therefore, regulating endogenous stem cells behaviors plays a vital role in chronic wound care.



Infection

Persistent infections help bring about chronic wounds, which are all susceptible to a contaminating localization of microorganisms. The proliferation coupled with toxins release of the localized microorganisms causes inflammatory reactions in the host. Microorganisms can form polymicrobic biofilms, which are one of the mechanisms underlying antibiotic resistance. If left untreated, the infected wounds do not heal (Figure 1).

The infecting organisms, most often bacteria, can easily attach to the wound bed and enter into the blood system because the skin barrier is no longer present. Staphylococcus, a genus of Gram-positive bacteria which includes more than 40 species, is the most common type of infectious agent found in burn wounds (Dhanalakshmi et al., 2016). The methicillin-resistant Staphylococcus aureus (MRSA) is the most common antibiotic-resistant microorganism responsible for hospital-acquired infections (Dantes et al., 2013). Other bacteria genuses found in wounds environment are Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus faecalis, and others more. Besides, an alteration of intestinal flora might cause the gut bacteria to trespass into circulating blood; this has become a current research hotspot and has attracted a lot of attention (He et al., 2019).

In chronic wounds, inadequate angiogenesis due to functionally impaired endogenous endothelial progenitor cells might further reduce the innate anti-infection capabilities. When wounds have become infected, the phagocytosis of the involved pathogens by leukocytes will trigger the respiratory burst process resulting in the release of massive amounts of bactericidal reactive oxygen species (ROS). Reportedly, the respiratory burst process consumes about 98% of the oxygen in neutrophils (Bryan et al., 2012). A lack of oxygen in chronic wounds impairs the anti-infection abilities of neutrophils (Figure 1).

Usually, diabetic patients show high blood glucose levels due to reduced autologous insulin secretion or increased insulin resistance, which result in multiple metabolic dysfunctions. Several underlying pathological factors also contribute to the delayed healing of diabetic wounds, such as local persistent bacterial infections coupled with excessive levels of pro-inflammatory cytokines, proteases, ROS (Frykberg and Banks, 2015), and with a worsening vascular dysfunction combined with the cells' inability to respond to pro-reparative stimuli (Kim et al., 2018).




MECHANICAL PROPERTIES

Mechanical properties of dermal matrixes include stiffness, elastic modulus, tensile strength, viscoelasticity, stress stiffening effects, stress-relaxation rate, and more. Recent studies about mechanical-related regulation of stem cells and elastin-based dermal matrixes highlighted the practical solutions for chronic wound care.


Mechanical-Related Regulation During Wound Healing

Clinical practice in wound healing has shown that higher tension sutures of surgical wounds increase scar tissue formation, and that the stress and stiffness of wound fixation could also affect wound healing speed and quality. However, the underlying mechanism is still unclear.

Recently, mechanical signals have increasingly shown an overarching ability to regulate stem cell characteristics and lineages. Among mechanical signals, stiffness-related control of cell fates has been studied extensively. For example, mesenchymal stem cells (MSCs) show distinctive differentiation patterns when cultured in matrixes of tunable stiffness. MSCs changed their lineage specification into neurons, myoblasts or osteoblasts when cultured in polyacrylamide hydrogels with a tunable stiffness gradient varying from 0.1 to 25 kPa (Engler et al., 2006). In other words, MSCs “felt” matrixes stiffness and then “chose” their direction of differentiation.

Further research showed that the transcriptional co-activator with PDZ-binding motif (TAZ) and Yes-associated protein (YAP) played vital roles in the stiffness-related regulation of stem cell fates (Yang et al., 2014). YAP/TAZ are two highly related downstream readers and transcriptional regulators of mechanotransduction, serving as molecular “beacons” of cellular responses to surrounding mechanical stimuli (Brusatin et al., 2018). Reportedly, the AT-rich interactive domain-containing protein 1A (ARID1A) is located in the chromosome 1p36 region acting as a tumor suppressor gene (Guan et al., 2011). The ARID1A belongs to the switch/sucrose non-fermenting (SWI/SNF) chromatin remodeling complex, which encodes a large nuclear protein involved in chromatin remodeling (Guan et al., 2011). The full activation of YAP/TAZ activity needs to meet two requirements: i.e., both the promotion of YAP/TAZ nuclear accumulation and the inhibition of the ARID1A-containing SWI/SNF complex (Chang et al., 2018). In other words, the ARID1A-containing SWI/SNF complex works as a mechano-regulated inhibitor of YAP/TAZ. In multiple experimental organoids, YAP/TAZ activity modulates stem cells' stemness and cell fates, which are eventually dictated by the spatio-temporal balance between material stiffness and degradability (Brusatin et al., 2018). Specifically, the stiffness-sensing YAP/TAZ is gradually inactivated due to the “contact inhibition” of cell proliferation; while this happens, the stem cells lose their stemness and choose a specific direction of differentiation. At this very moment, a suitable speed of biomaterial degradation could supply extra inner spaces for cellular proliferation thus preserving cellular stemness for organoid generation. These novel discoveries have highlighted how to spatio-temporally control stem cells differentiation through mechanically related YAP/TAZ activity and biomaterials degradation for best dermal matrixes.

As regards wound healing, experimental work uncovered an interesting “mechanical memory” effect: epithelial cells primed on stiff matrixes exhibited higher capabilities of migration and adhesion even after transfer onto a softer secondary matrixes (Nasrollahi et al., 2017). These interesting results showed that migrating cells can “remember” information from past physical environments and that these “mechanical memories” may be exploited to influence cell fates. As stem cells in chronic wounds show a slow self-renewal and remain uncommitted to differentiation, the tailored control of stem cells is believed to help wound healing.

Moreover, mechanical properties can influence scar formation. Reportedly, aberrant mechanotransduction is regarded as a driver of fibrosis (Brusatin et al., 2018). For chronic wounds, the mechanical signals might either affect extracellular matrixes remodeling through the “stiffness-sensing” capability of fibroblasts (Zhou et al., 2016) or impact the delivery of bioactive agents during the fibroblasts-to-myofibroblasts transdifferentiation, a key pathological process underlying the development of hypertrophic scars (Jiang et al., 2018).

Last but not least, the mechanical signals were also reported to regulate immune responses by influencing the behavior of human monocyte-derived macrophages (Adlerz et al., 2016), which is related to bacterial resistance in chronic wounds.



Elastin-Based Dermal Matrixes

Due to the huge impact exerted by mechanical signals on the regulation of stem cell differentiation and of mechanotransduction in the course of wound healing, elastin-based dermal matrixes have recently emerged as means to provide elastic recoil and resilience to the wounded dermis and to prevent pathological scar retractions.

Generally, dermal elastic fibers and collagen fibers are responsible for Young's (elastic) modulus and the tensile strength of human dermis, respectively (Wang et al., 2015). In healthy skin, elastin monomers derive from the tropoelastin precursor and are then further crosslinked into polymeric networks. The latter enable healthy skin to recover its original shape once stretched to a great extent. In wounded skin, as compared to normal, a smaller amount of elastin monomers is produced, while most of the dermal fibers are deposited in an aberrant manner, resulting in a disorderly fibrous and poorly elastic network. Although elastin accounts for only about 2–4% of the human skin dry weight (Rodriguez-Cabello et al., 2018), its significant functional role is attracting a growing attention aimed at improving dermis mechanical properties and at regulating cellular activities during wound healing.

