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Abstract: In this study, the actinidin enzyme that was extracted from kiwi fruit was immobilized on a 

scaffold based on electrospun chitosan nanofibers, and its ability to treat burn wounds was investigated. 

Afterward, cytotoxicity of the nanofibrous patch and nanofibers with actinidin enzyme was evaluated 

by MTT test separately on skin fibroblast cells (AGO1522), and their efficacy was investigated on rat 

model’s full-thickness burn wounds. As a result, SEM showed the diameters of the fibers that were in 

a range of 100-200 nm depending on the electrospinning condition. MTT results confirmed the cell 

viability is exposing the enzyme and nanofibers. Then evaluating wound closure percentage in animal 

samples was analyzed by statistical tests. Considering P<0/05, a significant difference in the rate of 

wound closure between the groups was observed. Histopathological assays also showed the accelerating 

effect of the nanofibrous patch with an enzyme in epithelisation, angiogenesis, collagen deposition, and 

its effective role in scar formation prevention. In this study, actinidin also showed perfect compatibility 

with cells, and chitosan could prevent wounds infection. So using this bandage could eliminate the scars 

and reduce the treatment time. 
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1. Introduction 

The primary goal of burn wounds cares to promote and improve the efficiency of wound 

healing and wound closure through the epithelialization process [1]. But in severe burns, at 

first, the necrotic tissue should be removed, and then, depending on the severity of the burn, 

excision surgery may be needed before using topical treatments. Although the topical burns 

treatments often are based on infection prevention, it does not have a significant effect on tissue 

recovery [2, 3]. So, the scar early removal and creating of a clean wound bed is the first step of 

the wound healing process theoretically, either by epithelialization or auto-grafting, 

spontaneously. 

In recent 20 years, enzymatic elimination of necrotic tissue from severe burns using 

trypsin, collagenase, and some other proteases [4-7] instead of the routine surgical tissue 

removal [8, 9] and skin drafting [10-12] has attracted ’researchers’ attention. Some studies have 
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shown that the debridement achieved by collagenase is more effective in creating a perfect and 

complete clean bed wound rather than scar removal by surgery [13-17]. 

In this method, scar elimination starts immediately after the wound formation, so it is a non-

invasive method without damaging the healthy tissue; in addition, it can lead to necrotic tissue 

complete removal [13-16].  

Another protease enzyme that acts like collagenases is actinidin enzyme, a thiol 

protease that has a molecular weight of 26,000 and two active proteins [18, 19] and is abundant 

in various kiwi fruit [19, 20]. Collagenase’s effect of actinidin has already been investigated in 

some researches [21-23]. Some studies have shown that actinidin is not capable of hydrolyzing 

the natural molecule of collagen, but it hydrolyses atelocollagen that is a partially digested 

collagen [24]. Figure 1 schematically shows the actinidin enzyme structure with its substrate. 

 
Figure 1. actinidin structure in water, from protein data bank (PDB); (a) Domain 1 made of beta-sheets; (b) 

domain 2 made of alpha chains; (c) Active site of enzyme; (d) attachment site to the enzyme (ammonium ion); 

(f) Gelatin fiber Produced from collagen degradation. 

More studies about the effect of actinidin on enzymatic hydrolysis of collagen show 

that actinidin has no significant effect on the perfect collagen molecule [25, 26], but there is a 

challenge with exposing the burn wounds to actinidin enzyme beneficially.  

One of the best dressings that can carry enzymes is an electrospun nanofibrous mat. 

Electrospun nanofibers have several medical applications such as in drug delivery systems [27, 

28], tissue engineering [27, 29], biosensing [27, 30], and wound dressings [31-34]. The nano-

porous structure of electrospun mats is efficient for wounds bandage exchange, prevents wound 

drying, and makes proper control over the wound’s humidity. The pores are not large enough 

to allow bacteria to pass the dressing to the wound [30, 35, 36]. In addition, electrospun 

nanofibrous mats can promote epithelialization [37, 38] and angiogenesis [38, 39], by 

simulating Extracellular Matrix (ECM) (e.g., collagen and fibronectin) [38]. Polymeric 

nanofibers structure also provides an excellent roadmap for cell growth and wound healing, so 

it will lead to a significant reduction in scar tissue remaining [40, 41].  

