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ABSTRACT: Coaxial electrospinning, which is a modified electrospinning technique involving an arrangement of multiple solution 

feed systems, enable the production of multilayered nanofibers. In this study, multilayered nanofibers of polyamide 6 (core) / 

polycaprolactone (shell) containing silver nanoparticles in the core were produced by coaxial electrospinning method. UV-Visible 

spectra showed that the size of nanoparticles were about 10 nm and the content of nanoparticles were observed to be proportional to the 

precursor content added to the solvent. The obtained multilayered nanofibers were characterized in terms of morphology, chemical 

structure, and silver release properties. The multilayered nanofiber structure was confirmed by the selective dissolution and removal of 

shell layer. The increase in the PCL content of the multilayered nanofibers with the increase in the flow rate of the shell solution was 

confirmed by FTIR. The silver release profiles of the nanofibers were observed to be dependent on the nanofiber configuration, and 

silver content. Shell thickness was also an important parameter affecting the silver release properties for multilayered nanofibers. 

 

Keywords: Antibacterial, coaxial electrospinning, controlled release, nanofiber. 

 

 

ELEKTRO LİF ÇEKİM YÖNTEMİ İLE ÜRETİLEN TEK VE EŞ EKSENLİ NANOLİFLERİN 

ÖZELLİKLERİNİN KARŞILAŞTIRMALI ANALİZİ 

 
ÖZET: Konvansiyonel elektro lif çekim yönteminin birden çok çözeltinin beslenmesine yönelik yapılan  modifikasyonu ile elde edilen 

koaksiyal elektro lif çekim yöntemi, çok katmanlı nanoliflerin üretimini sağlayan bir yöntemdir. Bu çalışmada, koaksiyal elektro lif 

çekim tekniği kullanılarak öz kısmında gümüş nanopartiküller içeren polyamide 6 (öz) / polikaprolakton (kabuk) nanolifler üretilmiş ve 

elde edilen çok katmanlı nanolifler morfoloji, kimyasal yapı ve gümüş salım özellikleri açısından değerlendirilmiştir. UV-görünür bölge 

spektroskopisi, sentezlenen gümüş nanopartiküllerin 10 nm’den küçük olduğunu ve gümüş nanopartikül miktarının, çözeltiye eklenen 

prekursör miktarı ile orantılı olduğunu göstermiştir. PCL kabuk kısmının çözülerek uzaklaştırılması ve PA6 öz kısmının geride  saf 

halde, nanolif formunda kalması ile koaksiyal nanolif yapısı doğrulanmıştır. Kabuk çözeltisinin besleme hızı arttırıldığında, nanolif 

yapısındaki PCL miktarı artmış ve FTIR spektrumunda PCL’e ait piklerin şiddetleri artmıştır. Nanoliflerin gümüş salım profillerinin 

nanolif konfigürasyonu, gümüş prekursör miktarı ve çok katmanlı nanoliflerde ayrıca kabuk kalınlığına bağlı olarak değiştiği 

görülmüştür.  

 

Anahtar Kelimeler: Antibakteriyel, koaksiyal elektro lif çekimi, kontrollü salım, nanolif. 
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1. INTRODUCTION 

Electrospinning is a process that uses electrostatic forces to produce 

nanofibers. The setup for the conventional electrospinning consists 

of a pump, which is used to feed the solution through the needle, a 

high voltage power supply, which is used to charge the 

electrospinning solution and create electric field between the tip of 

the needle and the collector, and a grounded collector, which is used 

to collect the nanofibers in the nanoweb form. In the electric field 

forming between the needle and the collector, a jet occurs when the 

electrostatic force overcomes the surface tension of the solution 

droplet and undergoes bending and whipping instability as a result 

of which the solvent evaporates and nanofibers form. Electrospun 

nanofibers have taken great interest due to their unique properties, 

ease of fabrication, and possibilities of functionalization [1-3].  