Currently, dermal matrixes trying to mimic the natural elastic properties of human skin are based on either natural tropoelastin or synthetic elastin-like recombinamers (ELRs) (Rodriguez-Cabello et al., 2018).


Tropoelastin-Based Dermal Matrixes

Tropoelastin, which naturally exists in all vertebrates except Cyclostomes, is a 60–72 kDa protein made of 750–800 amino acid residues constituting the dominant building block of the elastic fibers that imbue tissues with elasticity and resilience. Tropoelastin is made up of alternating hydrophilic and hydrophobic domains. The latter show elastic properties while the intercalated hydrophilic lysine-rich domains act as crosslinkers. As recently reported, the established atomic structure of human tropoelastin is an extended molecular body flanked by two protruding legs (Wang et al., 2015). The lysine residues of the hydrophilic domains show a substantial variation in their locations, which might contribute to their greater accessibility and cross-linking capacities (Tarakanova et al., 2019).

The versatile and pliable potentialities of tropoelastin have attracted interest from several biomedical fields. Tropoelastin and silk fibroin were blended to produce electrospun yarns, in which the elasticity of the former is combined with the mechanical strength of the latter. The results of the subcutaneous implantation of such yarns in mice proved their good tolerance and persistence for over 8 weeks, supporting their potential application to tissue engineering (Aghaei-Ghareh-Bolagh et al., 2019). In another study, the engineered tropoelastin-polydopamine-coated tendon scaffolds promoted the tenogenic commitment of human adipose tissue-derived stem cells which remarkably synthesized and deposited elastin in the generated elastin-rich matrixes in vitro (Almeida et al., 2019). Yeo et al. (2019) immobilized tropoelastin on plasma-coated polyurethane films, which significantly promoted the adhesion and proliferation of multipotent adult progenitor cells.

The first in vivo study focusing on the therapeutic effects of tropoelastin on full-thickness dermal wounds was recently reported by Mithieux et al. (2018). The implanted pure tropoelastin exhibited superior cell recruiting properties and significantly promoted angiogenesis, resulting in an enhanced healing of full-thickness pig skin wounds. The pure tropoelastin used for the experiments was dissolved, dried, and heated in a stepwise procedure with no addition of other chemicals. Although the regeneration included vessels, rete ridges, and a keratinizing stratified epithelium, no results were reported about the recovery of any degree of elasticity on the part of the tropoelastin-treated wounds.

Although the above discoveries highlighted the potential therapeutic values of tropoelastin as regards wound healing, we still lack in vivo evidences in terms of a restored elasticity of regenerated wound tissues during lengthy follow-up observations.



ELRs-Based Dermal Matrixes

ELRs are genetically engineered polypeptides having the repeated elastin sequence valine-proline-glycine-X-glycine (VPGXG), where X can be any amino acid excepting proline. The structures made of engineered ELRs are tunable and offer versatile elastic-tailored applications. Gonzalez de Torre et al. (2018) described the “clickable” properties of ELRs and used electrospinning to prepare bioactive fibers from clickable ELRs with no crosslinking agent added. In another study, Changi et al. (2018) developed thermo-sensitive ELRs which contained bioactive molecules and showed good biocompatibility and limited immunogenicity in BALB/c and C57BL/6 mouse models. Moreover, some functional sequences, such as growth factors, can be attached via chemical reactions to ELRs molecule or can be directly inserted into main sequences of ELRs through recombinant techniques (Flora et al., 2019).

To sum up, mechanical signals can regulate stem cells, scar formation, or immune responses during wound healing. Current studies have shown that both tropoelastin and ELRs exhibit a potential for chronic wound care. However, limited research has been hitherto focused on the recovered elasticity of the regenerated skin. Further experiments need to be carried out to confirm the long-term therapeutic effects of elastin- and ELRs-based dermal matrixes.





STRUCTURAL PROPERTIES


Structure-Related Regulation During Wound Healing

Structural properties of dermal matrixes include pore sizes, porosity, surface topology, organization of inner frames, etc. Among structural properties, pore sizes (Wang et al., 2016) and porosity (i.e. the ratio between the hollow space inside a scaffold and its overall volume; Xu et al., 2016) have been extensively studied. Dermal matrixes presently available in clinical settings have suitable pore sizes and high degrees of inner connections to allow cell migration as well as nutrients exchange. The Wnt/β-catenin signaling pathway was recently reported to regulate pore-size-related cell proliferation (Xu et al., 2018). The current consensus is that ideal pore sizes or porosity have yet to be ascertained for the different kinds of matrixes and seeded cells (Xu et al., 2015).

Interestingly, surface topology was found to regulate stem cells mainly via roughness and texture (Xing et al., 2019). Firstly, a rough surface can attract stem cell aggregation. In human skin, stem cells usually gather and undergo self-renewal in “niches,” i.e., the interfollicular epidermis, the basal layers, and the hair follicle bulges (Alonso and Fuchs, 2006). Likewise, stem cells tend to aggregate on rough surfaces endowed with topologically “artificial niches,” such as holes, canyons, grooves, or craters (Cooper et al., 2012). Secondly, surface textures with different shapes further direct stem cell fates. Kilian et al. (2010) patterned the mesenchymal stem cell individually on a substrate and each cell was patterned with a certain shape, i.e. rectangles or pentagonal symmetries (five-pointed star). The mesenchymal stem cells were found to display different adipogenesis and osteogenesis profiles once seeded onto different shapes. Furthermore, the mesenchymal stem cells were then patterned individually onto different rectangles with increasing aspect ratios as well as onto dissimilar pentagonal symmetries with varied subcellular curvatures. Their results showed that changing the cell shapes correspondingly changed the cell lineages. In other words, altering the shapes of stem cells can influence the cell lineages they generate. Therefore, manipulating the roughness and texture of surface topology could enable us to tailor the fate of the individual cell.

Recently, surface micropatterning methods (i.e., nanotechnology, 3D bio-printing, laser photolithography, microcontact transfer method, electron beam etching, etc.) can manipulate the microgeographic structures on matrix surfaces (Bui et al., 2018). Therefore, surface micropatterning methods hold potential to regulate the stem cell fates during wound healing via tailoring the surface topology. In a recent study, a crossed groove/column micropattern was constructed on the surface of bacterial cellulose matrix using low-energy CO2 laser photolithography. Animal experiments indicated that this micropatterned shape guided a “basket-woven” organization of collagen distribution that may reduce scar formation (Hu et al., 2019).

Anyhow, natural skin environment acts as the blueprint for engineered dermal matrixes. Maximally mimicking the natural skin environment holds potential to achieve a scarless regeneration in situ (MacEwan et al., 2017). Traditional dermal matrixes create less biomimetic environments that do not help commit stem cells to differentiation. Consequently, higher numbers of fibroblasts transdifferentiate into myofibroblasts, which possibly leads to hypertrophic scars (Figure 2A; Li Y. et al., 2019). Nowadays, advanced dermal matrixes endowed with more skin-like biomimetic architectures and mechanical properties as well as with the necessary biochemical signals are believed to commit stem cells to differentiation (MacEwan et al., 2017), which further reduces scar formation while promoting angiogenesis (Figure 2B). However, the regeneration of cutaneous appendages (i.e. hair follicles or sweat glands) is not yet satisfactory. Theoretically, optimal dermal matrixes should enable wounds to achieve tissue regeneration (i.e. physiological wound healing) in situ, which means that the healed wound has the same morpho-functional features as the natural skin, is devoid of scar tissue, and has concurrently regenerated the cutaneous appendages (i.e. hair follicles or sweat glands; Figure 2C). However, it is still beyond our sight what the best dermal matrixes might be and how they would regulate stem cells differentiation.
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FIGURE 2. Schematic diagram of traditional, advanced, and best dermal matrixes and their respective therapeutic outcomes. (A) Traditional dermal matrixes create less biomimetic environments leading to a more abundant scar formation and fewer regenerated blood vessels. (B) Advanced dermal matrixes mimic the natural skin environment better than traditional dermal matrixes, thereby leading to a less abundant scar formation and a more intense regeneration of blood vessels. However, the regeneration of cutaneous appendages (i.e., hair follicles, sweat, and sebaceous glands) remains difficult to achieve. (C) Optimal dermal matrixes enable wounds to reach a complete tissue regeneration (theoretically physiological wound healing) in situ.


