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ABSTRACT

Electrospinning is an efficient approach to prepare nanofiber scaffolds that mimic local 
tissue environments. While many reported scaffolds incorporate nanoparticles, detailed 
assessments of how nanosilver distribution affects antibacterial activity and bio
compatibility remain limited. In this study, we developed an electrospun biopolymer 
scaffold composed of polycaprolactone and gelatin with chitosan-mediated nanosilver 
(C-AgNPs), introduced either by bulk surface coating or by dispersing the NPs within the 
electrospinning solution. The C-AgNP surface-coated scaffold exhibited antibacterial 
activity against Staphylococcus aureus and Escherichia coli, whereas the dispersed 
scaffold did not. However, the dispersed scaffold promoted higher dermal fibroblast 
viability (82.7%) compared with the coated scaffold (60.9%). Zebrafish embryo assays 
further revealed mild developmental toxicity from the coated scaffold but no observ
able toxicity from the dispersed formulation. These findings demonstrate a distinct 
trade-off between antibacterial efficacy and cytocompatibility depending on nano
particle distribution. Understanding this relationship is critical for designing electrospun 
nanofiber scaffolds with balanced biological properties.
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Introduction

Electrospun nanofibers have been widely explored over the past two decades because they can exhibit 
excellent properties addressing the long-lasting problem of human tissue damage. Tissue engineering 
employs an initial framework (scaffold), on which cells multiply and grow to fully functionalized tissues. 
With the natural blood supply being established, the scaffold disintegrates, allowing the new tissues to 
merge with their surroundings [1]. The existing literature reports a variety of polymer-based electrospun 
nanofibers with potential uses in tissue engineering, with systems to support human skin being particularly 
extensively exploited [2]. The synthetic polymer polycaprolactone (PCL) has been extensively studied for 
fibre generation due to its high mechanical strength and ease of electrospinning [3,4]. PCL is often 
combined with biopolymers such as gelatin (Gel) [5], chitosan [6], alginate [7], etc., to give the scaffold 
favourable properties that foster cell proliferation and differentiation [8].

In recent years, focus has arisen on using metal nanoparticles such as nanosilver (AgNPs) in nanofibers 
to bestow antibacterial activity in tissue engineering scaffolds, with the goal of preventing infection [9,10]. 
The direct application of silver (Ag) to accelerate wound healing dates back to 18th-century Egypt [11]. 
Despite being highly active against various pathogenic microorganisms, Ag has considerable toxicity due 
to its accumulation in lysosomes and induction of apoptosis mechanisms [12]. However, using AgNPs in 
place of larger particles can overcome the toxicity of Ag to a significant extent [13]. A variety of 
physicochemical [14] and biomimetic methods can be used to synthesise AgNPs, with biomimetic or 
‘green-synthesis’ methods felt particularly appropriate for tissue engineering purposes as they avoid the use 
of potentially toxic chemicals. In that context, the use of chitosan in developing AgNPs has gained 
attention. Chitosan originates from chitin, which is accumulated in massive amounts in crustacean wastes 
[15]. Chitosan has active hydroxyl and amino functional groups that can provide chelating effects and 
antimicrobial activity [16]. The polymer itself is known to be highly biocompatible, and the toxicity of 
chitosan-mediated nanosilver (C-AgNP) has been assessed using standard toxicity assessments [17].

Various studies have explored AgNPs and their nanocomposites in a range of polymer-based nanofibers [9]. 
One study showed that higher concentrations (100–400 µg/mL) of AgNPs show greater antibacterial activity; 
however, there was also significant cytotoxicity when the NPs were incorporated in a polylactic acid (PLA) and 
chitosan electrospun system by drop coating [18]. Another study explored Ag2S NPs in PCL-based electrospun 
fibres, showing antibacterial activity and tissue regeneration responses [19]. Recent work has also been 
conducted to evaluate the effectiveness of PCL/chitosan [20], PCL/collagen [21] and PCL/poly(methyl 
methacrylate)/polyglycerol sebacate (PGS) [22] electrospun nanofibers coated with AgNPs.

