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A B S T R A C T   

Diabetic wound infections caused by the multiplication of infectious pathogens and their anti-
biotic resistance. Wound infection evident by bacterial colonization and other factors, such as the 
virulence and host immune factors. In this context, we need discover appropriate treatment and 
effective antibiotics for wound infection control. Considering this, we synthesized catechin- 
loaded polyvinyl alcohol/Chitosan (PVA/CS) based nanofiber for multifunctional wound heal-
ing. The physicochemical and biological properties of fabricated nanofiber, were systematically 
evaluated by various spectroscopy and microscopy techniques. The CA@PVA/CS nanofiber 
exhibited a high level of antibacterial and antioxidant effects. The nanofibers showed effective 
control in gram-positive and negative wound infectious bacterial multiplication at the lowest 
concentration. Based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
cell viability study CA@PVA/CS nanofiber shows excellent biocompatibility against L929 cells. In 
wound, scratch assay results revealed that the CA@PVA/CS treated group shows enhanced cell 
migration and cell proliferation within 48 h. The synthesis of antioxidant, antibacterial, and 
biocompatible nanofiber exposes their potential for effective wound healing. Current research 
hypothesized catechin loaded PVA/CS nanofiber could be a multifunctional and low-cost material 
for diabetic wound care application. Fabricated nanofiber would be improved skin tissue 
regeneration and public health hygiene.   

1. Introduction 

Diabetic wounds and chronic skin infections affect millions of peoples worldwide [1]. Treatment of diabetic wounds is the biggest 
challenge because of skin regeneration and migration of cells towards wound sites due to bacterial infection [2,3]. Incurable diabetic 
wounds have a great impact on patients and cause pain, depression, anxiety, and longtime hospitalization [4–6]. Another side, open 
diabetic wounds are infected by microorganisms. The large population of microbes in wound sites causes serious suffering and delays 
the wound healing process [7–10]. Biomaterials used for wound care systems provide several advantages, such as bio-safety, skin 
permeability to oxygen, adhesive properties, and infection reduction mechanism. The use of bioactive components and fiber scaffolds 
has a great interest in wound care [11–13]. Plant-derived components or phytochemicals are currently explored as an effective 
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resource for nanofiber fabrication to improve anti-inflammatory and wound healing efficiency [14–16]. In particular, catechin is a 
naturally occurring polyphenol with anti-inflammatory, antioxidant, and anticancer effects [17–19]. The ability to cross the 
blood-brain barrier (BBB) of catechin molecules has leads increased interest in antioxidant-related benefits for infection control and 
cell regeneration. Oxidative stress plays a vital role in skin cell proliferation activated by intracellular signaling cascades [20–22]. 
Some reports have elucidated that catechin has reliable potential in blood glucose reduction modulating the glucose transport chain 
mechanism. The beneficial potential of catechin and its wound care at different stages of wound sites such as inflammation, prolif-
eration, and tissue regeneration [22–24]. On another hand, chitosan has growing interest in wide spectrum in biomedical research, 
mainly wound care, drug delivery, antimicrobial, and fat binding agent. Chitosan exhibits highly sophisticated functions in 
biochemical activity, biocompatibility, biodegradability, and low toxicity [25–29]. It is used to prepare films, fibers, and hydrogels, 
and most of them are used in biomedical applications [30,31]. Recently, the health care process has an intrinsic reorganization of 
ineffective antibiotics and wound dressing. A variety of antibiotics and wound dresses are available in the commercial market. The 
inefficient wound repair processes lead to maladaptive regeneration in skin health [32–34]. And other facts such as the excess amount 
of degrading enzyme, bacterial infections, and lack of vasculature delay the wound healing process. In this context, effective strategy 
and materials are required to prepare effective wound dressings [35,36]. Nanomaterial based wound dresses are carrying active 
molecules with fiber scaffolds for multi functionalities. This type of nanofiber scaffold is the most charming formulation due to its 
mechanical strength, ease of synthesis, biocompatibility, and effectiveness in medical treatments [37–41]. For instance, nanofibers 
built from biopolymers and plant compounds encapsulation promotes immediate wound closure and skin cell regeneration. Most 
advanced wound dressing mainly focused on the control of bacterial infections in wound sites [42–45]. The discovery of a novel wound 
dress via biopolymer and plant compound-based nanofiber is a powerful choice for diabetic wound healing applications. In addition, 
flexibility, biocompatibility, and active molecule releasing of the wound dressing to be able to decrease the risk of wound care [46–48]. 
In this study, we reported that the simple electro-spinning fabrication of catechin loaded PVA/CS nanofiber for antibacterial, and 
antioxidant properties led to diabetic wound healing application. Due to its natural biocompatibility, cell migration, along with 
antibacterial properties, CA@PVA/CS nanofiber scaffolds might play an excellent role in diabetic wound care and positive influence on 
epithelial cell regeneration of the wounds. 