Further understanding of natural dermal structures might inspire the organization of the inner structures (e.g. random, aligned, gradient, porous, or filamentous) of dermal matrixes. Reportedly, collagen/elastin-based three-dimensional (3D) histological images indicated that the human dermis amounts to a “sandwich” structure with gradient changes in gradual terms of either interstitial spaces or architecture at different dermal depths (Wang et al., 2015). However, no solid conclusion has been hitherto reached whether dermal aligned or gradient structures are significantly better than random or homogeneous structures. The best patterns of the inner structures of dermal matrixes are yet to be assessed for the different cell types and chemical components.



Concerns Regarding Mechanical and Structural Regulation of Cells

Although mechanical and structural properties of dermal matrixes have shown crucial effects on cell behaviors, we cannot yet reach a solid conclusion concerning one or another specific parameter and its corresponding therapeutic effects. Tunable mechanical and structural properties exert a previously undocumented influence on either the fate of each cell type or the whole wound healing process.

First, it is difficult to decouple the interplay between structural and mechanical properties. When we tune one physical property and study its therapeutic effects, inevitably other properties concurrently change. For example, when we tried to fabricate a series of scaffolds with varied stiffness gradients, the other intrinsic properties (e.g., pore size, porosity, organization of inner structures, and elastic modulus) changed correspondingly. One study reported that mixtures with different proportions of collagen and hydroxyapatite could be coated on decellularized cancellous bone to vary its stiffness with no statistically significant after-coating changes in the scaffold architecture. Notwithstanding this, the chemical composition and related cell binding sites underwent concomitant changes (Chen et al., 2015). In another study, the cryoprotectant dimethyl-sulfoxide was used to control pore size by regulating ice crystal sizes in 3D freeze-dried porous scaffolds, while the stiffness was regulated by adjusting the degree of cross-linking (Jiang et al., 2019). Although using the above methods achieved an independent control of pore size and stiffness, the decoupling of structural and mechanical properties affecting cellular activities was far from being satisfactory due to variations in chemical inhomogeneity among scaffolds.

Second, it is difficult to observe cellular responses to a single tunable physical property due to the complex and changeable spatio-temporal microenvironments, because so many kinds of cells are involved in wound healing and each cell type is regulated by a specific set of multiple factors. For example, porosity and pore size are two correlated physical properties. On the one hand, smaller pores favor cell adhesion and immigration because of their higher surface area and ligand density. On the other hand, smaller pores are easily subject to clogging when cells grow on their inside, the upshot being a decreased porosity which further reduces permeability to oxygen and nutrients. It seems that we cannot find the “best choice” for a single specific parameter due to the great complexity of cellular microenvironments.

Third, cellular behaviors distinctly differ going from individual cell level to tissue/organ level. Micropatterning technologies (Brusatin et al., 2018) have been intensively used to study individual cell's behaviors with respect to various physical properties in two dimensions (2D). By this way the first evidences and groundbreaking discoveries were mostly gained about mechanical-related cellular responses. However, from what is known about 2D cultures, it is difficult to extrapolate the cellular behaviors in complex 3D environments. Moreover, precisely tuning physical properties of 3D matrixes faces insurmountable difficulties due to the concomitant changes in the other parameters, just as we mentioned above.

Fourth, the confusion about bulk stiffness and local stiffness also causes concerns. Bulk stiffness is usually measured via tensile/compression tests and refers to the scaffolds overall macroscopic features. However, local stiffness is usually measured via atomic force microscopy and is believed to be the only biophysical signal scaffolds-attached cells can sense and respond to. A study using atomic force microscopy indicated that the local stiffness of different sites within acellular fibrotic lungs was very inhomogeneous (Melo et al., 2014). Therefore, when attached cells are migrating through a scaffold, they will experience significantly heterogeneous degrees of local stiffness from their own perspective. There are worrying trends that many studies of cellular mechano-responsiveness only focus on bulk stiffness, yet unintentionally neglect local stiffness. Concerning dermal matrixes, it is still unclear how local stiffness and bulk stiffness antagonistically regulate stem cell fates during wound healing.

Hopefully, many scientists have started taking heed of this problem. In order to mimic the dynamic microenvironments, a 4D programmable culture system with self-morphing capabilities was developed to regulate the controlled differentiation of neural stem cells (Miao et al., 2020). In addition, mathematical methods also help to solve these problems. Recently, a Bayesian linear regression mathematical model was used to predict the changes of topography-induced gene expression (Cutiongco et al., 2020). In another case, a mathematical model was used to assess the correlation between local and bulk stiffness, i.e., the bulk/local stiffness ratio. The results showed that the local stiffness detected by atomic force microscopy fell within the value ranges predicted via the mathematical model (Jiang et al., 2019).




SIZE-RELATED PROPERTIES

Nanotechnology has become known as an exciting wound treatment tool. Multiple kinds of macroscopic nanobiomaterials (e.g., electrospun nanofibers, nanosheets, nanoemulsions, carbon nanotubes-based, or graphene-based nanocomposites) and nano-sized biomaterials (e.g., NPs, ions, molecules, nucleic acids, functional peptides, proteins, oligosaccharides, or polysaccharides) have exhibited great potential capabilities of modulating vascularization, bacterial resistance, and inflammation during wound healing (Chakrabarti et al., 2019).

In this regard, size-related physical properties targeting chronic wound care are anti-infection outcomes contributed by NPs. Common NPs in use are metals (e.g., Ag, TiO2, ZnO, MgF2, CeO2), lipid-based vesicles (e.g., liposome, exosomes), and polymers. Compared with materials of regular sizes, NPs quite differ in regard to mechanical strengths, melting points, surface areas, optical, and magnetic properties (Das and Baker, 2016).


Metal NPs

The silver NPs (AgNPs) are the most widely used metal NPs in both laboratory and clinical applications. AgNPs ranging from 1 to 100 nm in size or silver nanoclusters with an ultrasmall size (<2 nm) have shown good antimicrobial properties. Solid evidence has been provided that AgNPs can prevent and/or fight microorganism infections and significantly enhance the healing of chronic wounds (Sandri et al., 2019).

