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The established potential of sodium alginate (SA) in tissue engineering and regenerative 

medicine underscores its significance. This study involved coating a sodium alginate 

substrate (SA) with nanofibers through the electrospinning of a polyvinyl alcohol (PVA) 

solution loaded with various antimicrobial agents, specifically silver nanoparticles 

(AgNPs). The coated nanofibers underwent comprehensive physiochemical, biological, 

and morphological characterization. The analysis of the coated nanofibers included 

techniques such as Field Emission Scanning Electron Microscopy (FESEM) and Fourier 

Transform Infrared Spectroscopy (FTIR). The contact angle was measured using the 

sessile drop method. Microbiological assays were conducted to evaluate the effectiveness 

against Staphylococcus aureus (S. aureus). Additionally, cell viability was assessed using 

MTT assays on the AD-MSC cell line. In vitro assays demonstrated the excellent 

biocompatibility of the coated nanofibers in cell culture. The SA/PVA/AgNPs-coated 

nanofibers exhibited inhibitory effects on the growth and proliferation of Staphylococcus 

aureus bacteria. The findings suggest that these novel coated nanofibers hold promise for 

the development of sustainable biomaterials for skin tissue engineering. 
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1. INTRODUCTION

As emerging biomedical disciplines, tissue engineering and 

regenerative medicine offer innovative methods for the 

regeneration and healing of damaged tissue [1, 2]. Over the 

past several decades, tissue engineering research has increased 

significantly. Its achievements have encompassed a wide 

range of investigations, such as surface inspection, biomaterial 

development and processing, and the functionalization for 

improved imaging and cell-material interactions [3, 4]. Tissue 

engineering, a key component of regenerative medicine, uses 

the principles of cell transplantation, engineering, and material 

science to repair, regenerate, or restore the functionality of 

injured or destroyed tissues. In order to achieve this, either 

alone or in combination, cells, biomaterials, and biochemical 

components are utilized [5, 6]. It employs basic chemistry to 

regulate the fate of cells inside a scaffold, a supportive matrix 

that, by mechanical and biological means, promotes cell 

adhesion, migration, proliferation, and attachment into tissues 

[7, 8]. 

Due to its exceptional biocompatibility, sodium alginate 

stands out as one of the frequently employed natural 

biopolymers in tissue engineering. Alginates, derived from the 

alginic acid present in the brown cell walls of seaweed, are 

polysaccharides with diverse ratios of -D-manuronic acid (M) 

and -L-guluronic acid (G) sequences, as well as varying 

molecular weights. Notably, sodium alginate is water-soluble, 

possesses hemostatic properties, and can effectively absorb 

body fluids [9-12]. 

In the biomedical domain, polyvinyl alcohol (PVA) finds 

extensive use owing to its biocompatibility and non-toxic 

nature. It proves to be a valuable choice for crafting synthetic 

cartilage due to its suitable moisture content and controllable 

mechanical characteristics [13]. Notably, natural materials like 

hyaluronic acid, chitosan, and cartilage acellular matrix 

exhibit a heightened inclination for cell-to-tissue and cell-to-

cell interactions. This unique feature enables biomaterials to 

closely emulate in vivo functions and tissue architecture [14, 

15]. 

The electrospinning process enables the production of metal 

nanoparticle-based coated nanomaterials, composites, and 

inorganic agents for wound treatment. Nanofibers, formed 

through this process, exhibit distinctive characteristics owing 

to their unique surface-area-to-volume ratio and the ability to 

generate porous and interconnected structures. Additionally, 

these nanofibers are composed of natural biopolymers, 

mirroring the structure of the extracellular matrix (ECM) [16, 

17]. 

The large specific surface area and high interconnectivity of 

electrospun nanofiber scaffolds can help promote the 

extracellular matrix (ECM)-cell contact at the site of damage. 

They also have various cell binding sites and good mechanical 

strength due to their porous three-dimensional structure [18]. 

Nowadays, a growing amount of research is being done on the 
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fabrication of composite scaffolds for the treatment of drug-

resistant bacteria and wounds that are difficult to cure utilizing 

metal-based nanoparticles and electrospinning technologies. 

Metal-based nanoparticles' innate biological capabilities can 

give scaffolds special material and biological characteristics. 