2. Materials and methods 

2.1. Chemicals 

Low molecular weight chitosan powder (MW: 1600 kDa), catechin, MTT, Dulbeccos modified eagle medium, fetal bovine serum, 
polyvinyl alcohol (MW:85 kDa), glacial acetic acid (90–99 % purity, Muller Hinton broth, agar-agar, nutrient broth and nutrient agar, 
phosphate buffered saline, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), were purchased from Sigma Aldrich. 

2.2. Synthesis of CA@PVA/CS nanofibers 

Catechin-loaded PVA/CS nanofiber was synthesized by the electrospinning method. Chitosan and catechin were dissolved in 90 % 
acetic acid to make a 6 wt % chitosan solution and a 2 wt % catechin solution. Polyvinyl alcohol (PVA) was dissolved in hot (80 ◦C) 
deionized water to make a 10 wt % solution. The CS/PVA polymeric blended solution have ratio of 0.6:1. After the blended solutions 
were prepared, they were electrospun simultaneously. A high voltage power supply unit (TL-Pro, Shenzhen, China) was used to 
generate a voltage of − 2 kV–20 kV for the electrospinning process. The solution was injected at a consistent rate via a glass syringe (5 
mL) placed in a holder and pushed by a pump. An adjustable high-voltage supply was used to create an electric field, and solutions 
were injected from a syringe into a silicone tube connector before passing through a blunt-tipped stainless steel needle (gauge 18, inner 
diameter 0.84 mm). The holder for the needle was mobile, allowing it to move in front of the mandrel. Exhausting fans have been 
incorporated in the apparatus for the purpose of evaporating the solvents. The revolving mandrel wrapped in aluminium foil was used 
to gather the leftover polymer chains that had formed the nanofibrous mats. The speed of the mandrel’s rotation might be adjusted. On 
a computerized display, the operator could change settings like TCD, injection rate, mandrel rotation speed, needle scan location, and 
electric field. The solutions were electrospun at room temperature using the following parameters: 20 kV voltage, 0.5 mL/h injection 
rate, 100 mm TCD, and 700 rpm mandrel rotation. For the characterization experiments, the nanofibers collected on aluminium foils 
were kept at ambient temperature. 

2.3. Characterization techniques 

The morphology of the prepared CA@PVA/CS nanofiber was examined and images were taken by using field emission scanning 
electron microscopy (FE-SEM Supra 55VP, USA). The nanofiber diameter was assessed by ImageJ software. The active functional 
groups of prepared nanofibers were evaluated by using FTIR spectroscopy (ATR-FTIR, Lumos, USA) at the range of 400–4000 cm− 1. 
The absorption spectra of catechin and CA@PVA/CS nanofiber were recorded by using a UV–Vis spectrometer (Agilent, USA) the 
spectra range is 200–800 nm respectively. The tensile strength of CA@PVA/CS nanofiber was tested by SANTAM universal testing 
machine (STM-1). 
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2.4. Mechanical characterizations 

2.4.1. Rheology analyses 
The Anton Paar (Physica TM) MCR300 rheometer was used to examine the characteristics of PVA/CS and CA@PVA/CS solutions. 

To measure the viscosity of solutions with different combinations, the rheometer utilized cone and plate geometry with diameters 
ranging from 1◦ to 0.05◦ and conical angles of 1◦. Using shear rates ranging from 0.01 s− 1–1000 s− 1, shear viscosities were measured at 
25 ◦C, while shear tresses were measured in the range of 10− 3 to 103. 

2.4.2. Tensile strength analyses 
Nanofibrous mats made of PVA/CS and CA@PVA/CS were also evaluated in this test. We used a single column universal testing 

machine (Tinius Olsen H1KS, USA) with a 1 kN load cell to obtain stress-strain curves according to ASTM D882-12. A gauge length of 
20 mm was taken to be considered when the specimens were cut into strips measuring 0.5 × 5 cm. After placing the samples in the 
grips, they were subjected to a strain rate of 10 mm/min until they broke. From the stress-strain curves, the average values of Young’s 
modulus of elasticity (E), ultimate tensile strength (UTS), and elongation at break (εb) were determined for samples of each 
composition. Data are shown as the average ± standard error. 

