

  polymers-13-03116




polymers-13-03116







Polymers 2021, 13(18), 3116; doi:10.3390/polym13183116




Article



The Efficacy of Silver-Based Electrospun Antimicrobial Dressing in Accelerating the Regeneration of Partial Thickness Burn Wounds Using a Porcine Model



Thien Bui-Thuan Do 1,2,†, Tien Ngoc-Thuy Nguyen 1,2,†, Minh Hieu Ho 1,2, Nghi Thi-Phuong Nguyen 1,2[image: Orcid], Thai Minh Do 1,2, Dai Tan Vo 3, Ha Thi-Ngoc Hua 4, Thang Bach Phan 2,5, Phong A. Tran 6,7[image: Orcid], Hoai Thi-Thu Nguyen 2,8, Toi Van Vo 1,2[image: Orcid] and Thi-Hiep Nguyen 1,2,*





1



Department of Tissue Engineering and Regenerative Medicine, School of Biomedical Engineering, International University, Ho Chi Minh City 700000, Vietnam






2



Vietnam National University, Ho Chi Minh City 700000, Vietnam






3



Veterinary Hospital, Faculty of Animal Sciences and Veterinary Medicine, Nong Lam University, Ho Chi Minh City 70000, Vietnam






4



Department of Anatomic Pathology, University of Medicine and Pharmacy, Ho Chi Minh City 700000, Vietnam






5



Center for Innovative Materials and Architectures (INOMAR), Vietnam National University, Ho Chi Minh City 700000, Vietnam






6



Centre for Biomedical Technologies, Queensland University of Technology (QUT), 60 Musk Avenue, Kelvin Grove, Brisbane, QLD 4059, Australia






7



Interface Science and Materials Engineering Group, School of Mechanical, Medical and Process Engineering, QUT, 60 Musk Avenue, Kelvin Grove, Brisbane, QLD 4059, Australia






8



School of Biotechnology, International University, Ho Chi Minh City 700000, Vietnam









*



Correspondence: nthiep@hcmiu.edu.vn






†



Contribution of authors is similar.









Academic Editors: Huacheng Zhang, Kim Truc Nguyen, Jie Han and Isurika R. Fernando



Received: 18 August 2021 / Accepted: 10 September 2021 / Published: 15 September 2021



Abstract

:

(1) Background: Wounds with damages to the subcutaneous are difficult to regenerate because of the tissue damages and complications such as bacterial infection. (2) Methods: In this study, we created burn wounds on pigs and investigated the efficacy of three biomaterials: polycaprolactone-gelatin-silver membrane (PCLGelAg) and two commercial burn dressings, Aquacel® Ag and UrgoTulTM silver sulfadiazine. In vitro long-term antibacterial property and in vivo wound healing performance were investigated. Agar diffusion assays were employed to evaluate bacterial inhibition at different time intervals. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and time-kill assays were used to compare antibacterial strength among samples. Second-degree burn wounds in the pig model were designed to evaluate the efficiency of all dressings in supporting the wound healing process. (3) Results: The results showed that PCLGelAg membrane was the most effective in killing both Gram-positive and Gram-negative bacteria bacteria with the lowest MBC value. All three dressings (PCLGelAg, Aquacel, and UrgoTul) exhibited bactericidal effect during the first 24 h, supported wound healing as well as prevented infection and inflammation. (4) Conclusions: The results suggest that the PCLGelAg membrane is a practical solution for the treatment of severe burn injury and other infection-related skin complications.
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1. Introduction


Burn injuries are mostly caused by unintentional accidents globally and commonly happen in developing countries where primary care is practically insufficient [1]. Burn trauma represents the type of injury that can be caused by heat, freezing, electricity, chemicals, and radiation. Among all types of burn causes, thermal burn, which results from direct contact with an intense heat source, is the most common [2,3]. When tissues are exposed to excessively high temperatures, protein denaturing and cellular destruction are induced, resulting in local or systemic effects [4,5,6,7]. Patients with serious thermal burn injury are usually associated with a high rate of morbidity or even mortality if they do not receive appropriate treatment in time [6,7]. Burn injuries are classified based on the depth and level of the damaged skin layer. When burning occurs at the first layer of skin, the epidermal layer, it generally takes about 3 to 7 days to completely heal without inflammation and infection. However, when the damage reaches the dermal layer, including superficial partial- and deep partial-thickness (second-degree burn), it takes at least 3 weeks to heal, with a high risk of infection and scar formation. In third-degree burns, which involve damage to the subcutaneous fat or deeper of full skin thickness, skin cannot regenerate by itself and hence skin graft is required [4,7,8,9].



From the second degree, a burn wound is considered severe and needs specialized care to prevent future complications [9,10]. One of the most challenging problems of burn wound care is infection which happens when the body’s natural defense against external pathogens nearly loses its function [2,3,6,11]. During the wound healing process, exudate production is needed to keep the wound moisturized and transport factors that promote wound healing. However, excessive body fluid secreted on the burnt surface is a favorable environment for bacteria to colonize and proliferate. Therefore, managing wound exudate is the top priority in preventing wound infection [3,6,11], and dressings with moderate or high absorptive capacity of body fluid are commonly employed to keep the wound bed dry and free from bacteria. This practice usually requires frequent changing of dressings depending on the amount of excreted body fluid. However, even in the most aseptic environment, deficient covering of dressing on a deep irregularly-shaped burn wound bed and frequent dressing changes may still induce risks of infection to the vulnerable damaged area. Therefore, the use of antimicrobial agents is extensively combined in dressings as an aid to prevent infection effectively in burn wound treatment. These agents could be antibiotics (tetracycline, gentamicin and methicillin), natural products (honey, essential oil, chitosan), or antiseptic agents [12,13,14].