Bacterial biofilms are associated with the resistance to an extensive range of antibiotics, contributing to chronic wounds formation. Recent studies have shown that AgNPs exert promising therapeutic effects against the biofilm-forming MRSA (Zhang et al., 2018). Another study also reported the inhibiting ability of AgNPs loaded with thymol and chitosan on the biofilm formation by MRSA with a 10.08 ± 0.06 mm zone of inhibition (ZOI) and a minimum inhibitory concentration of 100 μg mL−1 (Manukumar et al., 2017). The AgNPs killing efficacy on biofilms of Vibrio species, another group of clinically multi-drug resistant bacteria, was also verified (Satish et al., 2017). Moreover, clinical data further confirmed the effectiveness of AgNPs against biofilm-forming bacteria. Thomas et al. (2014) isolated from clinical samples a series of multidrug-resistant biofilm-forming coagulase-negative staphylococci, e.g. S. epidermidis strains, S. aureus, Salmonella typhi, and Salmonella paratyphi. Surprisingly, AgNPs exerted their antibacterial activity against all the tested strains. A randomized and double-blind pilot clinical trial study also revealed that Nano Silver Fluoride particles can inhibit the formation of Streptococcus mutants' biofilms (Freire et al., 2017).

The likely underlying mechanisms of AgNPs' antibacterial properties lie in structurally damaging the cell membranes and in deeply altering the intracellular metabolic activities of the bacteria (Eckhardt et al., 2013). AgNPs also inhibit the activities of bacterial respiratory enzymes (Franci et al., 2015). In addition, other evidences demonstrated that AgNPs control inflammatory processes and modulate cytokines' activities (Rigo et al., 2013), which might be additional mechanisms benefiting chronic wound healing.



Lipid NPs

Liposomes, also known as phospholipid vesicles, are the most widely used lipid NPs for wound dressings (Nasab et al., 2019). In contact with an aqueous solution liposomes can be automatically assembled into enclosed phospholipid bilayers containing a watery core surrounded by a hydrophobic membrane (Ahmed et al., 2019). Reportedly, vancomycin-loaded nanoliposomes coupled with an anti-staphylococcal protein (lysostaphin) can serve as potential antimicrobial formulations for wound infections caused by MRSA, which is resistant to several conventional antibiotics (Hajiahmadi et al., 2019).

The lipid-based NPs versatile capabilities due to their nanoscales, biocompatibility, and high permeability might change our classical views on drugs pharmacokinetics. For example, egg lecithin and soy lecithin liposomes showed superior antioxidant activity in vitro and significantly accelerated wound-healing in vivo (Nasab et al., 2019). Reportedly, farnesyl-encapsulated liposomes promoted wound healing in a rat model with third-degree burns (Wu et al., 2019). More interestingly, liposomes encapsulating propolis, a natural bee product, showed both antimicrobial and antioxidant activities (Aytekin et al., 2019), which indicated the multiplicity of potential applications of liposomes in pharmacotherapy.

Besides discovering the potential therapeutic effects of new drugs, lipid-based NPs might also enable us to amplify the applications of traditional drugs regarding chronic wound care. Insulin administered by injection is a drug used to regulate blood sugar levels in Internal Medicine. Recently, the promising therapeutic effects of insulin's external administration on chronic wounds were noted, probably because insulin regulates nutrients' metabolism further helping cellular activities during wound healing. However, insulin's external administration is a great technical challenge due to its limited transdermal absorption and its rapid degradation in the wound's bed. To solve this problem, Dawoud et al. (2019) formulated insulin-loaded chitosan NPs liposomes which successfully prolonged the release of insulin.

Moreover, the use of liposomes for intracellular drug delivery is a promising approach to reduce scarring, promote vascularization of ischemic wounds or regulate inflammation in cases of diabetic ulcers and other types of chronic wounds (Choi et al., 2017). Reportedly, glucocorticoid-loaded liposomes did induce a pro-resolution phenotype in human primary macrophages, which significantly promoted the healing of chronic wounds (Gauthier et al., 2018). Similarly, fibroblast growth factor-encapsulating liposomes advanced wound healing in rats (Xiang et al., 2011). Nunes et al. (2016) developed an usnic acid/liposomes-embedded gelatin-based membrane which is capable of transdermal absorption by skin layers and of controlled drug release. Another intracellular delivery use of liposomes aimed at upregulating growth factor co-receptors in diabetic wounds, which usually heal with difficulty to due to growth factor resistance (Das et al., 2014).

Other widely used lipid NPs are exosomes (Chen et al., 2019), solid lipid NPs, and more. Exosomes have diameter sizes ranging from 30 to 100 nm, and are usually released from cells when multivesicular bodies fuse with the plasma membrane (Zarrintaj et al., 2017). Reports indicated that exosomes derived from gene-modified microRNA-126-overexpressing synovium MSCs significantly promoted the proliferation of human dermal microvascular endothelial cells and of human dermal fibroblasts in a dose-dependent manner (Tao et al., 2017). Besides, solid lipid NPs (Eskiler et al., 2019) also exhibited superior capabilities of controlling drugs delivery for potential wound care applications. Moreover, lipid-based NPs partake in emerging applications in relation to several fields, such as cancer therapy, vaccines, dermatological treatments, ocular delivery (Li N. et al., 2019), and post-surgery pain control (Cohen et al., 2019).



Polymeric NPs

Polymeric NPs are usually used to encapsulate drugs, nucleic acids, proteins, macromolecules, and growth factors in order to extend their half-life and improve their bioavailability by physically isolating them from the wound's bed environment, in which multiple kinds of proteases are present. Moreover, the sustained release of drugs at therapeutic concentrations not only can reduce the frequency of drug deliveries but also achieves optimized pharmacokinetics profiles (Kim et al., 2018). Therefore, wound dressings with polymeric NPs have drawn increasing attention due to their intracellular delivery capabilities.

Among them, poly (lactic-co-glycolic acid) (PLGA)-based NPs are widely used for controlled drug releasing due to their versatile degradation kinetics. PLGA biodegradation can also release lactate byproducts further advancing wound healing processes. An endogenous human host defense peptide, LL37, was encapsulated into PLGA NPs to prevent infection and accelerate wound healing (Chereddy et al., 2014). Karimi Dehkordi et al. (2019) formulated a nanocrystalline cellulose-hyaluronic acid composite embedded with granulocyte-macrophage-colony-stimulating-factor-loaded chitosan NPs to promote wound healing. In the last composite, nanocrystalline cellulose acts as a strengthening agent boosting the mechanical properties of hyaluronic acid.

As biological macromolecular compounds, polymeric NPs exhibit bioactivities that are easily affected by several physical properties, such as sizes, components, surface charges, shapes, etc. Hasan et al. (2019) developed positively- and negatively-charged, respectively, PLGA NPs containing the antibiotic Clindamycin. Although both kinds of nanoparticles did no detectable harm to healthy fibroblasts, the positively charged NPs elicited significantly better therapeutic outcomes of wound healing in a MRSA-infected mouse model. The different effectiveness in antibacterial activity exhibited by the positively charged vs. the negatively charged polymeric NPs was probably due to their dissimilar capability of adhering to bacteria. To systematically compare the effects of NPs surface charges and shapes on wound healing, Mahmoud et al. (2019) synthesized a series of polymeric hydrogels loaded with gold NPs of differing shapes (rods and spheres) and introduced various surface modifications (neutral, cationic, and anionic charged polymers). Both the inherent parameters (e.g., colloidal stability and release behavior) and therapeutic outcomes (e.g., wound healing, skin re-epithelialization, collagen deposition, inflammation level, and antibacterial activity) were assessed in an animal wound model. Their results showed that hydrogels of gold nanorods constitute a promising nano-platform for wound healing.