2.4.3. Water contact angle 
By measuring the surface contact angle of the nanofiber with a water drop using the sessile drop method, we can examine the 

impact of CA incorporation into the PVA/CS nanofibrous samples. With careful consideration, a 2 μL drop of water was applied to the 
surface of every sample, and images were captured of the interface between the liquid and solid using a Canon high resolution camera. 
The images were processed using the ImageJ software to obtain the contact angle of the drop with the surface. Each sample had a water 
droplet placed at least three times, and the average ± standard deviation of the contact angles was reported. 

2.4.4. Degree of swelling 
The formula for determining the degree of swelling (%) was based on the difference between the dry and swollen samples and 

measured by using following equation (1); 

D.S. (%)=
W0 − Ws

W0
× 100 (1)  

W0 is the weight of the dry sample, and Ws is the weight of the enlarged sample after a period has passed. 

2.5. Investigation of encapsulation efficiency (%) and drug loading capacity (%) 

The drug loading capacity (%) and encapsulation efficiency (%) were investigated by the procedure followed by previous report 
with some minor modifications [49]. High performance liquid chromatography (HPLC) with a Thermo Scientific C18 reversed phase 
column and DMF as the mobile phase at a flow rate of 0.5 mL/min was used to determine the encapsulation efficiency (EE) and drug 
load capacity (DLC) of the CA loaded PVA/CS nanofibrous material. In order to precipitate the polymer, 20 mg of CA loaded PVA/CS 
nanofibrous material were dissolved in 5 mL of acetonitrile. After filtering through a 0.22 m Millipore membrane, the drug concen-
tration was measured using high-performance liquid chromatography. The mass ratio of the encapsulated drug to the amount of drug 
that was initially added was used to calculate the drug encapsulation efficiency. Drug loading capacity (DLC; equation (2)) and 
encapsulation efficiency (EE; equation (3)) of celastrol were determined using the following equations, 

DLC (%)=

{
drug weight in drug loaded NPs

weight of drug − loaded NPs

}

× 100 % (2)  

EE (%)=

{
drug weight in drug loaded NPs

Weight of drug in feeding

}

× 100 % (3)  

2.6. Antibacterial activity of CA@PVA/CS nanofiber 

The antibacterial efficacy of CA@PVA/CS nanofiber was evaluated by disk diffusion method against wound pathogens Escherichia 
coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermis. The culture media was prepared according to the 
previous method by Prabhu et al., 2020 [44]. Overnight cultured bacterial strains were evenly swabbed on the agar plates. Different 
doses of CA@PVA/CS (50, 100, and 150 μg/ml) loaded discs fixed on the agar plates. Ampicillin was considered a positive control for 
the comparison. plates incubated at 37 ◦C for 12 h for bacterial growth. After the incubation period, the zone of inhibition was 
measured by using a zone scale. 

2.7. Antioxidant activity of CA@PVA/CS nanofiber 

The antioxidant efficacy of the prepared nanofiber was evaluated using DPPH radical-scavenging assay [42]. Briefly, a volume of 2 
ml of DMSO dilutions equivalent to volumes of CA@PVA/CS, nanofiber was mixed with 2 ml of 100 μg/ml of DPPH. The reaction 
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solution was maintained at room temperature under dark conditions for 60 min. Neutralization of DPPH was quantified by UV–vis 
spectroscopy in the 517 nm range. The free radical scavenging potential of CA@PVA/CS nanofiber was confirmed from absorbance of 
reaction solution after experiment. The percentage of antioxidant potential of nanofiber is calculated to the following equation (4): 

% of inhibition=
A0 − A1

A0
X 100 (4)  

Where, A0 is the absorbance of control and A1 is absorbance of the treated sample. 

2.8. Biocompatibility of CA@PVA/CS nanofiber against L929 cells 

The biocompatibility of fabricated CA@PVA/CS nanofiber was examined by using an MTT cell viability assay. The human 
fibroblast L929 cells were cultured in DMEM medium supplemented with 10 % of FBS and penicillin antibiotic at 37 ◦C under CO2 flow. 
The 20 mg of nanofiber was dissolved by DMSO and different concentrations of nanofiber were treated against L929 cells. All 
experiment was performed in triplicates on a 96-well plate. The absorbance of treated and control cells was measured by a microplate 
reader (ChroMate- 4300, USA) at 570 nm. The percentage of biocompatibility was assessed from viable and dead cells using cell 
counting kit-8. Percentage of cytotoxicity calculated by using following equation (5); 

CT %=
Absorbance of control − Absorbance of treated

Absorbance of control
X 100 (5)  

2.9. AO/EtBr dual staining assay for determination of apoptosis 

Cytotoxicity and morphological changes of CA@PVA/CS nanofiber treated cells were examined against human fibroblast L929 
cells. Then, L929 cells were seeded in DMEM and treated by CA@PVA/CS nanofiber at 100 μg/ml concentration. After 24 h incubation, 
treated cells were stained with AO/EtBr (10 μg/ml) for 15 min. The excess unreached cells and debris were washed twice with PBS. 
Cells were cultured without the addition of nanofiber considered a negative control. The reactive oxygen species (ROS) formation and 
nuclear damage were detected, and images were captured by a fluorescence microscope. The fluorescence intensity and percentage of 
dead cells was quantified by using ImageJ 1.44 software. 

