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Extended abstract 

Presentation of electrospinning is one of the impressive outcomes that can prepare 

nanofiber structures. They have been used in many new applications such as in 

medicine [1, 2] (artificial organ components, tissue engineering, implant material, 

drug delivery, and wound dressing), filtration [3, 4], and nanofibers composite 

construction [5]. Electrospinning method has developed extensively during the past 

10 years and provides a straight-forward  electro hydrodynamic mechanism to 

produce fibers with diameters less than 100 nm, even 5 nm [1] up to several 

micrometers. The resulting nanofibers can be assembled into random nonwoven 

layers or an ordered state like yarn. However, twisted nanofiber yarn has been a 

challenge and has a good potential to expand the applications of nanofibers [6]. Up 

to now, several methods have been proposed to obtain aligned electrospun 

nanofibers structures and yarns. 

In recent years, there has been an increasing interest in antimicrobial consumer 

products in many application areas [7, 8]. It’s known that silver and silver compounds 

exhibit excellent antimicrobial efficiency against a broad spectrum of organisms such 

as bacteria, fungi and viruses [9, 10]. Therefore, the utilization of electrospun 

polymer nanofibers embedded with silver nanoparticles has received much 

attention, mainly due to their antimicrobial properties and their ability to release Ag 

ions to a pathogenic environment. Kleyi et al. studied the antimicrobial properties of 

the electrospun nylon 6 nanofibers incorporated with 2-substituted N-

alkylimidazoles and their silver(I) complexes [11]. The method for surface-confined 

synthesis of silver nanoparticle composite coatings on electrospun polyimide 

nanofibers was presented [12]. 

In this study, an electrospinning set-up was used to produce continuous twisted 

hybrid yarns of PVA/PLLA containing silver nanoparticles (AgNPs). Therefore, silver 

nitrate was added to electrospinning polymer solution and AgNP) were synthesized 

with an in situ method into the hybrid yarn structure. The influence of silver nitrate 

concentration in the polymer solution on the morphology and mechanical properties 

of the electrospun hybrid yarns was investigated. 



 

 

The SEM images of electrospun nanofibers in yarn body without/with 30% AgNPs are 

presented in Figure 1.  It is clear that the electrospun nanofibers without AgNPs are 

uniform and bead free and have cylindrical shape and smooth surface (Figure 1-a). 

In contrast, as can be seen in Figure 1-b, the presence of AgNPs with average size of 

80 nm formed in the PVA nanofibers lead to creation of areas with rough surface in 

the yarn structure. Since, in the PLLA/PVA/AgNO3 hybrid yarn structure, the PLLA 

nanofibers which weren’t loaded with AgNPs have a smooth and uniform surface 

same as unloaded PLLA/PVA hybrid samples. 
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Figure 1. SEM images of electrospun nanofibers in the body of hybrid yarn loaded 

with different AgNP concentrations a) 0%, and b) 30% wt 

The diameter of electrospun fibers decreased as the weight percentage of silver 

nitrate in the spinning solution was increased. This trend is owing to the enhanced 

conductivity of solution with increasing silver nitrate content. As a result, the higher 

charge density at higher silver nitrate concentrations leads to higher stretching 

forces in the jet, and thus decreased fiber diameters. Measurements show that 

increasing in silver nitrate concentrations leads to a decrease in diameter of hybrid 

yarns, because the diameter of their nanofiber component was decreased due to 

silver nitrate. 

Increasing silver nitrate concentrations in the polymer solution leads to formation of 

thinner nanofibers and hybrid yarns as well as enhancement of the uniformity of the 

electrospun yarns diameters. Therefore, decrease in the hybrid yarns diameter leads 

to a decrease in the linear mass density of electrospun nanofibrous hybrid yarns. The 

sample with the highest silver content has the lowest linear mass density (12.78). 

The results of One-way ANOVA analysis on the linear mass density of hybrid yarns 

were performed. The results show that the silver nitrate concentration has a 

statistically significant effect on the linear mass density of hybrid yarns (F= 8.707, P 

<0.05).  



 

 

The antibacterial property of AgNP-loaded nanofibrous hybrid yarns at lowest and 

highest silver content was analyzed against two Gram-positive and Gram-negative 

bacteria and presented in Table 1. It is clear that the bactericidal efficiencies of all 

loaded samples were over 99.99%. These results indicate that the AgNP-loaded 

samples expressed at least 4 log reduction compared to the initial number of 

inoculated bacteria. 

 
Table 1. Antibacterial efficiency of AgNPs-loaded nanofibrous hybrid yarns against E. 

coli and S. aureus. 