Nevertheless, there is no comprehensive analysis of how the nanosilver incorporation in nanofibers 
affects antibacterial activity, cell viability and biocompatibility. In this study, we used newly synthesised 
and characterised C-AgNPs (previously reported to have low toxicity) and introduced them to electrospun 
fibres either by bulk surface coating or blending [15]. We also observed the effect of washing and heating 
coated C-AgNPs. The results showed that the two methods of C-AgNP incorporation differently affect 
antibacterial activity and cell viability. This was determined using bacterial studies, cell proliferation assays 
[23,24] and zebrafish embryonic model toxicity tests (approximately 70% of human genes have at least one 
obvious zebrafish orthologue) [25]. This study can help us understand the effect of C-AgNP distribution in 
PCL/Gel nanofibers, which is beneficial in designing state-of-the-art electrospun scaffolds balancing the 
toxicity and antibacterial effects of nanoparticles for tissue engineering.

Materials and methods

Chemical reagents

Silver nitrate (extra pure AR), chitosan (low MW, extra pure), chloroform (extra pure AR) and gelatin 
powder for bacteriology were purchased from Srichem. Sodium hydroxide pellets GPR were purchased 
from Park Scientific, and ciprofloxacin antibiotic discs (CIP 5 μg) were obtained from Liofilchem. Acetic 
acid (99.8%), polycaprolactone (PCL; average Mn-80,000 Da), phosphate-buffered saline tablets, trypsin/ 
EDTA, foetal bovine serum (FBS) and Dulbecco's Modified Eagle's medium (DMEM) were purchased 
from Sigma-Aldrich. Cadmium nitrate tetrahydrate and Muller–Hinton agar were purchased from 
HIMEDIA. Deionized water was used for all the experiments.
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Synthesis of C-AgNPs

First, 0.20 g of chitosan was dissolved in 40.0 mL of 1% acetic acid solution and stirred for 10 minutes at 
room temperature (27 °C). The obtained chitosan solution was centrifuged at 3000 rpm for 30 minutes, 
and 3.0 mL of 0.1 mol/dm3 AgNO3 solution was added to the supernatant. Finally, 100 μL of freshly 
prepared 1 M NaOH was added and the mixture stirred at 1500 rpm until a persistent yellow-brown colour 
was obtained [15].

Preparation of electrospinning solutions

Solutions with varying concentrations of PCL and gelatin were prepared, and after initial optimisation, a 
solution comprising PCL 25% (w/v) and gelatin 2.5% (w/v) in 1:1 v/v chloroform (CF) and 80% aqueous 
acetic acid solution was selected. Solid C-AgNPs (20 mg) were dispersed in an 80% acetic acid solution by 
ultrasonication (BIOBASE) until a homogenised mixture was obtained. An equal volume of chloroform 
was then added. To prepare the fibres with NPs dispersed throughout the matrix, PCL and Gel were finally 
added to this suspension at concentrations of 25% and 2.5% w/v, respectively. All solutions were prepared 
by dissolving the polymers in 6.0 mL of solvent mixture and stirred at 1200 rpm for 18 h in closed vessels 
at 30 °C.

Preparation of electrospun nanofibers and their modifications

All scaffolds were prepared using a monoaxial electrospinning setup at an ambient temperature of 27 °C. 
The prepared polymer blends for electrospinning were loaded into a syringe (Terumo 5CC) fitted with a 
spinneret (22 gauge), ensuring no air bubble retention. The tip-to-collector distance was adjusted to 15 cm, 
and the feeding rate was fixed at 0.5 mL/h, controlled by a syringe pump (KDS100, Cole-Parmer). A high 
direct-current voltage of 10.0 kV was applied between the spinneret and a flat-plate stationary collector to 
generate PCL/Gel/C-AgNP(dis) nanofibers. One millilitre of polymer solution was dispensed to prepare 
each of the nanofiber mats.

To generate coated scaffolds, an area of around 1 cm2 was cut out from prepared PCL/Gel scaffolds 
(without C-AgNPs) and immersed in 4.0 mL of a C-AgNP suspension in sterile vials. The vials were 
shaken at 60 rpm in a shaking incubator (GEMMYCO, Model: IN-666) for 3 h at 30 °C to form PCL/Gel/ 
C-AgNP(coat) scaffolds. The prepared C-AgNP-coated scaffolds were immersed in deionized water 
(4.0 mL) and shaken under the same conditions to explore the influence of washing. Furthermore, 
C-AgNP-coated scaffolds were also heated for 3 h at 60 °C to check the effect of heating.