One of the most prominent antimicrobial agents often incorporated in wound dressings is silver. Although its usefulness for wound treatment has been known since 69 B.C., silver ions have gained recent popularity in infection treatment due to their favorable broad-spectrum coverage, especially in antibiotic-resistant organisms [15]. A number of silver compounds were developed to capitalize on its wound healing benefits. Particularly, in 1967, silver sulfadiazine (SSD), a complex silver salt substance, was first applied as a topical antibiotic to prevent infection in second- and third-degree burns [16]. Later, tentative evidence has found other antibiotics to be more effective; therefore, SSD is no longer generally recommended. Still, for more than 40 years, SSD has remained the gold standard for burn treatment [17]. Some commercial dressing products today still contain SSD such as UrgoTul, NeuSkin-FS and Silvadene. Since the 1990s, when antibiotic resistance becoming more and more threatening to global health, the bactericidal application of silver has been reused and strongly exploited [18]. Currently, there are many commercial products containing silver that are widely used in clinical practice for treating burn injuries. These products vary in form, size, and shape of silver to the derivatives that are incorporated in dressings which contain nanocrystalline silver with sustained release of silver ions into the wound (e.g., Acticoat®, Contreet ® Foam), advanced hydrofiber dressings embedded silver ion (e.g., Aquacel Ag®) or dressings with silver bound to activated charcoal (e.g., Actisorb Silver®). The various silver-containing dressings act by absorbing exudates and releasing silver into the wound bed. Among several forms of silver, silver nanoparticles (AgNPs) have currently gained significant interest as they possess outstanding effectiveness and improved safety compared to other types. In reports from recent years, important conclusions were made that nanocrystalline silver is most useful in infected wounds while SSD may induce slower epithelialization, more infections and more pain in burns [19,20]. In another study, A. Galandakova et al. found that the released Ag+ ions are more toxic than AgNPs on human fibroblasts and epidermal keratinocytes in vitro [21]. Besides, AgNPs are effective at killing and preventing the growth of bacteria of both positive and negative Grams, such as E. coli (diarrhea), S. aureus (skin infection) and P. aeruginosa (otitis media), which shows their promising usefulness in various applications [22]. Significantly, AgNPs have also been shown to have a potential in treating full-thickness skin burn in mice [23]. However, many controversies have emerged around the use of silver and AgNPs in medical applications, especially in burn treatment, and that misusing AgNPs may cause adverse effects. In particular, a recent study on the toxicity of silver nanoparticles to wound healing indicated that AgNPs coated in wound dressings impaired tissue regeneration at the phases of epithelialization and blastema formation at the initial healing stage [24]. Another research conducted by L. Cuttle et al. reported that silver dressing delayed or reduced skin re-growth after burn injury [25]. Therefore, a wound dressing containing silver must be investigated thoroughly in research to be proven safe and effective before being applied in clinical practice.



In previous studies, we have fabricated an innovative electrospun polycaprolactone (PCL) membrane coated with multi-layers of gelatin (Gel) carrying AgNPs by immersing technique [26,27,28]. The PCLGelAg membrane (at third coating time) was proven to have sufficient tensile strength, excellent absorptive capacity, in vitro biocompatibility and effective bactericidal property on both Gram-positive and Gram-negative bacteria. Therefore, in this follow-up study, we continued to investigate the long-term in vitro antibacterial efficiency of the selected PCLGelAg membrane and evaluate its in vivo performance to treat partial-thickness burns on a porcine model. Two FDA-approved commercial wound dressing products containing silver, Aquacel Ag® (Aquacel) (ConvaTec, Deeside, UK) and UrgoTul® SSD (UrgoTul) (Urgo Medical, Paris, France), were used as standard references.




2. Materials and Methods


2.1. Material


Gelatin type A (extracted from porcine skin, 300 g Bloom) and poly(ε-caprolactone) (PCL) (Mn = 80,000) were purchased from Sigma-Aldrich (St Louis, MO, USA). Silver nitrate (AgNO3 ≥ 99%) and Acetone (AC, ≥99.5%) solutions were obtained from Xilong Chemical Co., Ltd. (Shantou, China). Mueller-Hinton (MH) was supplied by Hi-Media (Maharastra, India). Two strains of pathogens, Pseudomonas aeruginosa ATCC 9027 (P. aeruginosa) and Staphylococcus aureus ATCC 25,923 (S. aureus), were obtained from Marine Laboratory, International University-HCM Vietnam National University, Ho Chi Minh City, Vietnam. The two commercial dressings chosen for this experiment are Aquacel® Ag (ConvaTec, Deeside, UK) (Aquacel) and UrgoTul® SSD (Urgo Medical, Paris, France) (UrgoTul). Histological staining chemicals including Hematoxylin and Eosin (H&E) and Masson’s Trichrome (MT) kits were also purchased from Sigma-Aldrich.