In the future, this kind of bionanomaterial is anticipated to play 

a significant role in the biomedical area as a therapeutic 

approach and material selection, offering novel and distinctive 

solutions for treating wounds that are difficult to heal and 

preventing bacterial infections [19]. 

However, because metal nanoparticles have unique 

biological effects and physicochemical properties, regulatory 

agencies need to evaluate their efficacy and safety as 

functional components of medicinal products [20]. 

Silver nanoparticles, due to their excellent antibacterial 

activity, have garnered significant attention for use in 

antibacterial applications. Notably, silver ions (Ag+) are 

considered crucial to the antibacterial response, with some 

researchers asserting that Ag+ exhibits the strongest 

antibacterial activity among all metal ions. Silver 

nanoparticles can help control damage to bacterial cellular 

components by reactive oxygen species (ROS) [17, 21]. 

The antibacterial mechanism of silver nanoparticles as of 

right now is summarized as follows: AgNPs cause bacterial 

intracellular structures to collapse, releasing Ag+ into the 

cytoplasm where it binds to proteins in a specific way to 

inactivate enzymes. AgNPs also cause permeability and 

structural alterations in bacteria, which deplete proton power 

and damage cell membranes. AgNPs rip apart and permeate 

bacterial cell walls and membranes to demolish their structure 

[22, 23].  

Despite the limited information regarding their toxicity and 

in vivo biological activity, silver nanoparticles (AgNPs) have 

been employed extensively as antimicrobial agents in 

healthcare, skincare products, food storage, fabric coatings, 

and various environmental applications for a considerable 

duration. Characterized by sizes ranging from 1 nm to 100 nm, 

AgNPs belong to the class of zero-dimensional materials and 

exhibit distinct morphologies [24, 25]. 

The objective of this study was to develop sustainable 

coated nanofibers incorporating silver antimicrobial agents 

(AgNPs) by blending them with polyvinyl alcohol (PVA) and 

depositing the mixture as electrospun coated nanofibers on 

sodium alginate film substrates. To assess the potential use of  

 

these coated nanostructures as viable biomaterials for skin 

regeneration, the research involved an investigation into the 

morphological aspects (scanning electron microscopy SEM), 

structural characteristics (Fourier Transform Infrared 

spectroscopy FTIR), and biological features of the coated 

nanostructures. 

 

 
2. EXPERIMENTAL WORK 

 

2.1 Materials used 

 

Sodium alginate, a natural biopolymer with medium 

molecular weight, was sourced from Xian in Shaanxi, China. 

The biopolymer polyvinyl alcohol, also of medium molecular 

weight, was synthesized using materials from CDH in India. 

Silver nanoparticles (AgNPs) with particle sizes of 20 nm were 

obtained from Hongwn International Group in China. Distilled 

water was used in the synthesis process. 

 

2.2 Preparing substrate for nanofibers coating  

 

Sodium alginate (SA) films measuring 8×8 cm² were 

produced using the solvent casting technique. In this method, 

sodium alginate (4gm) was dissolved in distilled water (100 

ml) at a concentration of 4% w/v. The dissolution process 

occurred under a magnetic stirrer operating at 1200 rpm and at 

a temperature of 60℃ for 1 hour. Following the removal of 

bubbles, the solution was cast into a Petri dish and then dried 

for 3 hours at 50℃. This drying process aimed to create 

uniform sodium alginate films suitable for the precipitation of 

coating nanostructures. The resulting films were designated as 

FA, denoting their sodium alginate content of 4%. 

 

2.3 Preparing of nanofibers coating 

 

Figure 1 illustrates the process for preparing a nanostructure 

coating on a sodium alginate (SA) substrate. Figure 2 showed 

the samples that prepared. The procedure involved the creation 

of an electrospinning solution using the biopolymer polyvinyl 

alcohol (PVA). The PVA (7gm) was dissolved in distilled 

water (100 ml) at a concentration of 7% w/v. This solution was 

stirred with a magnetic stirrer at 1200 rpm and 100°C for one 

hour to achieve a homogeneous mixture. 