Characterization

A UV-Vis spectrophotometer (Thermo Scientific Genesys 10S UV-Vis 2M1R102202) was used to obtain 
absorbance readings in the 200–700 nm range for C-AgNPs [26]. The surface morphology of the 
nanofibers was observed and assessed using a scanning electron microscope (SEM) fitted with an 
energy-dispersive X-ray (EDX) attachment (Carl Zeiss Evo 18 microscope, accelerating voltage: 
10–20 kV, probe current: 1–25 pA). The ImageJ software (version 1.8.0) was used to calculate nanofiber 
diameters. A powder X-ray diffractometer (Rigako, SmartLab SE) with Cu Kα radiation was employed to 
collect X-ray diffraction (XRD) patterns at a scan rate of 5° min−1 over the range of 5°–80° 2θ. The 
vibrational bands of the nanofiber scaffolds were observed using a Fourier transform infra-red (FT-IR) 
spectrophotometer (PerkinElmer Spectrum Two) within the wavenumber range of 400–4000 cm−1. The 
attenuated transmission (ATR) mode was used with 1 cm−1 resolution, averaged from 32 scans.

Antibacterial disk diffusion assay

The antibacterial effects of the C-AgNPs and electrospun fibre scaffolds were determined by the disk 
diffusion method [27,28]. Briefly, C-AgNPs and all tested scaffolds were screened for their in vitro 
antibacterial activity against aerobic gram-positive Staphylococcus aureus ATCC 27853 and aerobic 
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gram-negative Escherichia coli ATCC 25992. A bacterial inoculum was prepared by subculturing micro
organisms on Mueller‒Hinton agar (MHA) at 37 °C for 24 h. The bacterial cells were harvested using 5 mL 
of 0.9% NaCl and diluted to 0.5 McFarland [1.5 × 108 CFU/mL (CFU: colony-forming unit)]. The prepared 
bacterial inoculum was spread on the agar surface of Petri dishes using a sterilised spreader.

A volume of 10 μL of C-AgNP suspension, chitosan and NaOH solution (blank), chitosan solution, 1% 
acetic acid solution, positive control (ciprofloxacin 5 μg in 10 μL of deionized water), or negative control 
(sterile deionized water) was separately added to previously sterilised filter paper disks (diameter: 6 mm). The 
solution was allowed to dry within a laminar flow hood. Each plate was separated into five parts, and a 
schematic diagram of the disc arrangement on the agar plate is illustrated in Figure S1a (Supporting 
Information). Similarly, circular disks of selected fibre scaffolds with a diameter of 6 mm were sterilised 
under UV light for 30 minutes on each side, in separate zipped locked bags. Subsequently, the sterilised 
scaffold mats were placed on agar plates with the same positive and negative controls as illustrated in the 
schematic diagram in Figure S1b. All plates were incubated at 37 °C for 24 h. Following incubation, the 
diameter of the growth inhibition zone around the samples was measured to visualise the antibacterial action. 
The experiments were performed in triplicates and results reported as mean ± standard deviation (S.D.).

Cell culture

BJ human skin fibroblast cells (ATCC: CRL-2522) were cultured in Dulbecco's Modified Eagle's Medium 
(DMEM) containing L-glutamine and supplemented with FBS (10% v/v), and antibiotics (100 U/mL 
penicillin and 100 μg/mL streptomycin). All cell culture processing was undertaken in a laminar flow 
hood (Telstar BIO II A). Cells were incubated at 37 °C in a 5% CO2 incubator (FormaTM Steri-CycleTM) 
and harvested by trypsinization following 80% confluency.