2.2. Antibacterial Activity


2.2.1. Agar Diffusion


The agar diffusion test was designed with small modifications to show the antibacterial activity of PCLGelAg, Aquacel, and UrgoTul dressings against two bacteria strains: P. aeruginosa ATCC 9027 (Gram-negative) and S. aureus ATCC 25,923 (Gram-positive). Sample dressings were cut into round disks (0.8 mm in diameter) using an aseptic bio punch and sterilized under UV light for 20 min. The inoculum of each bacteria strain was incubated for 24 h at 37 °C and was diluted to achieve turbidity equivalent to a 0.5 McFarland standard (1 × 108–2 × 108 CFU/mL). Next, 100 μL diluted suspensions were added and spread evenly on Mueller–Hinton (MH) agar surface. After the disks were set, the plate was incubated at 37 °C. The plates were divided into two groups. In the first group, samples were transferred to a new bacteria-rich plate every 24 h for 3 days. In the second group, the plates were left untouched for 7 days at 37 °C. The inhibition zones of both groups (including the diameter of the disk) were determined after each 24 h of incubation and measured using a ruler.




2.2.2. Broth Microdilution Method


The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the aforementioned three dressings were determined using broth microdilution based on CLSI M07-A9 protocol [29]. First, the dressings were immersed in MH broth with a concentration of 12 cm2/mL and incubated for 24 h. The total silver content of PCLGelAg membrane was measured by atomic absorption spectrophotometry. Then, the extracted solutions were diluted in series of 10−1 and tested against P. aeruginosa ATCC 9027 and S. aureus ATCC 25,923 with a density of approximately 107 CFU/well. After 24 h of incubation at 37 °C, the MIC values were recorded. For the MBC evaluation, 2 µL of the tested solution from wells that had antibacterial agent concentration larger than or equal to MIC values was added onto a new MH agar plate and incubated for another 24 h. The MBC values were defined when there was no microbial growth observed.




2.2.3. Time-Kill Assay


Time-kill assay was performed as recommended in Japanese Industrial Standard (JIS L 1902:2002) [30] to assess antimicrobial efficacy, maximal killing rate and speed of kill of four samples: PCLGelAg, Aquacel, UrgoTul, and sterile plasma-treated PCL as a control. The overnight suspensions of P. aeruginosa ATCC 9027 and S. aureus ATCC 25,923 were measured at 600 nm via spectroscopy and their turbidity was adjusted to 0.5 McFarland standard. Then, each piece of the dressings (1.75 cm× 1.75 cm) was loaded with 100 µL of the bacterial solution and incubated at 37 °C. After a specific time point (1, 4, 12, and 24 h), samples were taken out and vortexed in 5 mL ice-cold saline solution supplemented with 0.2% TWEEN 20 to take the surviving bacteria. The saline solution was serial diluted and the number of survived organisms was obtained by using a standard plate count procedure on MH agar plate. The log reduction was calculated as follow:


Log reduction = Log10(control) – Log10(sample)













2.3. In Vivo Study


2.3.1. Burn Device


A special burn device was designed to control the pressure applied to the pig skin. The target compression force was 10 N in punch. The device included an aluminum block with a 4 cm2 contacting surface attached to a long handle (Figure 1A). Inside the handle was a spring attached to the long stick that created elastic force when being compressed. On the stick, there were graded lines to indicate the applied pressure. When applying the device to the pig skin, the pressure made the spring compress and as the handle moved downward along the axis. As the handle went down, the gradelines on the stick appealed and the created force could be determined and controlled exactly throughout the whole experiment (Figure 1(B,B1)).




2.3.2. Creation of Burn Wounds in A Porcine Model


The process of creating burn wounds followed the protocol of Adam J. Singer and Steve A. McClain in the book titled Wound Healing Methods and Protocols [10]. Three male pigs weighing 20–25 kg were used in this experiment. At the beginning, 2 mg/kg of xylazine was administered intravenously as the sedative drug and 5 mg/kg of ketamine was injected after 20 min. Isoflurane gas was also used to assist the anesthesia process. For each animal subject, eight burn wounds were created at the location of each marked square (Figure 2) using the burn device. The device was preheated in boiling water for 4 min then pressed on the pig’s skin surface at 10 N and held in place for 20 s. These wounds were dressed with normal sterile gauze as a negative control, with Aquacel and UrgoTul dressings as positive controls, and with PCLGelAg membranes. New dressings were replaced once every 24 h. All the animal works in this study were approved by Animal Ethics Committees in Nong Lam University (Approval No. 20190908NLU) and performed by qualified veterinaries at a Veterinary hospital—Nong Lam University.




2.3.3. Wound Closure Observation


The burn wound areas were recorded on day 0, 5, 10, and 20 post-implantation. The wound size was measured and the wound closure rate was calculated by using the following equation:


   %   wound   closure   rate    =    A  t 1   −  A  t 2      A  t 1     × 100 %  








where At1 is the wound size on the 5th day and At2 is the wound size on the 20th day.