In recent years, many modifications have been made in the basic 

electrospinning process in order to enhance the quality and 

improve the functionality of the resulting nanofibers. Coaxial 

electrospinning is one of these modifications, which attracted 

great attention. In the process of coaxial electrospinning, two 

polymer solutions are co-electrospun without direct mixing using 

a special coaxial needle. The setup for coaxial electrospinning is 

basically the same as the conventional electrospinning setup that 

is used for uniaxial electrospinning. The difference is that it 

contains two pumps to feed two different solutions through the 

needle. When voltage is applied to the coaxial needle, it deforms 

the compound droplet, which is at the tip of the needle. A jet is 

generated on the tip of the deformed droplet and a coaxial (core-

shell) nanofiber is formed in the ideal case [4].  

Coaxial nanofibers are reported to show great promise in a variety 

of applications. Unspinnable materials such as drugs, enzymes, etc. 

could be electrospun as the core of a fiber forming polymer [5-8]. 

In addition, it was used for the encapsulation of epoxy and amine 

curing agent within a polymer shell to produce coaxial nanofibers 

suitable for use in self-healing applications [8,9]. Nanowebs, which 

exhibited balanced thermal storage and releasing properties for 

thermo-regulating functions, were obtained using phase changing 

materials (PCM) in the core [10]. Fibers of unspinnable polymers 

could be obtained by using the unspinnable polymer as the core 

material and removing the shell layer after coaxial electrospinning 

[11]. With a similar approach, but removing the core material, it was 

possible to obtain hollow fibers [12,13]. Coaxial electrospinning 

was also used to improve the properties of the nanofibers. 

Biocompatible nanofibers with enhanced mechanical properties 

could be obtained [14-16]. Merkle et al. used coaxial 

electrospinning to fabricate nanofibers with gelatin in the shell and 

poly (vinyl alcohol) (PVA) in the core in order to derive mechanical 

strength from PVA and bioactivity from gelatin [14]. Pakravan et 

al. produced coaxial nanofibers of PEO as the core and chitosan as 

the shell [15]. Nguyen et al. prepared biodegradable non-woven 

mats of poly (lactic acid) (PLA) and chitosan (CS) by the coaxial 

electrospinning process. CS of high molecular weight could not be 

electrospun on its own because of its high viscosity in solution and 

its polycationic possession. The coaxial electrospinning method 

was able to facilitate the fabrication of double-layer PLA/CS 

composite nanofibers by employing a PLA layer in the core and a 

CS layer in the shell part. The PLA/CS core/shell composite 

nanofibers showed antibacterial activity against Escherichia Coli 

and were suggested for use as antibacterial materials in biomedical 

and filtration applications [16]. Coaxial nanofibers are widely 

employed in controlled drug delivery applications as they make it 

possible to control the release profiles of the drugs encapsulated in 

the coaxial nanofibers [17-20]. 

Silver has been the mostly used material to fight against bacteria, 

viruses, and other eukaryotic microorganisms. Moreover it is 

known that its use in the nanoscale dimensions maximizes its 

antibacterial effect due to the increase in number of particles per 

unit area with size reduction [21].  

The rate and the amount of silver release are important factors for 

antibacterial performance of the nanofibers [22,23]. The 

cumulative amount of silver released, and the rate of release is 

dependent on the silver content. While higher AgNP content 

provides long-lasting antibacterial activity, it results in higher 

burst release and higher release rates, which bring no benefits. 

Although there are many studies in literature showing the 

production of AgNP loaded nanofibers with antibacterial 

properties [22-31], there are very limited number of studies 

performed for the finetuning of the silver release properties in 

order to get a lower silver release rate which will ensure the 

antibacterial activity to last longer. In this study, coaxial 

electrospinning containing AgNPs was suggested as a way of 

controlling the silver release properties. Uniaxial and coaxial 

nanofibers were produced changing the concentration of the silver 

precursor. For the coaxial nanofibers, the flow rate of the shell 

polymer solution was varied in order to control the release profiles 

of the nanofibers and assure sustained and controlled release 

properties.  

2. MATERIALS AND METHOD 

2.1 Materials 

Polyamide 6 (PA6) (Sigma Aldrich, 181110, pellets, 3 mm), 

polycaprolactone (PCL) (Sigma Aldrich, 440744, Mn=80000), 

formic acid (Sigma Aldrich, F0507, 98%), acetic acid (Sigma 

Aldrich, 33209, 98%) were used as received in the electrospinning 

solutions. Silver nitrate (AgNO3) (Alfa Aesar Premion, 10858, 

99.9995% metals basis) was used as the precursor for the synthesis 

of AgNPs in the PA 6 solution. 