One of the most popular polymers for this purpose is Chitosan (Cs) that is a natural 

polysaccharide with its ability of wounds infection inhibition [42, 43] and inflammatory 

response reduction [41, 44]. Furthermore, chitosan-based nanofibers have a specific vast 

surface and nano-porous structure that result in more enzyme loading capacity [35, 45].  

There are several methods to make nanofibers from chitosan that the most famous of 

them is the electrospinning technique [31, 46]. In these methods, the polymeric 

micro/nanofibers can be made by a high voltage source on a rotating cylindrical collector                

[31, 46]. Since chitosan is not capable of making integrated thin and long fibers [40, 44, 47-
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49], blending it with other polymers such as gelatin [50], polymethyl methacrylate (PMMA) 

[51], polyethylene oxide (PEO) [51] can improve its electrospun nanofibers structure. 

Afterward, it is necessary to fix the enzyme molecules on nanofibers without getting 

any damaged, denatured, and accumulated, which is possible by the covalent immobilization 

method [34]. The potential covalent band can lead to the enzyme release reduction and causes 

its stability on nanofibers surface [34, 52]. Also, there is a significant reduction of burst effect 

in the early hours. As a result, this approach prevents unwanted and unpredictable effects due 

to the enzyme inclusion in the body. One of the most important effects of the enzyme 

immobilization on the surface of the nanofibers is its reusability that increases enzyme 

efficiency several times [53-55]. In addition, the immobilized enzyme can be used in non-

aqueous media [56, 57].  

In this study, electrospun Cs/PEO nanofibrous mats were prepared with actinidin 

enzyme, and then it was evaluated by cell viability assay. Finally, the dressings were tested on 

animal models, and the healing process was investigated with the histopathological assay, 

respectively. All results were compared with the same scaffold without the enzyme. 

2. Materials and Methods 

 Chitosan (low molecular weight: 2.5 KD, Easter group (Dong Chen) Co. Ltd) and PEO 

(MW 900 KD, Acros Organics Co) were used as received. Glacial acetic acid (AcOH, Merck 

Chemical) was used as a solvent and Glutaraldehyde (Panreac, Spain) as a crosslinking agent. 

The chitosan/PEO solutions were electrospun to nanofibers, using Electroris® (FNM Ltd., Iran, 

www.fnm.ir) as an electrospinning instrument, actinidin (from kiwi fruit, Kermanshah 

university of medical sciences, Iran). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

and N-Hydroxysuccinimide (NHS) (Merck, Germany) were also used. 

RPMI medium and Fetal Bovine Serum (FBS) (Gibco, USA) and MTT (3-[4, 5-

dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) (Sigma-Aldrich, USA) with human 

fibroblast (AGO-1522) (supplied by National Cell Bank of Iran, Pasteur Institute of Iran) were 

used in MTT test. Ketamine 10% (v/v) and xylazine 2% (v/v) (alfasan, Holand) and Wistar 

male rats were bought for in vivo test (Faculty of Pharmacy, Pharmacology, and Toxicology, 

Tehran University of Medical Sciences, Iran). 