Fig. 1. Field emission scanning electron microscopic images of CA@CS nanofiber (A, B) and CA@PVA/CS nanofiber (C, D) with different 
magnifications. 
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2.10. In vitro wound scratch assay 

The in vitro wound healing potential of fabricated CA@PVA/CS nanofiber was examined by using an MTT cell viability assay 
against fibroblast cells [49]. The skin fibroblast L929 cells were seeded on a twelve-well plate obtained with a monolayer of L929 cells. 
The IC50 concentration of CA@PVA/CS nanofiber (78.6 ± 1.20 μg/ml) was added into wells containing fibroblast cells. One well 
treated by commercial anticancer drug cisplatin for comparison of wound healing with nanofiber. Then, a scratch was made by 100 μl 
micro tip across the middle of wells and washed thrice with phosphate buffer saline to remove detached cells and impurities. A well 
without nanofiber considers a negative control. Cells were allowed to proliferate under CO2 flow at 37 ◦C. The wound closure was 
examined by Nikon, fluorescence microscope, and images were taken at different time intervals (0, 6, 12, and 24 h). The wound closure 
area has been calculated using Image J software. The percentage of wound closure and cell migration rate is calculated by the following 
equation (6); 

Wound closure %=
A0 − At

At
X 100 (6)  

A0 -is the area wound scratch at the time of scratching. At -is the area of the wound after the scratches are performed. 

2.11. Statistical analysis 

All experiments were carried out in triplicates. The IC50 concentration of data were expressed as a mean ± standard deviation. The 
characterization techniques and results were analyzed with a one-way ANOVA by Origin 9.0 software. A differential value of *p < 0.05 
was considered to be statistically significant. 

3. Results 

3.1. Morphology and size of CA@PVA/CS nanofiber 

The surface morphology of the fabricated nanofiber scaffold was examined by using FE-SEM imaging techniques as shown in Fig. 1. 
The PVA/CS fibers were obtained at a range of 120–240 nm in diameter. The catechin-loaded CA@PVA/CS was obtained at the range 
of 50–120 nm diameters in size. It is highly suitable for skin fibroblast cell attachment and cell regeneration. In FE-SEM images of bare 
PVA/CS nanofibers show smooth and uniform surface morphology in nature (Fig. 1A&B). In this case, catechin-loaded nanofiber 
showed some irregular morphology in fiber scaffolds, the accumulation of active substances on the surface of nanofibers is generally 
due to the poor solubility of the active substance in the polymeric matrix (Fig. 1C&D). Moreover, generally, the active substance can 
form aggregates on the nanofiber surfaces modifying morphological parameters such as the roughness, but do not affect the 
morphology causing the formation of beads [50,51]. By carefully tailoring the processing parameters, it is possible to obtain uniform 
fibers even in the absence of beads. Additionally, during specific experiments, the structure of beads could be formed in the fibers as the 
liquid turns to solid, possibly due to the fact that the electric force rendered the fiber thinner during the fiber-forming process while 
surface tension decreased the liquid surface area. It indicates that the diameter and beads percent of the obtained fibers were 
significantly influenced by solution concentration and polymer molecular weight. It was found that as the concentration of the solution 
increased, the diameters of the smooth fibers obtained increased and the tendency for the observation of beaded fibers reduced. The 
results demonstrated that the concentration of the solution and the molecular weight of the polymer had distinct impacts on the fiber 
diameter and the number of beads. In order to produce smaller fibers with bead-free morphologies, the polymer solution needs to be 
optimized such that the concentration is high enough to cause polymer entanglements but not so high that the viscosity prevents the 
polymer motion induced by the electric field. The previous research indicates the concentration of the solution and the molecular 

Fig. 2. The nanofibers diameter and stress-strain curve of CA@CS nanofiber (A, C) and CA@PVA/CS nanofiber (B, D).  