 

 
 

Figure 1. Schematic for preparation of nanofibers coating on substrate (SA) 
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Figure 2. Image of scaffolds 
Note: (1) FA (4%Alg); (2) FA1 (4%Alg+7%PVA); (3) FA2 

(4%Alg+7%PVA+0.1%wt AgNPS); (4) FA3 (4%Alg+7%PVA+0.2%wt 

AgNPS); (5) FA4 (4%Alg+7%PVA+0.3%wt AgNPS) 

 

To incorporate silver nanoparticles (AgNPs), incremental 

amounts (0.1, 0.2, 0.3 g) were added to the polyvinyl alcohol 

solution. A coating solution (30 ml) for electrospinning was 

then prepared using an ultrasonic stirrer, agitating at 1400 rpm 

for 1 hour at room temperature until the desired viscosity was 

attained. 

The resulting electrospinning solution (5 ml), devoid of 

bubbles, was loaded into a syringe and electrospun onto 

sodium alginate films. The electrospinning process took place 

at a distance of 15 cm between the needle and the collector, 

with a supply voltage of 25 V and a flow rate of 1 ml/h. The 

coated nanostructure on the sodium alginate substrate was left 

to dry completely at room temperature. Table 1 provides 

detailed parameters for the nanofiber coating on sodium 

alginate films. 
 

Table 1. Parameter of nanofibers coating on substrate (SA) 

 
No. Alginate % PVA % AgNPs (g) 

FA 4% - - 

FA1 4% 7% - 

FA2 4% 7% 0.1 

FA3 4% 7% 0.2 

FA4 4% 7% 0.3 

 

2.4 Characterizations and inspection assay 
 

2.4.1 Filed Emission Scanning Electron Microscopy (SEM) 

Field Emission Scanning Electron Microscopy (FESEM) 

was employed for the observation of fiber and diameter sizes 

of the coated nanostructures, utilizing the MIRAIII model 

from Tescan in the Czech Republic. Prior to testing, the 

samples underwent an automated coating process with 

conductive layers of gold. This coating was achieved using a 

Q 150R ES sputter coater from Quorum in East Sussex, UK. 

The sample surface was coated with conductive layer using 

magnetron-generated argon plasma to improve the samples' 

conductivity and guaranteeing precise imaging throughout the 

FESEM examination. 
 

2.4.2 Fourier transform infrared analysis 

The mid-infrared spectra of electrospun nanostructures 

were gained using German-based Bruker Optics Corporation 

equipment. The used resolution was 4 cm-1 within frequency 

range of 4000 to 700 cm-1. The experimental process was 

carried out three times to enhance the accuracy and 

consistency of the spectral data. The objective of this 

analytical method was to offer comprehensive understandings 

of the molecular makeup and structural properties of the 

electrospun nanostructures containing antimicrobial chemicals 

on the AS layer. 

 

2.4.3 In vitro evaluation of biocompatibility  

Briefly, AD-MSC cells were seeded into a 96-well tissue 

culture plate and cultivated for 24 hours in 100 μl of 

DMEM/F12 supplemented with 10% heat-inactivated fetal 

bovine serum (FBS). Afterward, the culture medium was ten 

replaced with a new fresh, serum-free solution containing 

increasing higher dilutions of the sample, and the cells were 

incubated for four hours. 

The media were then switched to 100 μl of complete media 

and left for another 24 hours. After that, more MTT-containing 

media was added, bringing the total MTT concentration to 0.5 

mg/ml. At 37℃, the cells were cultured for a further 4 hours. 

Following a 4-hour incubation period, the medium was 

extracted and 100 μl of DMSO was used to dissolve the MTT 

formazan that was generated by living cells. A microplate 

reader was used to measure each well's absorbance at 570 nm. 

Relative cell viability (%) was computed using the 

absorbance values from the wells treated with the sample and 

the control. The data's average standard deviation (SD), 

derived from three measurements done in duplicate, is given. 

The purpose of the experimental design and analysis was to 

evaluate the sample's effect on cell viability in a regulated in 

vitro setting. 

 

2.4.4 Contact angle 

This study aimed to find the longest scaffold duration which 

is necessary to enhance hydrophilicity and cell adhesion. The 

contact angle of droplets was applied on the surface 2 cm×2 

cm utilizing the Young Laplace fitting method taking in to the 

account the ASTM D5946-04 requirements. 

During this test, water droplets were put on the films' 

surface, then the contact angle was electronically recorded five 

seconds later. Three measurements were made for each sample 

to guarantee accuracy and dependability. Then the average 

was made. 