 2.1. Methods. 

 2.1.1. Fabrication of the electrospun nanofibrous patch. 

Cs and PEO were dissolved in aqueous glacial acetic acid 80% (v/v), separately (both 

2.5% w/v) under gentle stirring overnight and at room temperature to form homogeneous 

solutions. As shown in Table 1, to produce Cs/PEO nanofibers, the Cs, and PEO solutions were 

blended together with different proportions. [46]. Then, every resulted solution was put into a 

5 mL syringe with a metallic blunt-ended 18G needle as a nozzle, which was connected to a 

high voltage power supply. Finally, a piece of spun-bond was covered by the rotating collector 

of the Electroris® device as a substrate layer (Table 1). The nanofibrous mats were made on 

the substrate and then were dried per 24 h at room temperature. Then the fibrous membrane on 

the substrate was investigated for the diameter evaluation by Scanning Electron Microscopy 

(SEM). So the patch with acceptable monodispersity and the average diameter was chosen [46]. 
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Table 1. Polymer solutions and optimizing conditions for the electrospinning process. 

 

samples 

’Solution’s parameters ’Electrospinning’s set up parameters 

Total polymers 

concentration (wt%) 

Cs to PEO ratio 

(Cs:PEO) 

Nozzle to collector 

distance(mm) 

The rate 

A 2.5 9:1 90 0.5 

B 2.5 8:2 80 1.0 

C 2.5 8:2 80 1.5 

D 2.5 8:2 70 1.2 

2.1.2. Immobilization of actinidin enzyme on a polymeric mat.  

Actinidin was immobilized on the optimized Cs/PEO nanofibrous patches by 

EDC/NHS activation procedure. Appropriate amounts (4×4 centimeter, 3±0.3 gram) of the 

nanofibrous patch with its fabric substrate were cut out and sterilized by ultraviolet radiation. 

These were held in glutaraldehyde vapor overnight to get crosslinked favorably. After that, 

they were cleaned with deionized water and then rinsed with PBS buffer (pH=7). Then the 

patches were submerged into EDC/NHS solution (in PBS buffer, the molar ratio of EDC to 

NHS = 1:1) and shaken gently for six h at room temperature [59]. The activated patches were 

taken out and washed several times with PBS buffer (pH= 5.5). Afterward, several 

concentrations from actinidin enzyme solution were prepared (from 5% to 50% (v/v) in PBS 

buffer, pH=5.5), the patches were immersed in solutions and kept at the temperature of  4°C in 

a shaking water bath for an hour. Finally, the patches were taken out and thoroughly rinsed 

with deionized water and got dried at room temperature.  

 2.1.3. Cytotoxicity evaluation.  

Fibroblasts are collagen-producing cells in mammalians and are the major cells 

interfering in wound closure and healings. The cell viability of fibroblast that was exposed to 

the nanofibrous mats was evaluated by MTT assay (3-(4,5-Dimethylthiazol- 2-yl)-2,5-

diphenyltetrazolium bromide) based on a procedure that was adapted from the ISO 10993-5 

standard test method. The mats were punched and placed into 96-well plates, then sterilized 

with UV radiation for two h. Human fibroblasts (AGO 1522) in RPMI medium supplemented 

with 10% FBS were seeded in the bottom of the wells. Then the plate was incubated at the 

temperature of 37 °C for 24 h, and furthermore, the culture medium in the wells was removed 

and replaced with 100 µl MTT solution (0/5 mg/ml). The plate was re-incubated for four h, and 

then the MTT solutions were removed with 100 µl isopropanol to dissolve the formazan 

crystals that have been created in living cells. , The absorbance of the formazan solutions was 

studied by a plate reader (awareness technology, Stat fax2100, USA) at 490 nm to determine 

the viability percentage of the sample cell. The cell-free culture medium, RPMI, was defined 

as 100% negative control [31, 60]. 

 2.1.4. Wound healing evaluation.  

As an animal model, 30 male Wistar rats (250-300g) were randomized in five groups 

that each group was included 6 in rats. Animals were anesthetized by IP injection of Ketamine 

and Xylazine, and then their hairs on the dorsal skin area were shaved. After that, a full-

thickness third-degree standard burn wound was made on the shaved area of each rat. The 

wounds were covered by prepared coatings and the dressings that are replaced daily with new 

covers until two weeks. Each wound area was observed every day and pictured with a digital 

camera. The wounds closure percentage that determined the wound healing effect of samples 

was evaluated formulas follow:  
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WCR= (A0-At)/A0×100 

Where A0 is the initial wound area, and at is the wound area at a time.  