Y. Hu et al.                                                                                                                                                                                                              



Heliyon10(2024)e26940

6

Fig. 3. Mechanical properties of the prepared nanofibrous materials; Stress-strain curve (a & b) and swelling behavior (c) of CA@CS and CA@PVA/CS nanofiber samples.  
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weight of the polymer had the greatest impact on the fiber diameter and the percentage of beads. Nevertheless, the beads attached to 
the fibers could serve as a reservoir for drugs or cells; these beads should degrade in a completely different way than the fibers 
themselves [52–55]. The influence of spinning voltage on the fiber morphology has been investigated by Deitzel et al. They discovered 
that the formation of defects in the fibers known as beads is strongly correlated with the spinning voltage. 

The surface tension increased by the agglomeration of catechin within the fiber scaffold. The average diameter of PVA/CS fiber is 
160 ± 15 nm and catechin-loaded CA@PVA/CS nanofiber is 120 ± 10 nm in diameter (Fig. 2 A&B) respectively. The incorporation of 
catechin with PVA/CS fibers decreases the diameter size of nanofiber scaffolds. The tensile strength of wound care materials plays a 
prominent role in the healing mechanism. Wound healing agents promote the tensile strength of wound sites. In this study, both 
CA@CS and CA@PVA/CS nanofiber found to be an ultimate tensile strength at the fracture point shown in Fig. 2. The tensile strength 
of CA@CS and CA@PVA/CS nanofibers is 21.65 ± 8.3, and 12.84 ± 5.6 N, respectively (Fig. 3 (a & b)). Table 1 illustrates that the 
prepared solutions’ viscosity increased as CA was incorporated. Intermolecular and intramolecular hydrogen bonding between CS 
hydroxyl groups on the surface of PVA functional groups is responsible for the increase in solution viscosity, which is caused by the 
interaction of functional groups of chitosan, PVA, and CA molecules. These findings demonstrated that the CA molecules were 
effectively enforced into the fibrous polymeric matrix. Table 1 and Fig. 3 (a & b) additionally exhibit the results of the nanofibers’ 
tensile strength and elongation at break. Encapsulation by CA resulted in a substantial reduction in tensile strength for the CA@CS/ 
PVA sample when contrasted with the CS/PVA sample. The tensile strength results demonstrated that chitosan/PVA nanofibers’ 
mechanical strength was slightly reduced after adding CA. As shown in Fig. 3 (b), the stress-strain curves for the tested samples are 
presented. The tensile strength and elongation at break of the CA@CS/PVA sample are both lower than expected. When CA molecules 
are incorporated into a polymer matrix, the resulting nanofibrous material typically exhibits this behavior. In Fig. 3 (c), we are able to 
observe the swelling behavior of PVA/CS nanofibers and CA@CS/PVA nanofibers material. The high surface-to-volume ratio and 
porous structure of CA@CS/PVA nanofibers enable them to absorb water more rapidly than nanofibrous material. When comparing 
CS/PVA nanofibers to those with an added CA, a small improvement in water absorption capacity was observed. 

The surface properties of tissue engineering scaffolds play an important role in determining the cell/biomaterial interactions. The 
water contact angle of scaffolds determines the hydrophilicity of the surface which affects the cell growth in cell culture studies. The 
contact angles of the nanofibers of this study are presented in Table 1. Contact angle for the CS/PVA sample was 54.5 ± 1.4◦ in 
accordance with literature data. For the crosslinked nanofibers, the contact angle was slightly increased to 58.7 ± 3.6◦ indicating a 
more hydrophobic surface. Crosslinking reactions between PVA and chitosan chains with CA molecules increase the hydrophobicity of 
the nanofibers Thus, higher hydrophilicity was observed for CA reinforced nanofibers. Chitosan is a well-known fragile biopolymer the 
CH-group of chitosan enhances flexibility and stress resistance. In this context, PVA is a flexible polymer the combination of chitosan 
and PVA ultimately increased the elasticity of the nanofiber scaffold. The incorporation of catechin reduced the size of CA@PVA/CS 
nanofiber, which leads the reduction in fiber elongation. 