Like lipid-based NPs, polymeric NPs might also affect drugs' pharmacokinetics in wound environments, thus enabling us to explore potential off-label uses of current drugs. Jia et al. (2018) developed nanofibrous PLGA incorporating andrographolide-loaded mesoporous silica NPs. Their results showed that the sustained releasing of andrographolide, which is extracted from a Chinese herb, surprisingly reduced inflammation intensity while promoting epidermal cells adhesion. Another kind of Chinese herb, Aloe vera, was reported to enhance wound healing when encapsulated inside PLGA NPs to be used in wound dressings (Garcia-Orue et al., 2019). A further recent example comes from the interesting works of Farghaly Aly et al. (2019) who showed that hydrogels containing polymeric NPs loaded with Simvastatin, a cardiovascular drug commonly used to treat serum hyperlipidemia, can benefit wound healing processes. Once encapsulated in chitosan NPs, Phenytoin, an antiepileptic drug, also exhibits a potential capability to accelerate wound healing, a suggestion inspired by recently reported clinical cases of gingival hyperplasia after Phenytoin's oral administration (Cardoso et al., 2019).



Biosafety Concerns of NPs

The biosafety and cytotoxicity of AgNPs have already aroused many concerns. AgNPs seem to be cytotoxic for many species including human beings (Shavandi et al., 2011; Pratsinis et al., 2013). Newly published research showed the toxicity of AgNPs on marine microalgae (Hazeem et al., 2019) and the yeast Saccharomyces cerevisiae BY4741 (Kasemets et al., 2019). As regards human beings, prolonged exposures to AgNPs can cause argyria (Richter et al., 2015), whose symptoms include blue gray skin color changes and multiple alterations of bodily functions such as gastrointestinal disorders, spasms, and even death (Rice, 2009). Importantly, AgNPs have produced genotoxicity in the testicles of Sprague Dawley rats (Elsharkawy et al., 2019) and in the embryos of Zebrafish (Chakraborty et al., 2016). As regards human beings, AgNPs have showed genotoxicity in human liver HepG2 and colon Caco2 cells (Sahu et al., 2016). These results revealed a possible reproductive genotoxicity of AgNPs on human offspring especially when AgNPs are used at high doses and for lengthy periods in patients with large area burns or chronic wounds. Moreover, AgNPs can possibly induce neurotoxicity by crossing the brain blood barrier and penetrating the central nervous system of human beings (Khan et al., 2019).

To test the toxicity when AgNPs are applied on wounds, Pang et al. (2020) applied AgNPs onto the wounds of Zebrafish after the amputation of fins. AgNPs were found to impair epithelialization and blastema formation especially during the first few days, showing that the cytotoxicity of AgNPs is time-dependent and is more obvious at the initial stages of wound healing. Konop et al. (2019) used micellar electro kinetic chromatography to detect the releasing profile of AgNPs from wound dressings. AgNPs at concentration higher than 10 ppm exerted significant (p < 0.05) toxicity on the fibroblasts isolated from diabetic mice vs. a murine fibroblasts cell line and a human fibroblasts cell line. Our team also found that an exposure to high concentrations of AgNPs significantly inhibited the proliferation of mice fibroblasts (Liu et al., 2018b). Specially, we noticed that the antibacterial efficiency stopped growing and entered a plateau stage as the AgNPs doses increased, which indicated that an optimized dose range does exist for AgNPs (Liu et al., 2017).

Also, attentions have already been paid to the biosafety and toxicity of other metal NPs, such as TiO2, ZnO, magnesium fluoride (MgF2), cerium oxide (CeO2), copper, iron oxide, gold, etc. Wang et al. (2018) compared the toxicity of Ag, TiO2, and ZnO NPs to human smooth-muscle cells. Their results showed that all the three kinds of metal NPs could induce inflammatory responses. More importantly, ZnO NPs significantly increased intracellular ROS showing a stronger cellular cytotoxicity than that of Ag and TiO2 NPs. In another case, Filipova et al. (2018) reported a “three-in-one” screening assay to test the toxicity of three kinds of NPs for human umbilical vein endothelial cells. The three NPs are silica NPs (7–14 nm), superparamagnetic iron oxide NPs (8 nm), and carboxylated multiwall carbon nanotubes (60 nm), all of which were tested at the same concentration of 100 μg/ml. Surprisingly, all the NPs types tested exhibited a gradual toxic effect which decreased cell viability.



Solutions to Reduce Cytotoxicity of AgNPs in Wound Care

Reportedly, a general mechanism for AgNPs-mediated intracellular toxicity is that AgNPs can enter human cells either by endosomal uptake or by diffusion (Frohlich and Frohlich, 2016). The cytotoxicity of AgNPs is a size-, dose-, and time-dependent, which means that it is closely related to nanoparticle size, shape, surface charge, oxidation state, agglomeration condition, administration route, and dosage (Liao et al., 2019). Correspondingly, potential solutions to reducing cytotoxicity of AgNPs are focused on the tunable size-, dose-, or time-dependent features of AgNPs.

First, increasing the size of AgNPs can reduce their cytotoxicity, but the antibacterial efficacy is concurrently reduced. Reportedly, AgNPs with sizes below 10 nm exhibited both a higher antibacterial efficiency and cytotoxicity (Gahlawat et al., 2016). Zille et al. (2015) tested the antibacterial efficacy of AgNPs with 10, 20, 40, 60, and 100 nm particle sizes. The antibacterial inhibition values against S. aureus were 19% for the 100 nm-AgNPs and 95% for the 10 nm-AgNPs, showing that antibacterial effectiveness increases with decreasing nanoparticle size. On the other hand, AgNPs of sizes below 10 nm showed to be more cytotoxic than those of other sizes (Recordati et al., 2016). AgNPs of sizes below 3 nm can be deposited within multiple organs of male mice, such as liver, spleen, kidney, heart, lungs, testicles, stomach, and intestine (Yang et al., 2017). Therefore, a balance needs to be achieved between antimicrobial efficiency and biosafety due to the size-dependent cytotoxicity of AgNPs.

Second, combining AgNPs with other antibacterial strategies can reduce the administered doses to lessen the dose-dependent cytotoxicity. For example, antimicrobial peptides (AMPs), which are integral compounds secreted by natural organisms and act as natural immune defenses (Kokel and Torok, 2018), can possibly reinforce AgNPs in terms of killing antibiotic-resistant bacteria. In a recent study, AMPs were included at the peripheral hydrophilic region of polymersomes, while AgNPs were included inside the hydrophobic corona. In vitro tests indicated that the AMP/AgNPs polymersomes exhibited a satisfactory bacteriostatic activity as well as a low cytotoxicity toward human dermal fibroblasts (Bassous and Webster, 2019). In other cases, AgNPs-coated zwitterionic hydrogels, which confer superhydrophilic properties to resist bacterial attachment, were reported to promote wound healing (GhavamiNejad et al., 2016). Our team recently used N,N-dimethylformamide-treated poly(vinylidene fluoride), in which the Ag+ ions were reduced to elemental silver. The impregnated AgNPs were then generated in situ and the surface hydrophobicity was significantly increased. Then, we tried different concentrations of ingredient materials and eventually reduced the cytotoxicity and achieved optimized anti-bacterial capacities against A. baumannii and E. coli (Menglong Liu et al., 2018).

Third, novel drug delivery system can release AgNPs in a spatio-temporally controlled or stimuli-responsive profile to reduce dosing frequency and amounts. As regards chronic wounds, the stimuli which trigger the release of AgNPs can be pH levels, lactic acid, glucose, proteases, and matrix metalloproteinases, etc. Among all the peculiar stimuli, pH changes play a vital role by revealing pathophysiological alterations occurring during the transformation of acute wounds into chronic wounds due to infection, ischemia, or inflammation. Recently, our team reported the pH-responsive releasing of AgNPs reinforced via a chemo-photothermal therapy targeting chronic wounds with bacterial infections. The infectious wound environment (pH ~ 6.3) can trigger the release of AgNPs, which contributes to lower their cytotoxicity (Liu et al., 2018a).