Cell proliferation assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) assay was used for cell prolif
eration assessment [29], which was explored in direct contact mode. BJ cells were cultured in 96-well plates 
(5000 cells/well) and incubated for 24 h at 37 °C to allow their attachment. After 24 h of incubation, the 
cells were treated with selected 4 mm × 4 mm samples of electrospun scaffolds (three per well) and 
incubated for another 24 h at 37 °C. The negative control was complete DMEM medium. At the 24-h 
time-point, the medium was removed, and the cells were gently washed with PBS (phosphate-buffered 
saline). MTT solution (0.5  mg/mL in PBS) was added to each well and the plate was incubated for another 
4 h at 37 °C. Afterward, 100 µL of dimethyl sulfoxide (DMSO) was added to each well to solubilise the 
grown formazan crystals. The absorbance corresponding to each sample was measured at 570 nm 
wavelength using a microplate reader (Synergy HT). The percentage of cell viability of the untreated 
and treated groups was calculated using the formula (treated ÷ control) × 100% [30]. The morphology of 
the treated cells was captured using an inverted phase-contrast microscope (Olympus CKX41SF, Japan), 
and the process was repeated three times (three wells) for the selected scaffolds.

Zebrafish embryonic toxicity test

All zebrafish (Danio rerio) broodstock maintenance was carried out according to the Organisation for 
Economic Cooperation and Development (OECD) guideline No. 236 for fish embryo acute toxicity (FET) 
tests, in the mini-zebrafish facility at the Department of Chemistry, University of Colombo, Sri Lanka [31]. 
The detailed procedure for zebrafish culture and embryo selection is provided in previous papers [32,33]. In 
brief, fertilised embryos were collected from overnight breeding rounds and carefully selected using an 
Olympus BX53 microscope. Fertilised embryos were identified by cleavage of embryos, and embryos with no 
transparency, coagulated, or damaged embryos were discarded. The embryo toxicity test was immediately 
initiated after selecting the intact fertilised eggs. Zebrafish embryos were added to a six-well plate 
(10 embryos per well) containing 5 mL of zebrafish aquatic water with the prepared membranes (three 
samples of 1 cm × 1 cm per well). Cd (II) solution (effective concentration of 100 μg/mL) and zebrafish 
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aquatic water were used as positive control and negative controls, respectively. All the treatments were 
carried out in triplicate at 28.5 °C, 80% relative humidity, and a photoperiod of 14:10 h light:dark cycle. 
Following treatments, the zebrafish embryos hatched, and the survival percentages were recorded at 24, 48, 
72 and 96 h post fertilisation (hpf) time intervals under an Olympus BX53 microscope fitted with a digital 
camera (6.6 MP Sony CMOS sensor). The heart rate of zebrafish embryos was recorded as beats per minute 
at 72 hpf in the control and for two scaffold treatments. This was conducted using direct microscopic 
observation and a stopwatch. Any development abnormalities of the zebrafish embryos, such as yolk sac 
oedema (YSE), pericardial oedema (PE) and spinal curvature (SC), were observed at 96 hpf using a 
microscope.

Statistical analysis

The data collected from all experiments were expressed in terms of mean ±  standard deviation (SD), and a 
two-sample t-test was conducted to probe for any significant differences between the two samples 
considered. All statistical analyses were performed using SPSS version 26 (IBM Corporation, Armonk, 
NY, U.S.A.).

Results and discussion

Synthesis and identification of cubic phase C-AgNPs

The C-AgNP precursor solution was prepared (Section 3.2) with minimum atmospheric exposure [34]. 
The reaction mixture changed from initially being colourless to a mustard yellow and finally to yellowish- 
brown, providing visual evidence for the successful synthesis of AgNPs (Figure 1a). The yellowish-brown 
colour intensified as time passed and arises due to the surface plasmon resonance (SPR) of AgNPs [35]. 
The colour change is also supported by adding NaOH, making the solution more basic, giving the 
observed colour change [36]. Increasing basicity leads to producing smaller AgNPs and obtaining higher 
antibacterial activity than larger-size ones [37]. A characteristic UV-vis absorbance peak was observed at a 
wavelength of 426 nm (Figure 1b), which closely agrees with previous literature [15]. The XRD pattern 
(Figure 1c) of C-AgNP showed sharp peaks at 27.95°, 32.36°, 46.35°, 54.98°, 57.55° and 76.92°, corre
sponding to the (111), (200), (220), (311), (222) and (420) planes, respectively (Table S1). These results 
indicate a cubic phase nanosilver (JCPDS file No. 04-0783), with no other peaks of crystalline impurities.