 

2.4.5 Antibacterial activity 

The antibacterial activity of the films was assessed using 

Staphylococcus aureus (S. aureus) bacteria and agar plate 

diffusion technique. The plates were incubated in the presence 

of a 5% CO2 flow for a whole day. Then, the inhibitory zone 

was identified. The area surrounding the films where 

Staphylococcus aureus growth is impeded is known as the 

inhibition zone, and it serves as a measure of how well the 

films restrict bacterial activity. This approach offers gratitude 

information about the antibacterial capabilities of the film 

against these bacteria. 
 

 

3. RESULTS AND DISCUSSION 
 

3.1 Field emission scanning electron microscopy 

observations  

 
Figure 3 illustrates the morphology of scaffold-coated 

nanofibers. The substrate's FESEM image (Figure 3a) (FA, 

4%Alg) displays a uniform surface of alginate, which is ideal 

substrate for supporting electrospun nanofibers. 
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The dense nanofibers of samples FA1(4%Alg + 7%PVA), 

FA2(4%Alg + 7%PVA + 0.1%wt AgNPS), FA3(4%Alg + 

7%PVA + 0.2%wt AgNPS), and FA4(4%Alg + 7%PVA + 

0.3%wt AgNPS) at magnifications of 5 kX and 70 kX, 

respectively, are shown in the SEM images of Figures 3 b-c, 

d-e, f-g, h-i. These images show evidence of notable fiber 

crosslinking within the scaffolds. 

The electrospinning solutions and conditions employed 

resulted in a reasonably broad distribution of fiber diameters. 

The fiber diameter sizes, ranging around 20-200 nm, are 

presented in magnification 70 kX. Notably, scaffolds with 

minimal or no beads exhibited improvements in nanofiber 

distribution, diameter, density, and electrospinning quality, 

showcasing enhanced density, nanofiber homogeneity, and 

smoother fibers. Fiber dimensions varied based on the solution 

composition, with key factors influencing higher nanofiber 

densities including flow rate (1 h/ml), voltage (25 kV), and the 

distance between the collector and needle. Figure 4 illustrates 

the size distribution of uniformly generated nanofibers, 

ranging from 20 to 200 nm. Figure 4a for sample FA1(4%Alg 

+ 7%PVA) showcases high average PVA nanofibers 

measuring about 280 nm. In the case of PVA-AgNPs 

(FA1(4%Alg + 7%PVA), FA2(4%Alg + 7%PVA + 0.1%wt 

AgNPS), FA3(4%Alg + 7%PVA + 0.2%wt AgNPS), and 

FA4(4%Alg + 7%PVA + 0.3%wt AgNPS), the inclusion of 

antibacterial agent dispersions led to less uniform fibers with 

reduced nanofiber diameters in the ranges of 112, 71, and 67 

nm (Figures 3b-d). This reduction can be attributed to the 

addition of aqueous dispersions, which decreases the viscosity 

of electrospinning solutions. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

 

Figure 3. FESEM images of samples at magnification 5 and 70 kX respectively 
Note: (a) FA; (b, c) FA1; (d, e) FA2; f, g) FA3; (h, i) FA4 
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(a) (b) 

  
(c) (d) 

 

Figure 4. Average diameter of scaffolds 
Note: (a) FA1 (4%Alg + 7%PVA); (b) FA2 (4%Alg + 7%PVA+ 0.1%wt AgNPS);  

(c) FA3 (4%Alg + 7%PVA + 0.2%wt AgNPS); (d) FA4 (4%Alg + 7%PVA + 0.3%wt AgNPS)) 

 

3.2 Fourier transform infrared analysis 
 

The FTIR spectrum of the sodium alginate substrate 

exhibits characteristic peaks at 1078 cm-1, corresponding to the 

C-O-C stretching attributable to the alginate saccharide 

structure. Additional peaks are observed at 3277 cm-1 (OH- 

stretching) and 1600 cm-1 and 1414 cm-1 representing the 

stretching of carboxylate salt groups in an asymmetric and 

symmetric manner, respectively. These distinctive peaks are 

also evident in all coated nanostructures (Figure 5) [26]. 