OVERVIEW

Obviously, stem cell fates are spatio-temporally modulated by concurrent signals from both physical and chemical stimuli. Surface micropatterning methods, especially the nanotechnology, 3D bio-printing, and laser photolithography enable us to precisely tailor the surface topology and biomechanical features to study the behaviors of individual cells. These discoveries highlighted that in some cases physical properties can be the predominating and independent factors that direct stem cell fates (Kilian et al., 2010).

Earlier strategies for the regeneration of cutaneous appendages (i.e., sweat glands and hair follicles) were focused on chemical approaches, which entailed insurmountable difficulties. The physical property-based regulation of stem cells has been tracking down potential solutions. For example, 3D bio-printed dermal matrixes served as “artificial niches” to direct epidermal progenitors (Liu et al., 2016) and MSCs (Yao et al., 2020) into sweat gland differentiation.

Traditional fabrication techniques do not tailor spatial structures or control modeling for the regenerations of human cutaneous appendages. Recently, a microfluidic device, which can manipulate fluids at the submillimeter scale (Sackmann et al., 2014), was ingeniously designed to recapitulate the development of human epiblast and amniotic ectoderm using human pluripotent stem cells (Zheng et al., 2019). This study showed that the guides of biomimetic spatial structures and physical cues play key roles during the regeneration of organoids with complex microstructures and microfluidics technology holds potential for the regenerations of human cutaneous appendages.
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Variety

Hydrogel

Hydrocolloid

Aginate

Foam

Film

Description

Three-dimensional network of
hydrophilic polymers

Hydrogel mixed with synthetic rubber
and sticky materials

Consists of polysaccharides derived
from brown seaweed

Consists of polyurethane or is
siicone-based

Consists of adhesive, porous, and
thin transparent polyurethane

Characteristics

Moisturizing, removal of necrotic
tissue, and monitoring of the wound
without removing the dressing
Excellent exudate absorption
properties

Excellent exudate absorption
properties, hemostasis
Semipermeabilty, thermal insulation,
antimicrobial activity

Autolytic debridement properties,
impermeable to liquids and bacteria

Suitable conditions

Pressure ulcers, surgical wounds,
burns, radiation dermatitis

Severe exudative wound
Infected and non-infected wounds
with alarge amount of exudate

Infected wounds

Epithelializing wounds and superficial
wounds with limited exudate
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Variety

Diabetic foot ulcer

Pressure injury

Burn and scald

Chronic venous leg uicer

Radiation dermatitis

Split-thickness skin grafting

Description

Caused by neuropathy and lower
extremity vascular disease

Caused by stress and tissue tolerance

Tissue damage caused by heat

Caused by high pressure of the blood
in the leg veins

Local skin lesions caused by radiation

None

Characteristics

Lack of supply of oxygen and blood
in the wound bed; long-term
stagnation in the inflammatory phase

Alocal injury to the skin or
subcutaneous soft tissue occurring at
the site of the bone prominence or the
compression of the medical device
Alarge amount of exudate; prone to
infection; severe cases can injure
subcutaneous and submucosal
tissues

Lack of blood supply to the wound; a
large amount of necrotic tissue and
abnormal exudate on the surface of
the ulcer, accompanied by multiple
bacterial infections

Slow cell proliferation; decreased
cytokine activity; decreased collagen
content

Hypertrophic scars;
hypopigmentation; hyperpigmentation

Appropriate dressing

Silver ion foam dressing, hydrofiber dressing,
UrgoStart Contact dressing, Mepilex® Lite
Dressing, hyaluronic acid, Biatain®
Non-adhesive Dressing

Foam dressing, hydrocolloids dressing,
multi-layered soft siicone foam dressings,
polyurethane fim, Mepilex® Ag dressing,
polyurethane foam dressing

Moist ocolusive dressing (AQUACEL® Ag),
ACTICOAT™ with nano siver

Aginate dressing, AQUACEL® Ag dressing,
Urgotul® Silver dressing, ALLEVYN®
Hydrocellular foam dressings, Mepilex® foam
dressing

Film dressing (Ainwall, silver-containing
hydrofiber, film dressing (3M™ Cavilon® No
Sting Barrier Film), Mepilex® Lite dressing
Polyurethane foam (ALLEVYNT), calcium
alginate (Kaltostat®), AQUACEL® Ag
(Convatec), Alginate Silver (Coloplast)
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Patient Sex

Male
Female
Female
Male
Male
Female
Male

0 N o o~ WN =

Female

©

Male
10 Female
11 Female
12 Male

Age (years)

26
18

Cause of injury

Hot water
Hot water
Flame

Hot water
Hot water
Hot water
Hot water
Hot water
Flame

Hot water
Hot water
Flame

Location

Left hand
Left foot
Right foot
Right hand
Left elbow joint
Right foot
Left hand
Right foot
Left foot
Left hand
Left foot
Right foot

Injury time (years)

Take rate (%)*

98
97
99
98
97
98
97
97
98
99
97
99

Complication

None
Hematoma
None
Hematoma
None
Infection
None
Necrosis
None
None
None
None

*The take rates of skin autografts were recorded on postoperative day 12.
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Electrospun devices

Polymers

Polymers + therapeutic
agents

Polymers + cells

Electrospun
polymers

Recombinant Human
Collagen, Chitosan and
PEO

Collagen Type | and
PCL

Silk fibroin/gelatin

Silk fioroin/PEO

Collagen (Col,
mimicking protein),
PCL

PELA and PEG

Poly(s-caprolactone)
(PCLY/gelatin

Recombinant Human
Tropoelastin

Collagen and PCL

PLGA and Collagen

Incorporated
therapeutics

Bioactive glass
nanoparticles

PbFGF and PEI

TGF-p1 inhibitor
(58-525334)

Adipose derived
stem cells (ADSC)

Keratinocytes and
Fibroblasts

Bone
marrow-derived
MSCs (BM-MSCs)

Therapeutic outcomes

This dressing resulted in elevated levels of collagen
Illin vivo 14 days post-surgery in normal male SD
rats compared to control groups, which is indicative
of less scar tissue formation.

Significantly reduced the area of scar tissue
formation in back skin wounds of Sprague-Dawley
rat compared to controls as determined via H3E
staining.

This dressing inhibited scar tissue formation in vivo
via stimulating wound closure (o < 0.05), enhancing
angiogenesis, and successfully refining collagen
organization.

This dressing stimulated rapid collagen production
with a similar architecture to normal skin.

This dressing delivered bioglass nanoparticies
resulting in enhanced endothelial cell attachment
and prolfferation in vitro. This translated to well
organized collagen deposition and skin appendages
in vivo compared to controls without nanoparticles
in specific pathogen-free male Sprague-Dawiey rats.

This dressing after 4 weeks resulted in fully
differentiated epidemic cels, closely arranged basal
cells and elevated occurrences of hair and sebum,
consistent with the epithelial structure of norml
skin.

This dressing released PGT to effectively inhibit
fibroblast proiiferation in vitro and this transiated to
the successful prevention of hypertrophic scar
formation in vivo in a full-thickness wound model on
the ear of female New Zealand white rabbits.