3.2. Spectroscopic investigations 

The loading of catechin within nanofiber was confirmed using UV–vis spectroscopic observation. The characteristic absorbance of 
bare catechin is 278 nm. And absorbance of CA@PVA/CS nanofiber shows two regions like as 274 nm and 320 nm respectively 
(Fig. 4A). In this case alone PVA/CS shows a peak at around 260 nm which indicates the chitosan presence in the nanofiber, and there is 
no peak at the range of catechin. The peak shifting in CA@PVA/CS nanofiber represents the interaction of catechin and chitosan 
biopolymer. Chitosan has a high affinity for catechins and can bind with a wide variety of chemical compounds. The amino groups in 
chitosan can attract the negatively charged polyphenols in catechins through electrostatic interactions. Because of its binding capa-
bilities, chitosan has been investigated for its capacity to increase the bioavailability of particular substances. Chitosan may increase 
the bioavailability of catechins by facilitating their absorption and retention in the body. The interaction between chitosan and cat-
echins might vary depending on a number of parameters, including the concentration and ratio of the two chemicals, as well as the 
origin and structure of the chitosan. Further investigation is required in order to fully understand the extent of their interaction and 
their potential advantages. The characteristic functional groups or specific chemical bonding of CA@PVA/CS nanofiber were exam-
ined by FTIR spectroscopic observation as shown in Fig. 4B. A sharp peak at around 1034 cm− 1 attributes C–O–C stretching vibration. 
The small peaks around 1144 and 1163 cm− 1 correspond to the C–O stretching vibrations. The broad band around 3120-3372 cm− 1 

wavelength indicates the deformation hydroxyl group from the chitosan and catechin molecules. The peak around 564 cm− 1 and 2865 
cm− 1, confirmed the C–N bending and C–H stretching vibrations of chitosan. When PVA polymer and chitosan are combined, they may 
yield composited material. A novel material with desirable characteristics, such as high mechanical strength, high flexibility, and 

Table 1 
The analysis parameters of Average diameter (nm), viscosity of the solution, Tensile strength, elon-
gation at break (%) and contact angle (◦).  

Sample CS/PVA CA@CS/PVA 

Average Diameter (nm) 160 ± 15 120 ± 10 
Viscosity of the solution 205 ± 10 196 ± 8 
Tensile strength 21.65 ± 23 12.84 ± 3.6 
Elongation at Break (%) 15.4 ± 1.3 9.3 ± 0.5 
Contact Angle (o) 54.5 ± 1.4 58.7 ± 3.6  
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biocompatibility, may be formed when these two are brought together. In terms of their molecular structure, PVA and chitosan are 
regarded to be "compatible polymers." The existence of hydrogen bonding sites in both polymers makes it possible for interactions 
between the functional groups, which is responsible for their compatibility. Films or coatings composed of PVA-chitosan blends have 
been utilized in a wide variety of applications. PVA and chitosan have advantages because they can create a film and are biocom-
patible; these properties make them great options for uses including wound dressings, drug delivery systems, and tissue engineering. 
The use of PVA-chitosan blends in controlled release systems has been investigated. Incorporating drugs or active substances into the 
blend provides regulated and targeted delivery by modulating and prolonging the release over time. It is important to keep in mind that 
the specific features and applications of PVA-chitosan blends can vary based on factors including the ratio of the two polymers, 
processing processes, and extra additives. Consequently, it is sometimes necessary to do additional study and optimization in order to 
customize their interactions for specific applications. 

3.3. Drug loading capacity (%) and encapsulation efficiency (%) 

Table 2 displays the observed DLC (%), and EE (%) for CA loaded CS/PVA nanofibers. The CA molecules loaded CS/PVA nano-
fibrous mats were found to significantly enhance either drug loading content (%) and encapsulation efficiency (%). Catechin 
encapsulated in chitosan nanofibers provides a variety of advantages. Catechin’s stability is increased and its degradation has been 
stopped owing to the chitosan matrix. Catechin can be more effectively incorporated into a variety of environments attributable to the 
nanofiber structure’s high surface area. Catechin-encapsulated chitosan nanofibers have a wide range of prospective applications. 
Catechin’s antioxidant and antibacterial abilities make it useful for promoting wound healing and preventing infection in such ap-
plications. Catechin’s long-lasting therapeutic benefits offer these nanofibers a promising candidate for use in drug delivery systems. 
They can also be used as additives in food packaging to prevent deterioration by microorganisms. 

3.4. Antioxidant activity of CA@PVA/CS nanofiber 

The antioxidant property of CA@PVA/CS nanofibers was evaluated by the DPPH method (Fig. 5A). DPPH assay was employed to 
measure the free radical scavenging capacities. The electron donor scaffolds that quench DPPH to DPPH-H are the best indicator for 
free radical scavenging. It is indicating that, the nanofiber scaffold containing catechin showed scavenging potency higher than 
ascorbic acid (*p < 0.005). Results revealed that CA@PVA/CS nanofiber exhibited antioxidant activity against DPPH at the lowest 
SC50 concentration (0.42 mg/ml) in scavenging (Fig. 5 B&C). The presence of chitosan and catechin shows a synergistic effect on the 
antioxidant mechanism and it can effectively stimulate enzymatic repair. CA@PVA/CS nanofiber is a promising candidate for diabetic 

Fig. 4. (A) UV–vis spectra of catechin (blue), PVA/CS nanofiber (black) and CA@PVA/CS nanofiber (red), (B) FTIR spectra of catechin (blue), PVA/ 
CS nanofiber (red) and CA@PVA/CS nanofiber (black). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 2 
The observed data for drug loading capacity (%) and encapsulation efficiency (%) of the 
prepared nanoformulations.  