Figure 1. Characterisation of C-AgNPs. (a) Visual identification of a yellowish–brown C-AgNP suspension; (b) UV-vis 
spectra with 426 nm maximum absorbance; (c) Identification of the cubic phase of C-AgNP by XRD.
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Preparation of PCL/gelatin nanofibers

A substantial number of reports exist on the preparation of PCL/Gel electrospun scaffolds, and some have 
included the incorporation of AgNPs for wound healing and tissue engineering purposes [38]. PCL is a 
synthetic polymer with good mechanical strength [3], and gelatin is a biopolymer that fosters cell 
proliferation [39]. Chloroform (CF) [40] was first used to dissolve PCL at a concentration of 25% (w/v) 
(Table 1).

Electrospinning processing parameters of 15 cm tip-to-collector distance, 1.0 mL/h feeding rate and 
10.0 kV operational voltage were optimised to obtain linear PCL fibres with uniform diameters and no 
bead formation (Figure 2a1 and a2). It was observed that the thickness of the neat PCL fibres was very 
high; however, due to this, there were fewer spaces among fibres, resulting in less porous fibre mats [26]. A 
solvent mixture of 1:1 v/v CF and 80% acetic acid [8] was chosen to solubilise both PCL 25% (w/v) and 
gelatin 2.5% (w/v) in a single blend solution. The electrospun fibres (PCL/Gel) obtained after optimisation 
showed a notable reduction in nanofiber diameter (622 ± 65 nm), leading to higher porosity (Figure 2b1
and b2). However, the fibres were more non-uniform than the pure PCL formulation, which may be due to 
the continuous H-bonding between the amine groups of gelatin and the ester groups of PCL [3].

As our next step, the dispersion (dis) method was undertaken by dint of adding solid C-AgNPs in 80% 
acetic acid solution into the PCL/Gel blend to obtain a homogenous spinnable mixture (Section 3.4). In 
addition, surface coating (coat) of C-AgNPs onto the neat PCL/Gel scaffold was performed. SEM images 
reveal that no C-AgNPs were observed on the surface of the fibres in PCL/Gel/C-AgNP(dis) (Figure 2c1
and c2). However, with PCL/Gel/C-AgNP(coat), the presence of some NPs on the fibre exteriors was clear 
(Figure 2d1 and d2). These observations were verified using EDX (Table 2, Figure S2). A notable Ag 
content was observed on the scaffold surface-coated with C-AgNPs, whereas only a negligible amount of 
Ag was detected at the surface of the PCL/Gel/C-AgNP(dis) scaffold. Around a 50% decrease in Ag content 
was observed after washing the PCL/Gel/C-AgNP(coat) scaffold, showing that a significant amount of C- 
AgNPs had been washed away. A reduction of Ag concentration was also observed with the PCL/Gel/C- 
AgNP(coat) scaffold after subjecting it to heat treatment. This latter reduction can be assigned to some of 

Table 1. Mean fibre diameters (nm) of electrospun 
nanofibers.    
Scaffolds Mean fibre diameter ± SD (nm)

PCL 2639 ± 63
PCL/Gel 624 ± 65
PCL/Gel/C-AgNP(dis) 630 ± 45
PCL/Gel/C-AgNP(coat) 846 ± 63

Figure 2. Scanning electron micrographs of electrospun scaffolds: (a1, a2) PCL; (b1, b2) PCL/Gel; (c1, c2) PCL/Gel/C-AgNP 
(dis); (d1, d2) PCL/Gel/C-AgNP(coat).
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the C-AgNPs becoming submerged within the fibre matrix during the heating process, which took place at 
approximately the melting temperature of PCL.