 2.1.5. Histopathological analysis. 

The wound tissues were taken from one sample of each group in 3, 7, and 15 days. The 

samples were fixed in formalin of 10% solution; they were dehydrated by ethanol and 

embedded in paraffin. Then, they were cut into five μm thick cross sections and were stained 

by Hematoxylin and Eosin (H&E). Histological analysis was done under optical microscopy 

conditions. 

3. Results and Discussion 

3.1. Fabrication and characterization of Cs/PEO electrospun nanofibers. 

According to Table 1, 4 Cs/PEO solutions blend (both 2.5% w/w) was prepared to get 

electrospun. Electrospinning instrumental parameters were changed in turn, and differences in 

fibers morphology have been monitored by Scanning Electron Microscopy (SEM) images to 

find optimum p condition. Then SEM images (Figure 2) were investigated by semAfore5.21 

software. The optimum patch should have uniform bead-free nanofibers with the lowest both 

average diameter and fibers diameter distribution. Since the mat with the lowest frequency 

distribution had the most monodisperse nanofibers, so the enzyme molecules can be loaded 

more uniformly on these nanofibers [61, 62]. According to Figure 2, the most monodisperse 

nanofibers with the least average diameter (125.76 nm) were found in sample D as the 

optimized patch. 

Then the chosen mat (sample d in Figure 2) got crosslinked by holding in 

glutaraldehyde vapor overnight. SEM images demonstrate that the nanofibers have been well 

crosslinked without getting any damages in their structures while immersing in a buffer (Figure 

3). 

3.2. Actinidin enzyme immobilization on the electrospun mats. 

In order to determine more appropriate enzyme concentration to immobile on the 

nanofibrous mats, different actinidin concentrations from 5% to 50% (v/v) were prepared and 

immobilized on similar mats. Then the mats were cleaned with buffer, and the buffers were 

tested by Bradford assay to find molecules enzyme in them (Figure 4). Resulted curves showed 

that the enzyme’s concentrations that are lower than 20% had been completely attached to the 

fibers (the log part of the graph). But all the enzyme molecules in the concentration between 

20-25 (wt %) cannot bound to nanofibers (where the graph has been linear) and have been 

cleaned by the buffer. So, 20 % actinidin enzyme concentration was chosen for immobilization 

on the surface of electrospun nanofibrous patches. 

3.3. Biological safety of actinidin enzyme loaded mats. 

Actinidin enzymes biological safety was evaluated by MTT assay on AGO1522 cell 

line (human skin fibroblasts). Then the sample absorbance was obtained from a plate reader 

and achieved data were studied by SPSS software and One Way ANOVA Tukey test (Figure 

5).  
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Figure 2. SEM images from some patches are made by the electrospinning technique. The mean diameters were 

measured by SemAfore 5.21 software. The frequency distribution of nanofibers diameter in patches has been 

illustrated in the right of any image. 

 
Figure 3. Cs/PEO  nanofibers crosslinked with Glutaraldehyde10% vapour; D1)Crosslinked mat  after 1h  

immersion in PBS 1M (pH=7, 37 °C); D2)Crosslinked mat  after  24h  immersion in PBS 1M (pH=7, 37 °C) 

https://doi.org/10.33263/BRIAC113.1035810370
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC113.1035810370  

 https://biointerfaceresearch.com/ 10364 

 
Figure 4. Bradford assay chart. The protein percentage in the initial solution has changed from 0-50% (horizontal 

axis). After the enzyme was immobilized with each concentration and the mat was washed with PBS buffer, the 

optical absorbance of samples (Vertical axis) have been read from washing solutions and plotted with the BSA 

standard curve and free actinidin. As shown here, the protein with a concentration lower than 20% has 

immobilized on the mats completely. 