In the spectra of SA-PVA, SA-PVA-0.1AgNPs, SA-PVA-

0.2AgNPs, and SA-PVA-0.3AgNPs, peaks around 1602 cm-1, 

1600 cm-1, 1551 cm-1, and 1540 cm-1, respectively, affirm the 

presence of sodium alginate in all coated nanostructures. The 

addition of AgNPs to SA/PVA induces changes in the 

vibration modes in a manner consistent with the expected 

alterations. The FTIR spectra indicate significant alterations in 

the intensity and shape of the observed bands, while the shifts 

in the bands have a limited impact on spectrum interpretation. 

Notably, the band corresponding to symmetric vibrations 

exhibits a shift to a higher value, specifically at 1418 cm-1. 

These results suggest that the addition of AgNPs to the 

scaffold has varying impacts on spatial organization and 

overall interactions within the nanofiber, with contributions 

that are balanced to some extent [27]. 

 

 
 

Figure 5. FTIR of scaffolds 
Note: FA: 4%Alg, FA1: 4%Alg + 7%PVA, FA2:4%Alg + 7%PVA + 

0.1%wt AgNPS, FA3: 4%Alg + 7%PVA + 0.2%wt AgNPS, FA4: 4%Alg+ 

7%PVA + 0.3%wt AgNPS) 

 

3.3 Contact angle  

 

The wettability of scaffolds is crucial for promoting cell 

attachment and adhesion, particularly in the context of tissue 

engineering applications where hydrophilicity is desirable. 
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Figure 6 illustrates the static water contact angles of the 

SA/PVA/AgNPs scaffolds, and Figure 7 presents images of 

contact angle measurements for each sample. 

 

 
 

Figure 6. Contact angle of scaffolds 
Note: FA: 4%Alg, FA1: 4%Alg + 7%PVA, FA2: 4%Alg + 7%PVA + 

0.1%wt AgNPS, FA3: 4%Alg + 7%PVA + 0.2%wt AgNPS, FA4: 4%Alg + 

7%PVA + 0.3%wt AgNPS 

 

 
 

Figure 7. Images of contact angle of scaffolds 
Note: FA: 4%Alg, FA1: 4%Alg + 7%PVA, FA2: 4%Alg + 7%PVA + 

0.1%wt AgNPS, FA3: 4%Alg + 7%PVA + 0.2%wt AgNPS, FA4: 4%Alg + 

7%PVA + 0.3%wt AgNPS 
 

The contact angle of the sodium alginate substrate (FA) is 

measured at 64.3345, indicating hydrophilic behavior. As the 

composition of sodium alginate is modified, the contact angle 

decreases. For example, the contact angle (FA1) of an alginate 

substrate coated with polyvinyl alcohol nanofibers is 67.074, 

suggesting sustained hydrophilicity over time. With the 

introduction of polyvinyl alcohol nanofibers reinforced with 

AgNPs in FA2, FA3, and FA4, the contact angles decrease to 

39.926°, 42.785°, and 67.276°, respectively. This decrease in 

contact angle after alginate coating indicates that the scaffold 

surfaces become more hydrophilic than before coating. 

A contact angle below 90 degrees is indicative of 

hydrophilicity, and all scaffolds exhibit low contact angles, 

making them well-suited for cell attachment. The hydrophilic 

nature of these scaffolds, attributed to the combination of 

sodium alginate substrate and polyvinyl alcohol nanofibers 

reinforced with AgNPs, enhances their suitability for 

promoting cell interactions in tissue engineering applications. 

3.4 Antibacterial activity 

 

Figure 8 illustrates the antimicrobial efficacy of coated 

nanofibers against S. aureus bacteria, and the corresponding 

zone of inhibition is presented in Figure 9. The results 

underscore the broad-spectrum antibacterial activity of these 

scaffolds against Gram-positive S. aureus bacteria. Notably, 

plates with SA substrate films exhibited minimal antimicrobial 

activity during the specified period. 

 

 
 

Figure 8. Antibacterial activity for scaffolds 
Note: 1) FA, 2) FA1, 3) FA2, 4) FA3, 5) FA4 

 

 
 

Figure 9. Size of inhibition zone of scaffolds 
Note: FA: 4%Alg, FA1: 4%Alg + 7%PVA, FA2: 4%Alg + 7%PVA + 

0.1%wt AgNPS, FA3: 4%Alg + 7%PVA + 0.2%wt AgNPS, FA4: 4%Alg + 

7%PVA + 0.3%wt AgNPS 
 

The antimicrobial activity of (SA/PVA/AgNPs) with 

various concentrations of AgNPs against S. 

aureusdemonstrated a more substantial inhibition zone 

compared to SA alone. This increased inhibitory effect is 

attributed to the presence of silver nanoparticles (AgNPs) in 

the scaffold. 