2.2 Methods 

Preparation of the solutions  

18 wt.% PA 6 solution was prepared in 50:50 formic acid: acetic 

acid solvent mixture for the electrospinning of uniaxial PA 6 

nanofibers. 8 wt.% PCL solution was prepared in 50:50 formic 

acid: acetic acid solvent mixture to be used as the shell solution in 

coaxial electrospinning. AgNO3 were added to the required 
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amount of formic acid: acetic acid (50:50% mixture) and 

homogenized in ultrasonic bath at 50°C overnight. The required 

amount of PA 6 (18 wt.%) was added to this dispersion and 

dissolved by magnetically stirring at room temperature for 3 

hours. Then the solutions containing AgNO3 were exposed to UV-

light for 4 hours for silver nanoparticle synthesis [23,32]. 300W 

Osram Ultra-Vitalux lamp was used as UV irradiation source. 

AgNP containing PA 6 solutions were used for uniaxial composite 

nanofiber electrospinning and as the core solution in the coaxial 

electrospinning. 

Electrospinning 

The uniaxial and coaxial nanofibers were produced on a lab-scale 

horizontal electrospinning setup with a generic flat stationary 

nanofiber collector using coaxial needle (Raméhart Custom 

Needle, 100-10-COAXIAL-2016, outer needle: 1.7 mm OD, inner 

needle: 0.9 mm OD). The schematic of the setup used for 

nanofiber production is presented in Figure 1. 

 

Figure 1. The schematic of the electrospinning setup used for nanofiber 

production. 

 

To produce uniaxial PA 6 nanofibers and composite PA 6 

nanofibers with silver nanoparticles, the prepared solutions were 

fed to the inner needle by a precisely controlled syringe pump (KD 

Scientific Pump Series 100). A high voltage power supply 

(Glassman High Voltage Series) was used to apply high voltage 

to the electrospinning solutions. The distance between the tip of 

the needle and the collector (TCD), the flow rate (FR) and the 

applied voltage were adjusted to obtain stable electrospinning and 

uniform nanofibers. To produce multilayered nanofibers, two 

pumps (KD Scientific Pump Series 100) were used to feed the core 

and shell solutions, respectively. A high voltage power supply 

(Glassman High Voltage Series) was used to apply high voltage 

to the outer needle. TCD, FRs of the solutions and the voltage 

were adjusted to obtain stable electrospinning and uniform coaxial 

nanofibers. Special care was taken to ensure stable electrospinning 

conditions and uniform deposition of the nanofibers. The 

nanofibers electrospun are listed in Table 1. 

 

Extraction of PCL shell 

The multilayered nanofiber webs of approximately 4 x 4 cm2 in 

size were immersed into 20 mL of anisole to extract the PCL shell 

and confirm the multilayered fiber structure. Anisole was selected 

for selective dissolution of PCL [33] as it doesn’t dissolve PA6. 

After refreshing the anisole three times over a day, the nanowebs 

were dried at room temperature until obtaining constant weight in 

subsequent weighings. The nanofibers were tested regarding their 

weight, average nanofiber diameter and chemical structure before 

and after anisole treatment. 

Characterization 

Lambda 900 spectrophotometer from Perkin-Elmer was used to 

obtain the UV-Visible spectra of 10 mg/l 100% PA solution and 

PA solutions prepared by adding 1 and 3 wt.% AgNO3 in the 300-

800 nm region with a resolution of 1 nm to confirm the formation 

of AgNPs. 

The morphology of the nanofibers were analysed using scanning 

electron microscope (SEM, Jeol Quanta 200 FESEM). SEM 

images were taken at an accelarating voltage of 20 kV. Before 

SEM analysis, the samples were coated with gold using a sputter 

coater (Baljes Union SKD 030). The fiber diameters were 

measured using Image J. The average nanofiber diameters and the 

standard deviations were based 50 measurements per sample. 

Average nanofiber diameters were expressed as the mean ± 

standard deviation. The morphology of the fibers were also 

analysed in the same way after they were treated with anisole for 

the removal of PCL shell. 