 
Figure 5. MTT test results. Cell viability percentage in 5 groups investigated with MTT test on the AGO1522 

cell line. Groups are 1) Nanofibrous mat crosslinked with GA and actinidin immobilized by EDC/NHS; 2) 

Nanofibrous mat crosslinked with GA and actinidin absorbed physically; 3. Nanofibrous mat crosslinked with 

GA; 4) CONTROL; 5) actinidin enzyme 

In the first 24 h, the mean difference was significant at the 0.05 level between only 

group 3 and group 4 (control), which implies a cell viability reduction. In 48 h and 72 h, groups 

1, 2, and 3 had significant differences, too. There were no significant differences between 

groups 1 and 2, so it can be concluded that EDC/NHS cross-linkers have eliminated from the 

patch’s structure completely. All these results demonstrate that however electrospun 

crosslinked chitosan/PEO patch have a toxic effect on fibroblasts, but considering related 

studies implies the cytotoxicity of these nanofibers, and it can be due to the cross-linker used 

glutaraldehyde [63-65], and even Cs/PEO electrospun patch that has reported safe in clinical 

applications [40, 66, 67]. It has shown that the actinidin enzyme not only has no cytotoxicity 

but also induce the cells more viability and proliferation. Due to the results, it can be concluded 

that the electrospun Cs/PEO patch that is loaded with the actinidin enzyme has no significant 

cytotoxicity.  

3.4. Animal evaluation. 

The enzyme loaded electrospun patches have an effect on burn wound’s healing and 

necrotic tissue debridement, and it was evaluated by a dorsal deep burn wound model of a rat. 

The round full-thickness burn wounds were made by 2.0 cm diameters on the dorsal side of 30 
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Wistar male rats. Then the wounds were covered by different bandages in five different groups: 

The electrospun patch with and without the enzyme, silver sulfadiazine1% ointment as a 

routine burn treating medicine, fresh kiwi fruit puree as the enzyme source, and sterile gauze 

as control. All bandages were replaced daily (every 24 h), and pictures were taken from the 

wounds (Figure 6). After 15 days, the pictures were analyzed by Image J software to evaluate 

the reduction of the percentage in wound areas. Figure 7 demonstrates the changes in the wound 

area closure percentage. 

 
Figure 6. In vivo results. Pictures captured by a digital camera in days 7 and 15 from the wound treated with 

different bandages remarked in blew of them. 

 
Figure 7. Wound closure percentage in rats treated for 15 days. All groups have been determined below the 

chart. The groups are comparable with themselves and each other. The chart shows a wound closure percentage 

in odd days from day 3 to 15. 

According to Figure 7, the study of the wounds appearances during the healing period 

showed that in group 1 (nanofibrous Cs/PEO patch containing immobilized actinidin enzyme) 

after 10 days, debridement and necrotic tissue digestion were visible, and hair growth was 

started in this area. There was no infection and bleeding in this group. In comparison, group 2 

(nanofibrous Cs/PEO scaffold without the enzyme) showed a slower recovery trend. Similarly, 

there was no infection in this group too, but there was a few bleeding from the 9th day. Whereas 

in group 3 (bandage with Silver sulfadiazine ointment that was covered by sterile gauze) 

despite reduced inflammation with no infection, wound adhesion to the bandage and bleeding 

were observed. In group 4 (fresh puree of Kiwi fruit covered with sterile gauze as wound 
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dressing), despite the fast and complete debridement on the 5th day, severe infection and 

bleeding were seen. It may be due to the acidic nature of kiwi (its pH was about 3.5). In group 

5 (bandage with sterile gauze), there was no debridement, so unpleasant features of the wounds, 

infection of the wounds, wound adhesion to the bandage, and bleeding while bandage changing 

was seen. It seems that the chitosan patch, besides careering the enzyme, is responsible for lack 

of adhesion and infection, so it can have an effect on the therapeutic properties of the bandage 

containing immobilized enzyme on nanofibrous Cs/PEO patch. 