 E. coli S. aureus 

AgNO3% 

Efficienc

y 
0% 5% 10% 20% 30% 0% 5% 10% 20% 30% 

K % 96.8

8 

99.9

9 
99.9

9 
99.9

9 
99.9

9 
96.7

3 
99.9

9 
99.9

9 
99.9

9 
99.9

9 

R % 0 
98.8

0 
98.7

4 
98.2

6 

98.0

0 0 
98.6

7 

98.2

2 

97.9

8 

97.8

0 
 

The bacteriostatic efficiency of AgNP-loaded samples depended on the silver nitrate 

content. It was reported that the antibacterial activity of silver nanoparticles 

depended on their size and applied concentration [10]. In this case, increased silver 

content in the polymer solution leads to a small reduction in bacteriostatic efficiency 

of the loaded sample. According to the SEM images of this sample we can conclude 

that increase the silver content in the polymer solution can lead to agglomeration of 

silver nanoparticles on the surface of nanofibers. Therefore, this agglomeration leads 

to a slightly lower antibacterial property. 

 

Conclusion 

PLLA/PVA hybrid yarns containing different concentrations of AgNPs were prepared. 

The effects of silver nanoparticles, silver nitrate as well as their nanoparticles on the 

morphology, diameter, and their antibacterial properties were investigated. The 

data revealed that the AgNps affect the surface fiber morphology, nanofiber 

diameter as well as their hybrid yarns, and the degree of crystallinity, and 

consequently they also influence the mechanical properties. The diameter of hybrid 

yarns and their nanofiber component was decreased as the silver nitrate 

concentration in electrospinning solutions was increased because the silver nitrate 

salt can enhance the conductivity of polymer solutions and carry more charges. 

Therefore, this can increase repulsive forces on the jet and leads to formation of 

nanofibers with smaller diameters. In addition, the crystallinity of AgNP-loaded 

nanofibrous hybrid yarns was lower than that of unloaded sample. All the loaded 

samples presented a good bactericidal and bacteriostatic efficiency. 



 

 

References 

1. Venugopal, J. and S. Ramakrishna, Applications of polymer nanofibers in 

biomedicine and biotechnology. Applied biochemistry and biotechnology, 

2005. 125(3): p. 147-157. 

2. Paşcu, E.I., J. Stokes, and G.B. McGuinness, Electrospun composites of PHBV, 

silk fibroin and nano-hydroxyapatite for bone tissue engineering. Materials 

Science and Engineering: C, 2013. 33(8): p. 4905-4916. 

3. Qin, X.-H. and S.-Y. Wang, Filtration properties of electrospinning 

nanofibers. Journal of Applied Polymer Science, 2006. 102(2): p. 1285-1290. 

4. Kulkarni, P.S., et al., Coalescence filtration performance of blended 

microglass and electrospun polypropylene fiber filter media. Separation and 

Purification Technology, 2014. 124(0): p. 1-8. 

5. Bhatnagar, A. and M. Sain, Processing of Cellulose Nanofiber-reinforced 

Composites. Journal of Reinforced Plastics and Composites, 2005. 24(12): p. 

1259-1268. 

6. Wang, X.E., et al., Effect of Process Parameters on Continuous Nanofiber 

Yarn Using Two Oppositely Charged Spinnerets. Advanced Materials 

Research, 2013. 821: p. 32-35. 

7. Kim, H. and J. Kim, Preparation and properties of antibacterial Poly(vinyl 

alcohol) nanofibers by nanoparticles. Fibers and Polymers, 2011. 12(5): p. 

602-609. 

8. Tayade, P.B. and R.V. Adivarekar, Dyeing of cotton fabric with Cuminum 

cyminum L. as a natural dye and its comparison with synthetic dye. Journal 

of The Textile Institute, 2013. 104(10): p. 1080-1088. 

9. Haji, A., H. Barani, and S.S. Qavamnia In situ synthesis of silver nanoparticles 

onto cotton fibres modified with plasma treatment and acrylic acid grafting. 

Micro &amp; Nano Letters, 2013. 8, 315-318. 

10. Barani, H., et al., In situ synthesis of nano silver/lecithin on wool: Enhancing 

nanoparticles diffusion. Colloids and Surfaces B: Biointerfaces, 2012. 92(0): 

p. 9-15. 

11. Kleyi, P., et al., Electrospun nylon 6 nanofibers incorporated with 2-

substituted N-alkylimidazoles and their silver(I) complexes for antibacterial 

applications. Journal of Applied Polymer Science, 2014. 131(2): p. n/a-n/a. 

12. Carlberg, B., L.-L. Ye, and J. Liu, Surface-Confined Synthesis of Silver 

Nanoparticle Composite Coating on Electrospun Polyimide Nanofibers. 

Small, 2011. 7(21): p. 3057-3066. 