2.3.4. Histological Analysis


After 20 days, the pigs were sacrificed. Harvested skin samples were fixed in 10% v/v formaldehyde solution, followed with xylene and an increasing series of ethanol (30%, 50%, 60%, 70%, 80%, 90%, and 100%), then finally embedded in paraffin. Formaldehyde, xylene, ethanol and paraffin were purchased from Xilong Chemical Co., Ltd. (Shantou, China). To observe the histology of the wounds, samples were cut and stained with Hematoxylin and Eosin (H&E) and Masson’s Trichrome (MT) to evaluate skin regeneration of each dressing.





2.4. Statistical Analysis


All experiments were done in triplicate for in vitro study and 6 replicates for in vivo study (on 3 porcine models), unless stated otherwise. Data were demonstrated as mean ± SD (standard deviation) and statistical comparison was calculated by using SPSS Statistics software (IBM Corp, NY, USA). One-way ANOVA followed by independent t-tests were used to compare differences between samples. The differences were regarded as significant if the p-value was <0.05.





3. Results


3.1. Agar Diffusion


Figure 3 shows the antibacterial activity of the disks when being moved to a new inoculated plate every 24 h in 3 consecutive days. In general, all of the dressings were able to inhibit both strains of bacteria with no significant difference in terms of zone diameter after 24 h of incubation. On the next day, the effect of Aquacel on P. aeruginosa was nearly the same (p > 0.05), while for the other dressings, the zones were reduced by half. On day 3, only Aquacel and UrgoTul remained active. It was further noted that the inhibition zones against S. aureus were significantly smaller than P. aeruginosa. Moreover, S. aureus was not inhibited by any dressings on the final day of the test. Figure 4 demonstrates the average inhibition zones that were observed every 24 h in 7 days of the three dressings. It can be observed from the graph that for both bacteria strains, there was a significant reduction in inhibition zones between day 1 and day 2. However, the zones reduced gradually (p > 0.05) in the following days.




3.2. Broth Microdilution Method


The MIC and MBC values of the PCLGelAg, Aquacel and UrgoTul dressings against two strains of bacteria were determined through the broth microdilution method (Figure 5). When comparing the MIC values of the dressings, it can be noticed that Aquacel was the most effective in inhibiting the growth of both tested bacteria species (0.42 µg/mL), followed up by PCLGelAg (0.61 µg/mL). Being the least effective against both bacterial strains with the highest MIC, UrgoTul’s antibacterial effect against P. aeruginosa (5.86 µg/mL) was lower compared to S. aureus (2.93 µg/mL). On the other hand, PCLGelAg was proven to be the most active agent with the lowest MBC value against both P. aeruginosa and S. aureus, which was 2.44 µg/mL for both strains. By contrast, UrgoTul was the least effective with an MBC of 23.44 µg/mL.




3.3. Time-Kill Assay


Figure 6 illustrates the mean log number of bacteria recovered from the dressings after 1 h, 4 h, 12 h, and 24 h of treatment. According to JIS L 1902:2002, a log reduction < 0.5 is rated as no antibacterial activity, 0.5 ≤ log reduction ≤ 1 as slight, 1 < log reduction ≤ 3 as significant, and a log reduction > 3 as a strong antibacterial activity. The assay confirmed the bactericidal effect (log reduction > 3.8) of all three dressings against P. aeruginosa within the first hour of testing and the activity lasted for at least 24 h. Against the S. aureus strain, after 1 h, UrgoTul dressings showed significant antibacterial effect (1.33) while Aquacel showed a slight outcome (0.56); however, PCLGelAg failed in preventing bacterial growth with a mean value of 0.26. After 4 h, only UrgoTul was able to kill 99.9% of the bacteria (3.2), whereas the other dressings reduced them to a significant level: PCLGelAg to 1.27 and Aquacel to 2.12. Nevertheless, from 12 h to 24 h, the dressings displayed a 99.99% killing effect against both bacteria species.




3.4. Wound Closure Observation


Figure 7 shows the macroscopic observation of burn wounds and displays the healing rate among these dressings in a period of 20 days. A few seconds after the deep partial-thickness burns were created, the epidermis was damaged severely. Under the epidermis, the wounds appeared with a pale white color. The initial area of all wounds was 4 cm2. However, on the 5th day, there was an extension in the wound area in all four treatments. In detail, wounds treated with UrgoTul and Aquacel extended to about 4.2 cm2 while those treated with PCLGelAg and normal gauze extended to 4.4 cm2. On the 5th day, the epidermis layer was totally removed from the wound site and wounds turned red. On the 10th day, a thick scab developed and covered the wound surface, under which a wound healing process was occurring. After 20 days, the closure rate was significantly higher in wounds treated with Aquacel and UrgoTul with the rate up to over 40%. In addition, wounds treated with PCLGelAg presented a healing rate of 38% while wounds dressed with normal gauze were only at 30%.