Formulations DLC (%) EE (%) 

CA@CS/PVA 4.1 ± 0.50 75.16 ± 2.5  
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wound care applications. 

3.5. Antibacterial activity of CA@PVA/CS nanofiber 

The antibacterial potential of fabricated CA@PVA/CS nanofiber was assessed by well diffusion assay. The zone of bacterial inhi-
bition was calculated in diameter after 24 h incubation period. The zone of inhibition at different concentrations of nanofiber treated 
bacterial were shown in Fig. 6. The nanofiber scaffolds have significant bactericidal properties compared to the selected commercial 
antibiotic ampicillin. The zone inhibition is an indicator of the antibacterial potential of CA@PVA/CS nanofibers. According to the 
zone of inhibition encapsulation catechin within PVA/CS nanofiber easily interact with gram-positive and gram-negative bacteria 
cells. As expected, the gram-positive bacterium is more sensitive to these mats. The negatively charged catechin attracted by a gram- 
positive bacteria cell wall and positively charged chitosan easily attracted by the gram-negative bacteria cell wall. The combination of 
catechin and chitosan leads to 78% of cell wall damage and ROS-mediated cell death in bacterial strains. A significant amount of 
inhibition zone was formed in all four bacteria (Fig. 7B) but compared to E. coli another three bacteria S. aureus, S. epidermis, and 
P. aeruginous are slightly higher. According to these antibacterial results, the fabricated CA@PVA/CS nanofiber scaffold is a highly 
suitable and efficient material for diabetic wound healing applications. 

3.6. Biocompatibility of CA@PVA/CS nanofiber 

Cytocompatibility of CA@PVA/CS nanofiber was assessed against L929 cells with two different methods including MTT assay and 
AO/EtBr dual staining. According to dual staining results, CA@PVA/CS nanofiber shows cell viability higher than 78 % until 48 h post- 
exposure. Regarding MTT assay commercial anticancer drug cisplatin shows only 32 % of viable cells at the highest concentration of 
100 μg/ml. Alone catechin-treated cells show 70 % of cell viability (Fig. 7A). The combination of catechin and PVA/CS nanofibers 
enhanced the biocompatibility of fibroblast L929 cells. In contrast, a nanofiber scaffold provides more advantages to nutrient transport 
into cells. Microscopic images of CA@PVA/CS nanofiber treated cells show a higher level of green fluorescence, which indicates 

Fig. 5. Antioxidant activity of CA@PVA/CS nanofiber compare with Ascorbic acid and catechin (A), relative SC50 of prepared catechin and 
CA@PVA/CS nanofiber (B, C). 
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Fig. 6. Antibacterial potential of CA@PVA/CS nanofiber at different concentrations (20–100 μg/ml).  

Fig. 7. (A) Cytotoxicity of CA@PVA/CS nanofiber compare with commercial anticancer drug Ampicillin and (B) Bacterial zone of inhibition at 
highest concentration (100 μg/ml) against wound infected bacteria. 
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healthy live cells after 48 h of treatment (Fig. 8). The present study concluded that the CA@PVA/CS nanofiber is a more biocompatible 
and suitable material for diabetic wound healing applications. 

3.7. The wound healing potential of CA@PVA/CS nanofiber 

The wound healing property of the fabricated nanofiber scaffold was assessed by in vitro wound scratch assay against L929 cell 
lines. The results exhibit that the CA@PVA/CS nanofibers regulate the regeneration of fibroblast cells and initiate the healing 
mechanism of scratched cells. The wound healing potential of materials has been determined by fibroblast accumulation and collagen 
deposition in specific wound sites. We found excellent cell migration and regeneration after 12 h of pipette scratch as shown in Fig. 9. 
Releasing of the catechin molecule stimulates the protein secretion and leads cellular migration process. Dual polymeric nanofiber 
scaffolds can promote a faster wound healing process and biocompatibility of the material. The inverted phase contrast microscopic 
images showed that a remarkable increase in cell regeneration potential, compared to control groups is fourfold higher. The CA@PVA/ 
CS nanofiber exposes the progressive epithelization without external inflammation, in all treated groups. According to Fig. 9, the 
percentage of wound healing increases with the time increase of post-exposure to nanofiber, especially after 48 h of complete wound 
closure has been achieved. The overall in vitro wound scratch assay confirmed that, the CA@PVA/CS nanofiber more suitable and 
efficient material for the diabetic wound care [56–60]. 