 

Table 1. The list of the nanofibers produced and the electrospinning parameters used in their production. 

Sample 

Codes 

Core solution Shell solution TCD 

 

(cm) 

FR Core 

(mL/h) 

FR Shell 

(mL/h) 

Applied 

Voltage 

(kV) 

S1 18 wt.% PA * 6 1.5 * 21 

S2 18 wt.% PA 6 - 1 wt.%AgNO3 * 6 1.5 * 18 

S3 18 wt.% PA 6 - 3 wt.%AgNO3 * 6 1.5 * 18 

S4 18 wt.% PA 6 - 1 wt.%AgNO3 8 wt.% PCL 8 1.5 0.4 24 

S5 18 wt.% PA 6 - 1 wt.%AgNO3 8 wt.% PCL 8 1.5 1.4 27 

S6 18 wt.% PA 6 - 3 wt.%AgNO3 8 wt.% PCL 8 1.5 1.4 27 
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Fourier transform infrared (FTIR) spectrophotometer from 

Thermo Scientific was used to record absorption spectra of 

multilayered nanofibers in a range from 4000 to 400 cm−1 with a 

resolution of 4 cm−1. 32 scans were taken for each experiment.  

Atomic adsorption spectrometry (AAS) was used to characterize 

the AgNP containing nanofibers in terms of their silver release 

profiles. Distilled water was used as the release medium and 0.1 g 

of nanofiber sample was placed in 50 mL distilled water. The 

containers were sealed and agitated to ensure the complete 

immersion of the nanofiber sample, and then left for silver release 

at room temperature. 5 mL samples from the solutions were taken 

at specified immersion times (1st, 3rd, 8th, 10th, 20th and 30th day) 

and quantified for the silver content by means of ContrAA700 

Graphite-Furnace Atomic Absorption Spectrometer. Silver ion 

release amounts were calculated by integration of the area under 

the characteristic absorbance peak of Ag which is 328.068 nm.  

3. RESULTS AND DISCUSSION 

3.1 UV-Visible Spectroscopy 

UV-Visible Spectroscopy was used to control the formation of 

silver nanoparticles in the PA 6 solutions, which were first 

homogenized in ultrasonic bath at 50°C overnight and then 

exposed to UV-irradiation for 4 hours for silver nanoparticle 

synthesis. Silver nanoparticles show a strong absorption peak in 

the UV-visible range due to the discrete energy levels of electrons 

caused by the quantum size effect, which enables to make a rough 

estimation about the size of the nanoparticles obtained and 

quantitative analysis [23,34,35]. The UV-Vis spectra obtained are 

presented in Figure 2. While no peaks were observed in the UV-

Vis spectrum of PA 6, the peaks observed at around 420 nm 

confirmed the formation of nanoparticles, which were 10 nm or 

less in size [23,34,35]. The maximum absorbance values increased 

from 0.51 to 1.64 when the AgNO3 content increased from 1 wt.% 

to 3 wt.%. 

3.2 Morphology 
 

The process parameters were optimised to obtain uniform PA 6 

nanofibers, composite PA 6 nanofibers with AgNPs and coaxial 

nanofibers. While the optimization processes for PA 6 nanofibers 

and composite nanofibers were relatively easier and based on 

literature information, coaxial electrospinning was observed to be 

more sensitive to process conditions and it required more effort to 

find optimum settings regarding core and shell flow rates, applied 

voltages and tip-to-collector-distances to be able to obtain a stable 

Taylor cone, which is a prerequisite for the stable coaxial 

electrospinning and uniform multilayered nanofibers. High flow 

rate of shell solution, high and/or low voltage resulted in phase 

separation during electrospinning. When the distance between the 

needle and the collector was small, web-like structures formed 

between the needle and the collector, which resulted in 

nonuniform nanofiber web formation. As either the flow rate or 

concentration of PCL shell solution increased, the tip-to-collector 

distance also had to be increased in order to obtain uniform coaxial 

nanofibers. Multilayered nanofibers with AgNP loaded PA 6 as 

the core and PCL as the shell were produced as listed in Table 1 

after a detailed systematic optimization study. Representative 

SEM images of nanofibers are presented in Figure 3 with the 

average nanofiber diameters on the SEM images. 