3.5. Histology Analysis


Meanwhile, histopathology of burn injury is characterized by three main features, including the deposition of collagen, loss of under skin structure such as hair follicle, and vascular of secretion glands, which can be observed clearly by H&E (Figure 8) and MT staining (Figure 10). The depth of all the wounds reached the subcutaneous layer and nearly became full-thickness burn injury. Wounds treated with normal gauzes showed incomplete regeneration of epidermis, under which there were many infiltrated neutrophils (Figure 9(A1)). The dermis increased in thickness with the high proliferation of fibroblasts and a high density of inflammatory cells that infiltrated in a large area. In addition, at the dermis layer, signs of necrosis areas (Figure 9(A2)) and newly formed hair follicles (Figure 9(A3)) were observed. Surroundings of the hair follicles were filled with lymphocytes and fibroblasts.



On the other hand, wounds treated with Aquacel and UrgoTul resulted in better recovery. The epidermis was completely regenerated (Figure 9(B1,C1)) and there was no sign of infection or necrosis inside. For Aquacel samples, there was a high proliferation of fibroblasts. In the middle of the tissue, a small area still displayed the inflammatory cells, including lymphocytes and neutrophils (Figure 9(B2)). For UrgoTul, the wound recovered even better with a new completely-regenerated epidermis layer (Figure 9(C1)) and very few inflammatory cells were found inside the tissue (Figure 9(C2)). A new hair follicle was completely formed in Figure 9(C3). In wound treated with PCLGelAg membranes, the epidermis appeared totally restructured (Figure 9(D1)). On the right side of the wound, there was a small area where a highly dense group of inflammatory cells (neutrophils and plasmocytes) infiltrated into. No sign of infection or necrosis was observed (Figure 9(D2)). Moreover, wounds treated with Aquacel, UrgoTul, and PCLGelAg showed signs of new blood vessel formation (Figure 9(C2,B3,D3)).



In nature, skin tissue has three layers which are epidermis, dermis and subcutaneous. The collagen structure inside the tissue presents in the form of fibrous bundles with large diameters and dense fibers which were well-organized and aligned in each bundle [33,34]. Burn leads to the destruction of the whole collagen structure under the skin, so that the regeneration of new collagen also helps to evaluate the effectiveness of the healing process. In burn injuries, the skin lost its original collagen structure, collagen fibers were aggregated together and formed an amorphous structure which can be clearly observed in the center of all wounds (Figure 10). Collagen structure primarily regenerated at the wound edges and slowly moved toward inside. Wounds treated with silver-containing commercial products (Aquacel and UrgoTul) resulted in a higher rate of collagen formation which is presented with a more intense blue color inside the wounds (Figure 11(B1,C1)). The new collagen regenerated throughout all of the wounds showed that these wounds were steadily healing. In contrast, collagen density was found lower in wounds treated with PCLGelAg (Figure 11(D1)) and normal gauze (Figure 11(A1)), especially in the center of the wounds.





4. Discussion


Generally, an open wound is susceptible to be colonized by the pathogens available in the surrounding environment. Therefore, once infected, it is critical to have an antimicrobial dressing acted as a barrier to prevent more bacterial penetration, minimize spreading infection and facilitate wound healing [35]. In this study, the longevity of the dressings’ decontamination ability was evaluated through two disk diffusion models as shown in Figure 3 and Figure 4: the first one is to find out whether the dressings still inhibit bacteria if they are moved to another inoculated agar plate daily, whereas the latter is to see if the inhibition zones are still present after a week on one agar plate without any transfer. Even though the agar diffusion test tightly depends on the diffusion characteristics of the antimicrobial agent, silver might interact with the agar medium, leading to the non-linear relationship between silver release and diffusion [36]. This is probably why the difference in inhibition zone sizes of the dressings after 24 h of incubation was not significant despite having differences in silver form and concentration (Figure 3). On the other hand, the reduction in zone diameter after each transfer (Figure 4) is in agreement with a study of Kostenko et al., where they have proven that silver dressings with hydrophilic based materials showed short-term efficacy in a plate-to-plate transfer assay [37]. The results from both Figure 3 and Figure 4 also revealed that P. aeruginosa was more sensitive with silver than S. aureus as the inhibition zones of samples against P. aeruginosa were larger and the antibacterial efficacy was exhibited longer. In specific, Gram-positive bacteria like S. aureus have a thicker cell wall and a higher amount of negatively charged peptidoglycan, which prevents the silver ions from entering deeper into the inner side of the cell membrane, thus limiting their action and giving the bacteria an opportunity to develop silver resistance [38]. Furthermore, the antibacterial effect of silver is concentration-dependent and time-dependent. The silver content of PCLGelAg was the least among the three dressings (8.14 µg/cm2); therefore, it was not enough to maintain the inhibition zone for more than one day against S. aureus and two days against P. aeruginosa, though no bacterial growth was found in the area under the disc. For the second agar diffusion model, longer use without dressing change resulted in the regrowth of bacteria, though only the zone reduction on day 2 was significant (Figure 4). This failure in bacterial suppression might be due to the low level of dressing hydration and the insufficient amount of silver released.



Since the zone of inhibition is not proportional to the release of silver, the agar diffusion test alone is not enough to reflect the antimicrobial efficacy of the dressings. Hence, the broth microdilution method was employed to determine their MIC and MBC values. The result from Figure 5, despite not correlating with the zone sizes in the agar diffusion test, indicated that PCLGelAg demonstrated a good antibacterial activity with low MIC (0.61 µg/mL) and MBC (2.44 µg/mL) when being tested against both bacterial strains. The value is similar to previous studies [39,40], where a silver concentration of as little as 1–2 µg/mL was adequate to inhibit bacteria growth or achieve bactericidal action. The in vitro effectiveness of PCLGelAg against bacteria was comparable to Aquacel but significantly better than UrgoTul.