FT-IR and XRD analysis of scaffolds

The FT-IR spectra in Figure 3a show the characteristic peaks of PCL, PCL/Gel, PCL/Gel, PCL/Gel/ 
C-AgNP(dis) and PCL/Gel/C-AgNP(coat). The vibrational bands of neat PCL were observed at 2946, 2865, 
1726, 1294, 1242 and 1187 cm−1. These bands correspond to ─CH2 stretching, ─CH2 symmetric stretch
ing, C═O stretching, C─C and C─O stretching, C─O─C asymmetric stretching and C─O─C symmetric 
stretching, respectively [41]. The characteristic peaks of PCL were observed in all the scaffolds, as expected 
given the majority of the dry mass comprises PCL. With the incorporation of gelatin, characteristic amide 
peaks at 1645 and 1544 cm−1 were observed due to C═O stretching and N─H bending, respectively. A 
noticeable increase in peak intensity in all scaffolds relative to neat PCL indicates the increased polarity of 
specific bonds. This can be supported by H-bonding between the amine group of gelatin and the ester 
group of PCL, as reported earlier [3]. A relatively intense broad peak extending around 3200 to 3500 cm−1, 
was observed in PCL/Gel and PCL/Gel/C-AgNP(coat) due to O─H stretching, indicating the presence of 
significant moisture in the developed fibre mats [42].

XRD patterns (Figure 3b) of all scaffolds show two peaks at almost the same 2θ values, characteristic of 
the Bragg reflections of PCL. These include a high-intensity peak at 21.9° and a lower-intensity peak at 24°. 
However, a noticeable decrease in the peak intensity of PCL indicates the low crystallinity of PCL 
nanofibers. The PCL/Gel scaffold exhibits sharp and intense peaks, indicating the high crystallinity of 
the scaffold. The characteristic peaks obtained for C-AgNPs were not observed in PCL/Gel/C-AgNP(dis) 
and PCL/Gel/C-AgNP(coat) scaffolds, which may be due to the relatively low content of C-AgNPs in the 
system. Electrospinning often leads to lowered crystallinity as rapid solvent evaporation allows only a short 
time before deposition, which is consistent with the observed patterns [43].

Figure 3. Characterisation of PCL, PCL/Gel, PCL/Gel/C-AgNP(dis) and PCL/Gel/C-AgNP(coat) scaffolds with (a) FT-IR 
spectra (b) XRD diffraction patterns.

Table 2. Summarised EDX results for the electrospun scaffolds' 
weight (%) of C, O and Ag.      
Scaffolds C O Ag

PCL/Gel/C-AgNP(dis) 65.13 34.11 0.09
PCL/Gel/C-AgNP(coat) 64.46 33.57 1.98
PCL/Gel/C-AgNP(coat) -washed 64.95 33.56 0.89
PCL/Gel/C-AgNP(coat) - heated 63.48 35.21 1.06
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Antibacterial disk diffusion assay

The agar disk diffusion assay was carried out to assess the antibacterial activity of synthesised C-AgNPs 
and all scaffolds: PCL, PCL/Gel/, PCL/Gel/C-AgNP(dis) and PCL/Gel/C-AgNP(coat). The exhibited 
inhibition zones of C-AgNPs and relevant scaffolds for gram-positive and gram-negative bacterial strains 
are shown in Figure S3a and S3b. The positive control shows the highest inhibition zones against 
Staphylococcus aureus and Escherichia coli, while the negative control has no effect. The results 
(Table S2) showed that the C-AgNPs are antibacterial against the bacterial strains. Even though chitosan 
is a known antibacterial agent [16], the results showed no inhibitory zones, which may be due to amount 
used in synthesis being insufficient to exert a noticeable antibacterial activity. As no inhibitory zones were 
observed apart from C-AgNPs, the sole antibacterial effect of the nanoparticle was confirmed.

The PCL/Gel/C-AgNP(coat) scaffold gave high antibacterial activity against both bacterial strains, while 
the PCL/Gel/C-AgNP(dis) scaffold system led to no noticeable effect, as shown in Figure 4 and Table 3. 
These results suggsted that a silver nanoparticle-coated scaffold system [PCL/Gelatin/C-AgNP(coat)] can 
quickly release silver ions (Ag+) from the scaffold matrix. This could have given rise to adherence to or 
passing of Ag+ ions through the bacterial cell wall and cytoplasmic membrane to give bacteriostatic or 
bactericidal activity [44]. However, the antibacterial mechanism of silver nanoparticles is not yet com
pletely understood [45].