 

 

Figure 2. UV-Visible spectra of (a) 100% PA 6; (b) PA 6 - 

1wt.%AgNO3; (c) PA 6 - 3wt.%AgNO3 solutions after AgNP 

synthesis via UV irradiation. 

Uniform uniaxial PA 6 nanofibers with an average diameter of 

221.70 nm were obtained. Decrease in average nanofiber diameter 

was observed when composite PA6 nanofibers were electrospun 

from AgNP containing solutions likely due to the increased 

stretching during electrospinning process. Coaxial nanofibers 

were produced using 18 wt. % PA 6 as the core and 8 wt. % PCL 

as the shell solutions and changing the shell flow rate and AgNO3 

concentration in the core solution. The multilayered nanofibers 

had smooth surfaces and were uniform in structure. Increase in the 

shell flow rate resulted in the formation of thicker coaxial 

nanofibers.  

 

The coaxial nanofibers were treated with anisole for the selective 

extraction of PCL shell producing PA 6 nanofibers which were 

also characterized by SEM to confirm the multilayered 

morphology of the fibers obtained by coaxial electrospinning. 

SEM images of 100% PA 6 nanofibers and coaxial nanofibers 

taken after anisole treatment are shown in Figure 3. SEM images 

of (a) S1, (b) S2, (c) S3, (d) S4, (e)S5, (f) S6 nanofibers taken with 

25000 magnification.Figure 4. The average nanofiber diameters 

are shown on the SEM images. The reduction in diameter of 

nanofibers and weight of the nanowebs after the anisole treatment 

are given in Table 2. 
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While no changes were observed on neat PA nanofibers after the 

anisole treatment, the smooth surfaces of coaxial nanofibers 

became rougher after the extraction of PCL shell by anisole 

treatment. The continuous fiber structure was preserved after PCL 

extraction, which confirmed the multilayered nanofiber 

morphology. Anisole treatment resulted in neither reduction nor 

increase in the diameter of the PA nanofibers. On the other hand, 

it resulted in a significant reduction in diameter of the coaxial 

nanofibers as a result of the removal of the PCL shell (Figure 4, 

Table 2). The weight reduction (%) of multilayered nanofibers 

(removed PCL amounts) by anisole treatment were proportional 

to their calculated PCL contents (Table 2). Higher reduction in 

average nanofiber diameter was observed for the nanofibers (S5 

and S6) which were produced with higher shell flow rates (Figure 

4, Table 2).  

 

 

(a)    (b)    (c)  

(d)    (e)    (f)  

Figure 3. SEM images of (a) S1, (b) S2, (c) S3, (d) S4, (e)S5, (f) S6 nanofibers taken with 25000 magnification. 

 

 

    
                            (a)                                                      (b)                                                       (c)                                                      (d) 

Figure 4. SEM images of (a) S1, (b) S4, (c) S5 and (d) S6 nanofibers taken with 25000 magnification after the anisole treatment. 

 

Table 2. Average nanofiber diameters of uniaxial PA6 nanofibers and coaxial nanofibers before and after anisole treatment and reductions (%) in 

average nanofiber diameter and weight of the nanowebs after anisole treatment. 

Samples 

Diameter of 

nanofibers 

(nm) 

Diameter after  

anisole treatment  

(core diameter) 

(nm) 

Reduction in diameter by 

anisole treatment (%) 

Reduction in weight by anisole 

treatment (%) 

S1 221.70±21.41 216.84±22.90 2.2 1.5 

S4 207.73±18.20 189.41±24.38 8.8 9.3 

S5 240.53±31.87 196.42±43.32 18.3 26.4 

S6 236.89±35.44 189.12±41.78 20.2 27.1 
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3. 3 FT-IR Analysis 