In order to obtain a closer look at the killing kinetics of the dressings, the time-kill assay was carried out. Figure 6 again reinforced the fact that P. aeruginosa has a higher susceptibility to silver than S. aureus in this study, as the number of its colonies fell under the detection limit just one hour after getting into contact with the dressings. Aside from the cell wall thickness and composition diversities, water deprivation, to which Gram-negative bacteria is much more vulnerable, also plays a role in this difference in antibacterial efficacy when compared to Gram-positive species [41]. It should be noted that the composition, especially the silver form, of each dressing is different: UrgoTul contains carboxymethyl cellulose (CMC), petroleum jelly and silver sulfadiazine fused together in a polyester mesh [32]; Aquacel is composed of CMC-based fibers impregnated in ionic silver [31]; while PCLGelAg is an electrospun PCL membrane coated with gelatin/silver nanoparticles. However, both CMC and plasma-treated PCL possess high fluid absorption capacity. As a result, when the dressings absorb fluid and swell, bacteria available in the MH medium might be trapped inside their polymer matrix, leading to the reduction in bacteria colonies remained after being collected between 0 h and 1 h. On the other hand, even though PCLGelAg expressed a slower speed of kill against S. aureus, the dressing was able to reach maximal killing rate after 12 h of bacteria exposure and sustain the effect for at least 24 h. Indeed, the antimicrobial activity is further affected by the diverse silver species [42], which are in charge of the interaction with bacteria, and base materials, which manage the silver released duration and concentration [37]. Combining with the data from the agar diffusion assay and microdilution method, it is suggested that PCLGelAg should be used topically and changed daily to maintain the highest bactericidal performance.



In the in vivo study, a normal deep burn wound has three zones of damage including a zone of hyperemia, a zone of stasis and a zone of coagulation from the outermost to the center respectively based on the severity of tissue destruction and alteration in blood flow [7]. Among these zones, the zone of coagulation is caused when the skin is destroyed by coming into contact with a hot thermal source. Tissues in the coagulation zone are the most suffered with a high rate of necrosis and extensive protein denaturation, and take a longer time to heal. Tissue destruction and necrosis not only occur in the coagulation zone. After a burn injury happens, within 24–48 h, the burn area could be wider and deeper, which affects the stasis zone outside the coagulation zone. This helps explain the increase in wound area found in all four PCLGelAg, Aquacel, UrgoTul, and control samples in the first 5 days (Figure 7). The delay-necrosis tissue is not well understood, but hypoxia and ischemia that lead to lack of intervention are believed to be main reasons for this phenomenon [2,7,43]. The outermost zone is the zone where hyperemia occurs, which is characterized by vasodilation and inflammation but low-risk necrosis. This zone is also where wound healing begins [3,43].



The healing process of a burn wound occurs in four overlapping phases, beginning with the homeostasis phase right after the tissue is damaged [44]. This phase is characterized by platelet aggregation, blood clotting, and vascular restriction. After that, the immune system then responses to the signal of the body and the inflammatory phase occurs. At the beginning, the inflammatory cells, including neutrophils and monocytes (which can differentiate into macrophage), migrate to the injury site to protect the body from harmful pathogens, prevent local infection and help to degrade necrotic tissue. During the inflammatory phase, the proliferation phase co-occurs and overlaps the inflammatory phase. This phase includes three main steps which are re-epithelialization, angiogenesis, and formation of granulation tissue. In this phase, keratinocytes and fibroblasts migrate over the wound to assist the healing process as well as produce ECM to regenerate skin structure and revascularization. The final phase is the remodeling phase, where the burn wound completely heals and forms scars as collagen and elastin continue to deposit and reform. This phase lasts for several months or years [2,44,45]. According to the results above, wounds treated with UrgoTul and Aquacel showed better recovery, which was indicated through higher wound closure and collagen formation rates, new skin structure formation and a low density of inflammatory cells inside the wounds. Although inflammation plays an important role in the healing process, prolonged inflammation could cause impaired wound healing that delays tissue repair [2,45,46]. On the other hand, although the healing rate was not as high as those treated with UrgoTul and Aquacel, PCLGelAg samples still showed better recovery of damaged skin when compared with normal gauze treatment and effectiveness in antibacterial properties. The effectiveness in wounds treated with silver-containing dressings is believed to be due to the high antibacterial properties of silver that were extensively proved in previous studies. Moreover, besides the broad-spectrum antibacterial activity, silver also helps to modulate inflammatory activity by reducing cytokine release together with creating a decrease in lymphocyte and mast cell infiltration to the wound bed. In detail, silver suppresses the production of many cytokines such as TNF-α, IL-6, and TGF-β that help to reduce inflammatory cell accumulation and increase the level of IL-10, VEGF, and IFN-λ, thereby promote the wound healing process [12,45,46,47,48]. This explains the better wound healing performance and reduced inflammation on the pig model of three silver-containing samples over the control.