In particular, silver nanoparticles are one of the noble metals 

whose antibacterial properties have been well studied. Among 

the diseases against which the nanoparticles exhibit high 

resistance are bacteria resistant to antibiotics. When polymers 

are coupled with other antibacterial agents such as silver ions 
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and antimicrobial peptides, their good antibacterial properties 

become evident [28]. 

The well-documented broad-spectrum antibacterial 

properties of silver are based on the premise that human cells 

are significantly less susceptible to its toxicity than 

microorganisms. The cumulative impact of the intricate 

interactions between the silver ions and cellular structures or 

components determines the specific effects on the growth of a 

given microorganism [29]. 

 

3.5 Cell viability 

 

Figure 10 presents the cell viability results at 24h, 48h, and 

72h. The cell adhesion assay indicates high cell attachment on 

the scaffolds. The MTT findings for all tested materials at 24h, 

48h, and 72h reveal excellent cytocompatibility. Scaffolds 

play a crucial role in tissue engineering, providing a conducive 

environment for cell attachment and growth. The created 

scaffold (SA/PVA/AgNPs) appears to enhance cell viability, 

with cell viability percentages reaching up to 85% after 72h of 

cell culture. 

 

 
 

Figure 10. Cell viability of scaffolds at 24h, 48h, and 27h 
Note: A: 4%Alg, B: 4%Alg + 7%PVA, C: 4%Alg + 7%PVA+ 0.1%wt 

AgNPS, D: 4%Alg + 7%PVA+ 0.2%wt AgNPS, E: (4%Alg + 7%PVA + 

0.3%wt AgNPS 

 

The cell viability of (SA/PVA/AgNPs 0.1, 0.2, 0.3 g) shows 

a slight increase after 72h, and the percentages are maintained 

above 80%, indicating a non-toxic effect. Previous research on 

the biocompatibility of polyvinyl alcohol (PVA) suggested 

that pure PVA could have slight harmful effects on 

surrounding tissues. However, it is noted that the 

biocompatibility of PVA can be improved by combining it 

with other biocompatible polymers, such as natural polymers 

like collagen, chitosan, alginate, and gelatin [30-32]. This 

underscores the importance of the scaffold composition in 

influencing cell behavior and overall biocompatibility in tissue 

engineering applications. 

The films coated with nanofibers can be used in the 

discipline of tissue engineering for applications in skin tissue 

engineering. 

 

 

4. CONCLUSION 

The objective of preparing and analyzing these scaffolds as 

potential candidates for skin tissue engineering was to assess 

the unique coated nanofibers, which are based on electrospun 

polyvinyl alcohol with antimicrobial agents, and placed onto 

alginate films. All coated nanofibers retained the distinctive 

sodium alginate structure peaks, as confirmed by the FT-IR 

study, indicating the preservation of the polyvinyl alcohol 

structure on the substrate. In accordance with the results, at a 

flow rate of 1 h/ml, voltage of 25 kV, and a distance of 15 cm 

between the collector and needle, uniform and homogeneous 

nanofibers with a regular size distribution and a narrow 

diameter (20 to 200 nm) developed. Because of the 

combination of AgNP-reinforced polyvinyl alcohol nanofibers 

and sodium alginate substrate, these scaffolds are hydrophilic, 

which makes them more suitable for encouraging cell 

interactions in tissue engineering applications. 

Both the sodium alginate substrate and the coated 

nanofibers (PVA-AgNPs) exhibited good biocompatibility, as 

evidenced by in vitro cytotoxicity assessments. 

The manufactured scaffolds demonstrated favorable 

physiochemical and biological characteristics under these 

conditions, suggesting their suitability for skin tissue 

engineering applications. The incorporation of antimicrobial 

agents in the form of AgNPs enhances the potential of these 

scaffolds for skin tissue engineering by providing antibacterial 

properties, which is crucial for promoting a healthy tissue 

environment. 
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