4. Discussion 

Diabetic ulcer-related wound infections have a dangerous effect on public health it can lead to death. Diabetic wounds are very 
different from normal wounds and so easy to bacterial infections due to the oxidative stress of surrounding wound tissues. Electrospun 

Fig. 8. Fluorescence microscopic images of CA@PVA/CS nanofiber treated cells in AO/EtBr dual staining after post exposure at different time 
intervals (0, 24 and 48 h) at 20x magnification. 
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nanofibers has great consideration in the designing of wound dressings in the past four decades [61,62]. There are lots of biopolymers 
employed for electrospinning, techniques, chitosan is the most valuable biopolymer for the design of electrospun fibers, due to its 
biocompatible, nontoxic, anti-microbial, as well as biodegradable properties. The blended electrospun nanofibers possess enhanced 
stability, mechanical property, and biocompatibility, which are essential for wound healing [63,64]. Skin damage causes a higher level 
of ROS production in wound sites, lead protein, nucleic acid damage, and cell death [65,66]. It has been determined that CS may 
promote cell proliferation in vivo in a strange manner. Furthermore, after CS was administered, both polymorphonuclear (PMN) and 
mononuclear (MN) cells started to migrate immediately. In order to promote cell mobility, PMN and MN break down CS into its low 
molecular weight oligomers and monomers. In this work, the overall results revealed that catechin-encapsulated PVA/CS nanofiber 
exhibits considerable antibacterial and antioxidant ability with synergic effects in wound healing. The enhanced antibacterial activity 
of the CA@PVA/CS nanofiber combination showed attractive improvement in the overall wound healing process. It brings out an 
efficient antibiotic with combinations of antibacterial and antioxidant potentials. In the antibacterial experiments, CA@PVA/CS 
nanofiber scaffolds are highly sensitive to gram-positive and gram-negative wound pathogens. Investigation of biocompatibility 

Fig. 9. Inverted phase contrast microscopic images of CA@PVA/CS nanofiber treated L929 cells post in vitro wound scratch assay at different time 
intervals (0, 12, 24, and 48 h) at 20x magnification. 
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studies concluded no cytotoxic effects against human fibroblast cells, while cell viability of fiber-treated cells significantly increased 
over a long period. It indicates that nanofiber had no toxic effect in vitro conditions [67]. Also, a promising antibiotic for wounded cell 
regeneration. Finally, overall cell line, antioxidant assay, and antibacterial studies concluded that the CA@PVA/CS nanofibers scaf-
folds could be a suitable material for diabetic wound care and will facilitate effective diabetic wound healing, addition it can reduce the 
cost of treatment. CA@PVA/CS nanofibers exert their beneficial activity on wound closure whereas the incorporation of catechin 
enhances wound closure within a short period. The most plausible mechanism could be due to the control of ROS generation by 
catechin. The elimination of skin cell ROS can serve as a stimulant of cell proliferation leading to wound-healing effects. Antibacterial 
efficacy conferred by catechin in chitosan/PVA nanofibers might have promoted the rate of wound healing. The porous-natured 
nanofiber scaffolds conferring better moisture absorption and sufficient oxygen supply might be another reason for fast wound 
contraction. The wound healing potential of the CA@PVA/CS nanofibers membranes enabled it to be used as a dressing material for 
diabetic wound healing. Many research reports are stating the importance of PVA/chitosan nanofibers in enhancing the wound healing 
process. For instance, the effect of catechin-encapsulated PVA/chitosan scaffolds on antibacterial and wound healing efficacy was 
determined by enhanced wound contraction. The nano formulation-based fabrication of CA@PVA/CS scaffolds might be an ideal 
material for diabetic wound healing applications [68,69]. 

5. Conclusion 

The CA@PVA/CS nanofibers were designed and fabricated by using the electrospinning method. The nanofibers showed reliable 
antibacterial, anti-oxidant potential and very encouraging results in the wound healing process. The nanofiber scaffolds exhibited 
outstanding antibacterial efficacy against skin infectious bacteria. CS@PVA/CS nanofiber also manifested higher antioxidant activity 
which makes them promising material for diabetic wound healing. The present study demonstrated that that the CA@PVA/CS 
nanofibers can serve as useful dressing materials in diabetic wounds when compared to the control nanofibrous mat without CA 
encapsulation. In the future, the exact healing mechanism of faster wound healing of CA@PVA/CS nanofibers scaffolds can be explored 
by animal models. 
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