It could be seen here and from our previous study [28] that the supportive effect of gelatin coating layer on proliferation of cells was overshadowed by the effect of AgNPs. This explains why PCLGelAg membrane in general did not result in better recovery compared to the other two commercial products. However, when compared to negative control, PCLGelAg membrane still significantly enhanced wound healing fashion. This was due to multiple effects of AgNPs on would healing biology. First of all, beside antibacterial effects, AgNPs were proven to markedly induce KGF-2 expression which suppressed the phosphorylation activation of p38 MAPK and led to a reduction of IL-6 produced by keratinocytes, and subsequently less neutrophil infiltration in the burn wounds [45]. This was also confirmed in our data as the negative control wounds were flooded with neutrophils and plasmacytes in the absence of AgNPs even 20 days post-injury, which was an indication of the prolonged inflammation phenomena. Secondly, AgNPs were also proven to drive the differentiation of fibroblasts to myofibroblasts [49], which again confirmed by the faster wound contracting rate of three silver-containing samples. Another important point was the effect of AgNPs in supporting the synthesis of collagen during wound healing. Till now, the mechanism of how AgNPs affect collagen synthesis is related to the TGFβ1-Smad2/3 signaling pathway. This was clearly proven in the in vivo study of Chen et al. [50], where dressings with AgNPs yielded a significant increase in the synthesis of type I collagen compared to normal gauge without AgNPs and the introduction of TGFβ1 inhibitor did reduce a significant amount of newly formed collagen. Moreover, Sushovan et al. showed that single AgNPs treated wounds did not show increasement while daily applied AgNPs significantly enhanced collagen deposition on the incision site [51]. Comparing to our Masson’s Trichrome staining data, the practice of applying dressings daily onto wound sites did result in a significant increase in collagen formation for three silver-containing dressings compared to the negative normal gauge controls. In general, it is clear that the PCLGelAg membrane which displayed antibacterial and cytocompatible properties in our previous study, has now further been highlighted to possess advantageous effects in treating severe burn injuries and is a promising candidate for clinical applications.




5. Conclusions


Comparing to two other commercial silver-containing wound dressing products (Aquacel and UrgoTul), the multi-coated PCLGelAg membrane was proved to possess long-lasting antibacterial efficiency and wound healing properties for burn injury. Agar diffusion assays showed that PCLGelAg remained its efficiency in inhibiting Gram-negative and Gram-positive bacteria in 24 h and prolonged the inhibitory effect for 7 days. The PCLGelAg membrane also showed the highest effectiveness in killing bacteria with the lowest MBC value at 2.44 µg/mL against both strains, while the Aquacel membrane possessed the lowest MIC value at 0.42 µg/mL. In addition, all of the silver-containing dressings demonstrated highly effective antibacterial ability, which killed 99.99% of P. aeruginosa in the first hour and S. aureus within 12 h after application, and the effect could last for 24 h. In vivo experiment on a pig model demonstrated all three PCLGelAg, Aquacel and UrgoTul dressings supported wound healing as well as prevented infection and inflammation when compared to the control group, indicating practical applications of the PCLGelAg membrane in the treatment of burn injuries.
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Figure 1. Pressure-controlled burn device (A) at normal condition and (B) when it is used to create burn wounds. (B1) The handle moves downward and the grade lines on the stick indicate the applied force. 
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Figure 2. The schematic of burn wound treatment in the porcine model. 
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Figure 3. (a) Inhibition zones and (b) average zone diameters of the three wound dressing disks: (A) Aquacel, (B) PCLGelAg, and (C) UrgoTul against P. aeruginosa and S. aureus. The disks were transferred to a new agar plate every 24 h for 3 days. ns: not significant. 
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Figure 4. (a) Inhibition zones and (b) average zone diameters of the three wound dressing disks: (A) Aquacel, (B) PCLGelAg, and (C) UrgoTul against P. aeruginosa and S. aureus. The disks were observed every 24 h for 7 days. 
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Figure 5. Antibacterial activity of the PCLGelAg, Aquacel and UrgoTul dressings against P. aeruginosa and S. aureus determined by the broth microdilution method. (a) Wells that showed no visible bacterial growth will be sampled and cultured on a new MH agar plate. The numbers (from 1 to 10) were the values of x in 2−x dilution. (b) Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) values and the total silver content of PCLGelAg, Aquacel [31], and UrgoTul [32] dressings. The values represent silver concentrations. 
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Figure 6. Time-kill curves of PCLGelAg, Aquacel, UrgoTul, and control dressings against P. aeruginosa and S. aureus. The black dashed lines indicate the limit of detection. 
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Figure 7. (a) Photographs of burn wounds treated with normal gauze (control), Aquacel, UrgoTul and PCLGelAg membranes at day 0, 5, 10, and 20; (b) The wound areas were measured in cm2 from day 0 to day 20 and presented in the line chart; (c) The bar chart indicates the wound closure rate after 20 days of treatment. *: p value < 0.05. ns: not significant. 
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Figure 8. H&E stained sections of wounds treated with (A) normal gauze, (B) Aquacel, (C) UrgoTul, and (D) PCLGelAg membranes. The tissue sections are magnified at (A1–D1) the new epidermis, (A2,A3,B2,B3,C2,C3,D2,D3) inflammatory areas and some newly generated structures. 
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Figure 9. Magnified images of tissue sections of wounds treated with (A1–A3) normal gauze, (B1–B3) Aquacel, (C1–C3) UrgoTul, and (D1–D3) PCLGelAg membranes as mentioned above. The black arrows in figures (A1–D1) show new formed epidermis. The black dot border squares indicate the inflammatory areas (B2,D2) and necrosis area (A2) of the wounds. Other images show new regenerated under skin structures including hair follicles, new blood vessels (yellow square boxes). 
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Figure 10. MT-stained sections of wounds treated with (A) normal gauze, (B) Aquacel, (C) UrgoTul, and (D) PCLGelAg membranes. The black square boxes (A1–D1) show the epidermis and a part of the dermis in the center of the wounds, respectively. 
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Figure 11. Magnified images of tissue sections of wounds treated with (A1) normal gauze, (B1) Aquacel, (C1) UrgoTul, and (D1) PCLGelAg membranes as mentioned above in Figure 10. The images compared the regeneration of new collagen structure in the dermis layer of different wounds. 