FTIR analysis was employed to identify the composition of 

coaxial nanofibers. Pure PA nanofibers and PCL were also 

characterized for comparison. The spectra of 100% PA 6 and 

100% PCL nanofibers were normalized to the largest peaks 

observed, namely the carbonyl stretchings observed at 1625 cm-1 

and 1727 cm-1 for PA 6 and PCL, respectively. The spectra of 

multilayered nanofibers were normalized to the absorbance of PA 

6 carbonyl peak, which enabled the evaluation of the relative PCL 

amounts in the coaxial nanofibers. The spectra obtained are 

presented in Figure 5. For the neat PA 6 nanofibers (Figure 5 (a)), 

the characteristic bands of secondary amide structure are 

observed. The absorption bands positioned at 3295 cm-1, 1639 

cm-1 and 1543 cm-1 are due to N-H stretching, C=O stretching, in-

plane N-H bending, respectively. The weak band at 3086 cm-1 is 

assigned to the overtone of in-plane N-H bending. Other 

characteristic bands of secondary amides are C-N stretching which 

appears from 1310 to 1230 cm-1 and out-of-plane N-H stretching 

which gives rise to a broad, medium-to-weak band from 750 to 

680 cm-1. These two peaks were recognized at 1265 and 729 cm-1 

on PA nanofiber spectrum, respectively [36]. In the spectrum of 

PCL (Figure 5 (b)), the carbonyl stretching peak at 1723 cm-1 is 

easily identified. The band at 1293 cm−1 is assigned to the 

backbone C–C and C–O stretchings in the crystalline PCL, 

whereas the band at 1240 cm−1 is assigned to asymmetric C–O–

C stretching. The sharp band observed at 1169 cm-1 represents an 

overlap of three different bands: namely OC-O stretching (1192 

cm-1), symmetric C-O-C stretching (1180 cm-1), amorphous 

stretching (1162 cm-1) [37-40]. The two peaks observed between 

2945 and 2855 cm−1 are attributed respectively to the asymmetric 

and symmetric stretching of CH2 present in both PA and PCL [41]. 

On the spectra of PA (core) / PCL (shell) coaxial nanofibers 

(Figure 5 (c) and (d)), bands associated with both PA and PCL 

were observed which confirmed the presence of both polymers in 

the coaxial nanofiber structure. In parallel with literature, it was 

possible to detect both polymers in the coaxial nanofiber structure 

[39-45] as the shell thickness of the coaxial nanofibers were less 

than the penetration depth of the FTIR spectroscope [42] . 
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Figure 5. FTIR spectra of (a) S1, (b) PCL (reference), (c) S4 and (d) S5. 

 

The spectra of coaxial nanofibers were normalized to the 

absorbance intensity of carbonyl band (1637 cm-1) of PA in order 

to be able to observe the changes in the intensity of the PCL related 

bands (e.g. carbonyl band at 1723 cm-1). The intensity of the PCL 

related bands increased as PCL amount increased in the coaxial 

nanofiber structure (Figure 5 (c) and (d)). A1723/A1637 ratio, the 

absorbance intensity ratios of peaks at 1723 cm-1 (carbonyl peak 

of PA) and 1637 cm-1 (carbonyl peak of PCL) were used as an 

indication of the PA:PCL ratio [15,46]. It increased from 0.167 to 

0.444 as the flow rate of the shell solution (PCL) increased from 

0.4 to 1.4 ml/min.  

 

Additionally, the nanofiber webs were characterized after PCL 

extraction by FTIR to confirm the complete removal of PCL. Neat 

PA nanofibers were also treated with anisole to confirm that PA 

was not affected by the anisole treatment while the PCL shell was 

removed. The FTIR spectra of the coaxial nanofiber webs taken 

before and after anisole treatment are presented in Figure 6. The 

spectra of PA nanofibers remained unchanged after the anisole 

treatment  (Figure 6(a)). For the PA(core)-PCL(shell) coaxial 

nanofibers (Figure 6 (b) and (c)), the carbonyl peak (1725 cm-1) 

(marked with an asterisk on the figures) disappeared after the 

anisole treatment which confirmed that PCL shell was completely 

removed and a nanofiber web made of PA 6 was obtained by 

anisole treatment. 
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Figure 6. FTIR spectra of (a) S1 (neat PA), (b) S4 and (c) S5 (coaxial) nanofibers before and after anisole treatment. “A-Tr” in the figures shows the 

anisole treated samples. 
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3.4 Release profiles 

Silver concentration, morphology of the nanofibers, specific 

surface area of the nanofibers and nanoparticles, and changes in 

the physical state of a specimen as a result of water diffusion, 

crosslinking and degree of crystallinity may influence the silver 

ion release behaviour of materials [25,46-50], which is an 

important property for silver containing antibacterial materials. It 

is reported that a steady and prolonged release of silver, with a 

concentration of above 0.1 ppb, can inhibit the growth of bacteria 

[23,51].  