This dressing significantly improved wound closure
and enhanced epithelial thickness in vivo in a murine
excisional wound model compared to controls. Itis
hypothesized that the device could persist within
the skin after healing and improve the overall tensile
strength of the resulting scar tissue.

This layered dressing becoming unrecognizable
after Day 21 post-implantation, indicative of high
gratting efficiency.

This dressing resulted in faster wound closure times
invivo in full-thickness wound models in rats, with
wounds closing 8 days earlier than controls.
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Variable Frequency  Percentage (%)

Cause of bum

Thermal burns. 113 93.4
Chemical bums 6 50
Others (radiation bums) 2 1.7

Combined with burns on other body parts
Trunk 7 587
Limb 67 55.4
Lower limb 31 2.6
No combined burns 3 25

Scar formation time
Within 6 months. 9% 793
More than 6 months 25 207

Facial scar formation site
Frontal compartment 11 9.1
Face 26 215
Submandibular area 87 71.9
Eyelid 18 149
Mouth 10 83
Nasal area 1 08

Scar area of facial burns
2~4.0m? 64 529
5~15 cm? 46 380
>15cm2 11 9.1

Number of days of first hospitalization
>9 days 36 29.8
More than 9 days 61 50.4
>30 days 24 19.8

Observation of facial scar by patients
Regular observation 42 34.7
Sometimes observation 36 20.8
Occasional observation 43 35.5

Does the patient think the bum scar will affect his or her facial function
Basically no 72 59.5
Little influence 40 331

Great influence 9 7.4
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Scaffolds PLA (9) Tio2 (9) Chloroform (mL) DMF (mL)

PLA 0.09 - 06 0.4
PLA—-A 0.09 0.01 06 0.4
PLA-B 0.09 0.05 0.6 0.4
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Total score
Body image
Work

Heat sensitivity
Treatment
regimens
Simple abilties

Interpersonal
relationships

Hand function
Aftect
Sexuality

Xts

137 06 + 17.05
12.31 £2.52
12,60 + 3.27
1601 = 357
16.31 +2.90

10.61£2.77
14.20 + 1.97

1800 + 4.42
25.49 + 4.32
11.44 + 1.50

Average score of the single entry

3.43
308
3.15
32
3.26

354
3.67

3.6
3.64
381
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VCAN

BGN

COL1A1

IL-10

Gene
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Versicam

Biglycan

Type |
Collagen
alpha 1
Interleukin
6
Interleukin
10

Primer sequences

5/-CAAACCCTGCCTCAACGGAGG-3
§'-CCTTCAGCAGCATCCCATGTGCGT-3
5'-GATGGCCTGAAGCTCAA-3'

5'- GGTTGTTGAAGAGGCTG-3"
5'-CCCTGGAAAGAATGGAGATGAT-3
&'-ACTGAAACCTCTGTGTCCCTTCA-3

5'-AGCCAGAGCTGTGCAGATGA-3"
5'-GCAGGCTGGCATTTGTGGTT-3"
5'-AGCCAGCAGCTCTCAAGTC-3
5'-GTGTTCAGTGTGGTCCTGGAT-3'

Ref. Fast
Pubmed

NM_001101

NM_199173

NM_000088.3

NM_031168.2

NM_010548.2
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Variable name

Gender
Male
Female
Age (years)
18-30
31-44
45-59
60-83
Education level
Primary school
Junior high school
High school
College, undergraduate or above
Pre-burn occupation
Workers
Farmers

Individuals, businessmen, enterprises,
government

Housewives
Unemployed
Students

Current occupation
Workers
Farmers

Individual, business, enterprise,
government, service

Housewives
Unemployed
Students
Other
Marital status
Unmarried
Married
Divorced/separated
Residence
Gity
Countryside
Per capita monthly income (yuan)
<2,000
2,000-4,000
>4,000

Payment method of medical expenses

At their own expense
Medical insurance

Frequency

77
44

28

32

15
43
58

40
23
40

28
22
32

12
21

15
104

100
21

7

38

81
40

Percentage (%)

63.6
36.4

231
355
26.4
149

124
3556
479
41

33.1
19.0
33.1

9.1
8 74
4.1

23.1
18.2
264

9.9
17.4
41

08

12.4
86.0
17

82.6
17.4

5.0
63.6
31.4

66.9
33.1
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Variable quantity

Transformation

Enlargement

Containment

Subordination

Total score of disabity acceptance

27

Low acceptance

Percentage (%)

7.4
33
58
223
33

87
94
114
91
1m

Moderate acceptance

Percentage (%)

79
T
942
752
91.7

25
23

High acceptance

Percentage (%)

20.7
19
0

25

5.0
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BSHS-B dimensions Transformation Enlargement Containment Subordination Total score

Total score of quality of life 0.203* 0.277* 0.236* —0.264"* 0.2456™
Simple abilities 0.062 0.132 0.069 280 0.073
Hand function 0.137 0.248™ 0.078 -0.331" 0.130
Affect 0.301* 0.347* 0.367* —0.287** 0.345™
Interpersonal relationships 0.160 0.165 0.184" —-0.209" 0.165
Sexuality 0.276* 0.402** 0.250* -0.431* 0.279"
Body image -0.053 0.008 0.051 0.022 0017
Heat sensitivity 0.138 0.105 0.185* —0.046 0.170
Treatment regimens. 0.155 0177 0.198" -0.053 0.190"

Work 0.075 0.301 0.083 0.079 0619
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Parameter Physical 3D printed p-value

hypertrophic scar model
Length (cm) 7164 217 710+ 2.16 0.001*
Width (cm) 4.68 +1.40 457 +£1.32 0.002*
Height (cm) 114 £0.37 1.10+£0.36 0.000*
Volume (ml) 38.22 +19.94 38.08 + 19.94 0.001*

The maximum length, width, and height of the hypertrophic scar were measured
with rulers and reconstruction software. The volume of the hypertrophic scar was
measured using the water displacement method with a 5 L container. n = 12.
*o < 0.05; paired t-test.
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Scaffolds

PLA—-A
PLA-B

Fracture strain (%) Elastic Tensile strength (MPa)
modulus (MPa)

18.59 0.80 2.20
+250% +23% +308%
+65% —85% —78%





OPS/images/fbioe-08-00115/cross.jpg
3,

i





OPS/images/fbioe-08-00115/fbioe-08-00115-g001.jpg





OPS/images/fbioe-08-00115/fbioe-08-00115-g002.jpg





OPS/images/fbioe-07-00421/fbioe-07-00421-t003.jpg
Sample

PLA

PLA—A (1st peak)

PLA—A (2nd peak)
PLA—B (st peak)

PLA—B (2nd peak)

Tonser (°C)

132.8
146.6
308.1
148.6
3308

Treax (°C)

1649
157.4
350.5
157.6
356.8

Tengset (°C)

170.1
163.3
364.4
162.9
368.8

AH T, (C)
Wg™

57.7 65.3
448 61.8
638.8
356 65.8
5402

DTG Tyax (°C)

3266+26
354856

354922

R, 900°C (%)

[
5006

282£04

Ry

900°C (mg/mg)

7.2/0
8.95/0.45

8.15/2.30
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Criteria

Type of study

Participants

Interventions
Control

Outcomes

Inclusion

RCTs, quasi-RCTs, CCTs

Patients with skin wounds provoked by various causes (e.g., burns,
surgery, body surface lcers, etc.).