Figure 11. Magnified images of tissue sections of wounds treated with (A1) normal gauze, (B1) Aquacel, (C1) UrgoTul, and (D1) PCLGelAg membranes as mentioned above in Figure 10. The images compared the regeneration of new collagen structure in the dermis layer of different wounds.



[image: Polymers 13 03116 g011]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
- —— ——

—-——

\—-—--

\——-‘

- —— ——

——— —

\—————

\--f

———— ——

——— ——

\---——

\—--’

——— ——

——

\———--

\-——‘

- — o ——

——— ——

£

\—--‘

———— ——

e o me

\----—

\--’

—_—— ——

——

ld

\————‘

——— ——

——

\———-—

\-———ﬂ





media/file18.png
. ongol

..,ﬂ)?{ o WL,






media/file21.jpg





media/file3.jpg





media/file22.png





media/file19.jpg





media/file7.jpg
~e-PCLGAAR ~S-Aquacel i Urgaul

P acruginosa

S aureus






media/file10.png
UrgoTul

d.
=
3
3
<
3
(A
U
b.
P. aeruginosa S. aureus Total Ag
MIC MBC MIC MBC (:°g“/::‘l‘f)
(ng/mL)  (ug/mL) (pg/mL)  (pg/mL)
PCLGelAg  0.61 2.44 0.61 2.44 97.68
31
Aquacel 0.2 3.38 0.42 3.38 1080
UrgoTul 5.86 23.44 2.93 23.44 3750 1%






media/file14.png
Day 0

Aquacel

i
o 1 2

UrgoTul

i
o 1 2

PCLGelAg

i
o 1 2

(-) Control

I
0o 1 2

Day 20

(M
o 1 2

I
o 1 2

Wound area (cm2)

Wound closure rate at day 20

Wound area at time period

(%)

0

—e—Aquacel

50
45
40
35
30
25
20
15

n

T

S
—@-UrgoTul 4 PCLGelAg ——(-)control

1

10 20

Aquacel

ns

ns

UrgoTul

PCLGelAg (-) control





media/file11.jpg
Lgrcrim,

P aeruginosa

RCLGAAs Al U — o

. aureus
PG g+ UgeTi —Conl

[





media/file6.png
UrgoTul

Day 3
Day 3

)
(¥]
(1
— — —i
q ol m o
2 - : A
. i -
<
— - H
G it -
= o I : | I
z I I
"

“m m ..M._ m v o m H ..M m -] 6 - N O
g () uoniqryur yo suoy () wonquyut jo auoz

® psoulsnIon g snaanv °§





media/file15.jpg





nav.xhtml


  polymers-13-03116


  
    		
      polymers-13-03116
    


  




  





media/file16.png
™ < y »
YL PV g o






media/file2.png





media/file20.png





media/file5.jpg
Gelrg ®Aquacel = Urgoul





media/file1.jpg





media/file12.png
Log of CFU/mL

P. aeruginosa
——-PCLGelAg -®-Aquacel -#-UrgoTul ——Control

Time (h)

21

24

Log of CFU/mL

S. aureus

—+-PCLGelAg -®-Aquacel -4 UrgoTul ——Control

Time (h)

21





media/file9.jpg
P. aeruginosa

S. aureus

Total Ag
MiC MBC MiC MBC G:’;::'l‘_‘)
(pg/ml)  (ug/mL) (ug/ml)  (ug/mL)
PCLGelAg 0.61 244 0.61 244 97.68
Aquacel 042 338 042 338 1080 e
UrgoTul 586 2344 293 2344 3750






media/file0.png





media/file8.png
aeruginosa

P

S. aureus

4

Zone of inhibition (mm)

=@—=PCLGelAg ——Aquacel UrgoTul
T
L
I 4 L I T T
p L 1 1 L
Dayl Day2 Day3 Day4 Day5 Day6 Day?7
T
1 T -
» 5 T
= 1 L I I
Day1 Day2 Day3 Dav4 Day5 Day6 Day?7





media/file17.jpg