3.5. Histopathological examinations. 

Histological studies in 3, 7, and 15 days were done on skin tissues that were taken from 

the wound of one rat from each group and fixed in 10% neutral formalin solution.  

 
Figure 8. Histopathological images were taken by optical microscopy after H&E staining. The tissue samples 

were taken on days 3, 7, and 15, as shown in the picture. The vertical axis indicates samples were taken on day 3 

(Fig. 8-a), day 7 (Fig. 8-b), and day 15 (Fig. 8-c). Every box contains pictures with 10X and 40X magnification. 

The horizontal axis determines tested groups from 1 to 5 and related pictures below them. 

Day 3: As the pictures show (Figure 8-a), on the third day, exudate is visible in all the 

groups. But it is negligible in group 4. Inflammatory cells are also visible in all 5 groups, but 

in group 3 are a few in comparison. Angiogenesis, collagen fibers deposition, and epithelization 

have not been seen in any group. The enzyme loaded patch have less exudate in comparison 

with the control group and has attracted fewer inflammatory cells, although it is more than 

other groups. 

Day 7: regarding Figure 8-b, there is an inflammatory exudate yet, and relatively is 

similar in all the groups. There was no exudate in groups except in groups 1 and 4. 

Inflammatory cells that are numerous in groups 4 and 1 are visible in all the groups too, but the 

most were in group 4. The severe bleeding of the tissue is quite evident in the pictures of group 

4 and is also seen rarely in group 3 (In the form of a number of sporadic red blood cells in the 
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tissue). The angiogenesis has started in groups 1, 2, and 4, and epithelization has begun in 

group 1. Collagen deposition can be observed in group 1, too. It indicates that the used 

nanofibrous patch has accelerated the angiogenesis process, and the nanofibrous patch with 

actinidin enzyme also has taken a role in epithelization and collagen production.  

Day 15: As shown in Figure 8-c, on the last day in group 1 epithelization process has 

been completed, contrary to other groups. In groups 3 and 4, this process is in its first levels. 

Angiogenesis has been accomplished in all groups except group 4. Collagen deposition is 

visible in groups 1, 2, and 5. There is an inflammatory exudate in groups 2 and 3 yet, and there 

are inflammatory cells also in group 4. Thus, the actinidin enzyme immobilized on electrospun 

nanofibrous patch has been able to complete and expedite third-degree burn wounds, without 

remaining irregularly deposited collagen fibers and eschar, as a result. 

4. Conclusions 

 In this study, Cs/PEO nanofibrous mats by electrospinning technique are prepared and 

characterized by SEM microscopy. Nanofibers with Glutaraldehyde vapor are crosslinked, and 

then the actinidin enzyme that is extracted from kiwi fruit is immobilized, and its activity in 

different conditions is investigated.  

The results that are obtained from the MTT assay show that the AGO1522 cell line has 

extra viability in enzyme existence. The results also indicate that glutaraldehyde cannot be 

removed completely from crosslinked mats, so it can have an effect on the safety of the Cs/PEO 

scaffold. But finally, the safety of the patch with immobilized actinidin is acceptable.  

This dressing effect on animal models shows that it is able to eliminate infection, 

bleeding, adhesion to the bandage, and as a result, the pain that is caused by it. The wound 

closure and the wound healing trend confirm this conclusion.  

Histopathological studies indicate that Cs/PEO electrospun dressing is able to make an 

excellent bed for burn wounds healing by accelerating epithelization, angiogenesis, collagen 

fibers deposition, and the most important very effective prevention of scar formation. 

Eventually, nanofibrous chitosan-based scaffolds with actinidin enzyme immobilize on it and 

can be proposed as an effective therapeutic product for full-thickness burn wounds healing. 
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