Various types of hydrogel dressings [polymeric hydrophiic

compounds such as guar gum and Lengningkang? (Wound Caring)).

Any other dressing, treatment, placebo, or blank control.

Effective indicators including wound healing time, wound healing
rate, pain score, pain level, etc. Safety indicators referring to the
incidence rate of adverse reactions including skin allergy, skin
dryness, tight skin, pruritus, and fever.

The commercial name of a hydrogel dressing.

Exclusion

Review, case study, mechanism study, research and development,
preparation and storage of materials, animal experiment, marketing
strategy, editorials, news, and registered cinical trials with
unfinished/unreported results.

Patients with deep bums (degrees lll and IV), treatment for bone wounds,
pre-operation preparation, patients using biological tissue synthesis
substitutes, and patients with autologous skin cultured transplants.
The hydrogel is used as a non-wound dressing such as an in vivo drug
release carrier, contact lens, tissue filing material, medical sensor, etc.
Comparison of functions before and after using hycrogel dressings or
comparison between different hydrogels.

Long-term follow-up results such as quality of life.
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Study design

CCT

RCT

RCT

ccT

RCT

cCcT

cCcT

RCT

RCT

RCT

RCT

cCcT

RCT

RCT

RCT

cCcT

RCT

RCT

ccT

ccT

RCT

RCT

RCT

RCT

ccT

RCT

RCT

RCT

ccT

RCT

RCT

RCT

ccT

RCT

RCT

ccT

RCT

RCT

RCT

RCT

Country

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

USA

USA

Belgium

China

China

China

China

China

China

China

China

China

China

China

China

China

China

China

Participants
Degree-ll deep bumn wounds
degree-ll superficial and deep

burn wounds

Degree-ll superficial and deep
burn wounds

Degree-ll superficial and deep
burn wounds

Degree-ll burn wounds

Degree-lI superficial and deep
burn wounds

Degree-ll superficial and deep
bur wounds

Degree-ll superficial burn wounds
Degree-ll superficial burn wounds
Degree-ll superficial and deep
burn wounds

Degree-ll deep bum wounds
Degree-ll superficial and deep
burn wounds

Degree-ll deep bum wounds
Degres-ll superficial and deep
burn wounds

Degree-ll superficial and deep
burm wounds

Non-gangrenous diabetic foot
ulcers
Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Diabetic foot ulcers

Pressure ulcers

Pressure ulcers

Radioactive skin injuries

Radioactive skin injuries

Phiebitis patients

Phiebits patients

Traumatic skin injuries

Traumatic skin injuries

Traumatic skin injuries

Traumatic skin injuries

Surgical wounds

Surgical wounds

Canine bites

Body surface ulcers

Laser treatments.

Sample size

60 patients.
Chitosan hydrogel = 30
SSD =30

90 patients

560 patients

Hydrogel with silver = 280

SSD = 280

72 patients

Hydrogel = 42

lodine solution = 30

76 patients

Hydrogel = 33

Entoiodine and petrolatum gauze
=38

120 patients

Hydrogel and Lithosin solution =
60

Lithosin solution = 60

92 patients
Hydrogel = 48

SSD =44

60 patients.

Hydrogel with silver = 30
SSD =30

66 patients

Hydrogel with silver = 33
SSD =33

80 patients

Hydrogel = 40

Lithosin oil = 40

68 patients

Hydrogel = 34
Petrolatum gauze = 34
120 patients

Hydrogel = 60

SD-Zn = 60

60 patients

Hydrogel with silver = 30
MEBO = 30

104 patients
Hydrogel with silver = 52

SSD and petrolatum gauze = 52
44 patients

Hydrogel = 22

SSD and Petrolatum gauze = 22
86 patients

Aginate hydrogel with siver = 43
Polyvidone fodine = 43

30 patients

Hydrogel = 15

Gentamicin dressing = 15

43 patients.

Hydrogel with silver = 23
Petrolatum gauze = 20

78 patients
Hydrogel = 39

Glauber and Lidocaine
hydrochloride = 39

40 patients

Hydrogel = 20

lodophor oil and gauze = 20
65 patients

Hydrogel with silver = 34
Petrolatum gauze = 31

43 patients.

Hydrogel with silver = 23
Petrolatum gauze = 20

44 patients.

Hydrogel with siiver = 22
Siver dressing = 22

126 patients.

Hydrogel with silver = 63
Siver dressing = 63

66 patients

Hydrogel with siiver = 33
Saline and petrolatum gauze = 33
138 patients

Hydrogel = 70
Non-hydrogel = 68

31 patients.

Hydrogel = 14
Non-hydrogel = 17

31 patients

Hydrogel = 14
Non-hydrogel = 17

45 patients

Hydrogel = 23

lodine and gauze = 22

40 patients

Hydrogel = 20

Betadine ointment = 20

108 patients

Hydrogel = 54

Gauze = 54

76 patients

Hydrogel = 32

Gauze = 44

73 patients

Hydrogel = 38

Magnesium sulfate solution = 35
60 patients

Hydrogel = 30

Saline gauze = 30

42 patients.

Hydrogel = 21

Multi-source therapy device = 21
66 patients

Hydrogel with siver = 35
Multi-source therapy device = 31
44 patients

Hydrogel = 22

Myogenic silicone = 22

44 patients
Hydrogel = 22

Myogenic cream and gauze = 22
62 patients

Hydrogel with silver = 31

Gauze = 31

100 patients.
Hydrogel with silver = 42
Gauze = 58

40 patients
Hydrogel with silver
Saline and gauze =
72 patients
Hydrogel with silver = 36
lodine, hydrogen peroxide, and
petrolatum gauze = 36

200 patients

Hydrogel = 100

Non-hydrogel = 100

20
0

Quality level

B
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Wall thickness (mm)  Unit weight (mg cm™") Weight (%) Circumferential tensile tests Burst pressure (mmHg)

ESlayers TEXlayer BreakingLoad (N)  Strain at break (mm/mm)

0.59 + 0.03 119+05 61£2 39+2 295+10 1.60 £0.05 2,308 488
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Celitype  Polystyrene (PS) plate  SilkGraft (SF)  Ratio SF/PS

HAAFs 363 + 31 692 + 63" 1.9+£0.1*
HASMCs 366 £ 28 1222 + 108" 33+£02"
HCAECs 264 423 232 + 19™ 091 £0.1"

Data are normalized to the apparent surfece area available for growth. Levels of statistical
significance of the differences between the values on SikGraft and on polystyrene:
*P < 0.001; ns, P > 0.05.
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Polystyrene
HAAFs

Glucose uptake 1,642 0,008
Glutamine uptake 0316+ 0013
Lactate release 14.664 £ 0.783

Procollagen C-Telopeptide 1500  0.078
HCAECs

Glucose uptake 0.368 + 0.026
Glutamine uptake 0.919 +0.083
HASMCs

Glucose uptake 0.336 % 0.080
Glutamine uptake 0.794 + 0.042
Lactate release 4016+ 0311

SilkGraft

2.122 +0.150
0.251 £0.012
13.947 £ 0.545
0.993 4 0.072

0.572 4 0.039
2.504 £0.198

0.385 & 0.032
0.807 + 0.041
4.652 4 0.328

A%

+29.2
-20.6

-4.9
-338

+55.4
+172.4

+146
+16
+158

0.021
0.003
0.465
<0.001

<0.001
<0.001

0276
0.827
0.181

*The parameters are the areas under the respective cumulative curves shown in

Figures 3, 4.
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