The silver release profiles of composite uniaxial nanofibers are 

widely investigated in literature. Shi et al. applied plasma 

treatment to electrospinning solutions containing AgNO3 for 

AgNP synthesis and then electrospun PAN/AgNP nanofibers. The 

cumulative release over 10 days for the AgNO3 concentrations of 

0.5% and 1.25% was reported to be approximately 45 and 70 ppm, 

respectively [22]. Sichani et al. prepared PAN solutions with 

AgNO3, which were then exposed to light (xenon arc) for 4 h, and 

electrospun nanofibers after the reduction process. The silver 

release over 140 hours was reported to be about 0.7 ppm for 0.1 

gram PAN nanoweb containing 0.5 wt. % silver nitrate [23].  

Silver release profiles of composite PA 6 nanofibers with AgNPs 

and coaxial nanofibers containing AgNPs in the core have been 

investigated by atomic absorption spectroscopy over 30 days. The 

results are shown in Figure 7. The silver ion release started at the 

first day of immersion and continued during the testing duration 

of 30 days. The cumulative amounts of released silver were 

observed to be dependent on the immersion time and the initial 

AgNO3 concentration. The cumulative release over 30 days for the 

composite nanofibers electrospun from PA 6 solution containing 

1% and 3% AgNO3 was approximately 29 and 79 ppm per gram 

of nanofibers, respectively. A burst release was observed in the 

composite nanofibers electrospun from PA 6 solution containing 

3 wt. % AgNO3. The burst release was attributed to the tendency 

of the AgNPs to migrate to the nanofiber surface due to the 

whipping motion during nanofiber formation [42]. Coaxial 

nanofibers, in which AgNP containing PA 6 was covered by PCL 

shell layer, showed much less silver release rates. The increase in 

the flow rate of the shell solution and concurrent increase in the 

shell thickness, resulted in further decrease in silver release and 

also eliminated the burst releases observed for composite 

nanofibers. The cumulative release for the coaxial nanofibers with 

PA 6 - 1 wt.% AgNO3 core over 30 days was measured as 19 ppm 

per 1 g of nanofiber. As far as the burst release and silver release 

profiles of coaxial nanofibers considered, the results obtained in 

this study are coherent with literature. Having used AgNO3 as the 

AgNP precursor and performed nanoparticle synthesis by heating 

the precursor containing solution for a certain time, Khodkar and 

Ebrahimi also reported decrease in burst release and silver release 

rates for coaxial nanofibers of PVA/PCL and PCL/PVA 

containing AgNPs in the core [42]. The silver release rates, and 

cumulative release amounts indicated that the multilayered 

nanofibers were promising for antibacterial applications requiring 

sustained and controlled release of silver.  
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Figure 7. Silver release profiles of AgNP containing uniaxial and 

coaxial nanofiber samples. 

4. CONCLUSIONS 

Uniform uniaxial composite PA 6 nanofibers with AgNPs and 

coaxial PA 6 (core) / PCL (shell) nanofibers containing AgNPs in 

the core were produced by coaxial electrospinning. UV-Visible 

spectra showed that the size of nanoparticles were about 10 nm 

and the content of nanoparticles were observed to be proportional 

to the precursor content. The multilayered structure of the coaxial 

nanofibers was confirmed by the selective dissolution and removal 

of shell layer. The increase in the PCL content with the increase 

in the flow rate of the shell was confirmed by FTIR. The 

cumulative silver release of nanofibers decreased when the silver 

nanoparticles were loaded into the core of the coaxial nanofibers 

which were covered by the shell PCL layer. Besides, the thickness 

of the shell layer, which was determined by the flow rate of the 

shell solution, was also found effective in release properties of the 

nanofibers. The results obtained showed that the release properties 

of the nanofibers could be adjusted via changing fiber 

configuration, precursor content and fiber structural properties 

such as shell thickness. The multilayered nanofibers providing 

controlled and sustained release of silver were promising for 

antibacterial applications.  
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