The C-AgNPs result in a greater antibacterial effect against gram-negative Escherichia coli, with a zone 
of inhibition of 9.8 ± 1.4 mm compared to 7.5 ± 0.4 mm for gram-positive against Staphylococcus aureus 
(Table S2). This trend was also observed with the coated scaffold system. The action of AgNPs can be 
described as an electrostatic interaction between the released cationic silver ions and the anionic bacterial 
cell membrane, followed by permeation and lysis of the cell [46,47]. Our antibacterial results are consistent 
with other studies that show that a gram-negative bacterium's negative surface charge density is larger than 
a gram-positive bacterium [48].

Figure 4. Agar disk diffusion assay for electrospun scaffolds showing inhibition zones against (a) Staphylococcus aureus 
and (b) Escherichia coli. (S1) PCL, (S2) PCL/Gel, (S3) PCL/Gel/C-AgNP (coat), (S4) PCL/Gel/C-AgNP (dis), (−) negative control 
(deionized water) and (+) ciprofloxacin positive control.

Table 3. Diameters of inhibition zones (mm) of agar disk diffusion assay 
of electrospun scaffolds.     
Samples Staphylococcus aureus Escherichia coli

Negative control 0 ± 0 0 ± 0
Positive control 21.0 ± 2.8 29.0 ± 1.4
S1–PCL 0 ± 0 0 ± 0
S2–PCL/Gel 0 ± 0 0 ± 0
S3–PCL/Gel/C-AgNP(coat) 6.5 ± 1.3 8.2 ± 2.1
S4–PCL/Gel/C-AgNP(dis) 0 ± 0 0 ± 0
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Cell proliferation assay

To study the inhibitory effects of PCL/Gel, PCL/Gel/C-AgNP(dis) and PCL/Gel/C-AgNP(coat) scaffolds 
on the proliferation of BJ human skin fibroblast cells, the cells were exposed to the respective scaffold 
membranes and incubated for 24 h. The results (Table S3) indicated that PCL/Gel/C-AgNP(dis) shows 
high cell viability with BJ cells (82.7%) compared to PCL/Gel/C-AgNP(coat) (60.9%), with PCL/Gel 
showing the highest viability (86.5%) (Figure 5). The lower cell viability observed in the coated scaffold 
[PCL/Gel/C-AgNP(coat)] may be due to the C-AgNP coating on its surface resulting in extensive Ag+ ion 
release, leading to uptake into the intercellular microenvironment, potentially hindering fibroblast cell 
attachment and growth. It is well understood that the physicochemical properties of scaffolds with 
nanoparticles (e.g. size, shape, composition, surface functionalization and surface hydrophobicity/hydro
philicity) play a key role in manipulating their interactions with cells [49,50]. Therefore, we suggest that 
this could be the reason for the significantly lower cell viability (p 0.05) of PCL/Gel/C-AgNP(coat) 
compared to both PC/Gel and PCL/Gel/C-AgNP(dis) scaffolds.

Zebrafish embryonic toxicity assay

The practical applicability and the implications of nanofibrous scaffold materials must be studied using 
animal models to understand biocompatibility with complex tissues. Zebrafish animal models have 
demonstrated several advantages, such as the ability to study vertebrate developmental biology [51,52], 
real-time developmental tracking [53,54] and being genetically similar to humans [55]. This makes them a 
suitable animal model in which to study the effects of scaffold materials [56].

The hatching rate was calculated as the number of hatched embryos from their chorion, divided by the 
total number of embryos at the time points of 24, 48, 72 and 96 hpf. The calculated zebrafish embryo 
hatching rates (%) of PCL/Ge/C-AgNP(dis) and PCL/Gel/C-AgNP(coat) treatments are indicated in 
Figure 6a. It was observed that all the embryos were usually hatched at 96 hpf time points for both the 
PCL/Gel/C-AgNP(dis) scaffold treatment and the negative control. The PCL/Gel/C-AgNP(coat) scaffold 
treatment gave a lower 50% hatching rate at 72 and 96 hpf. The significantly lower hatching rates for 
PCL/Gel/C-AgNP(coat) scaffold can be attributed to the release of Ag+ that caused additional stress and 
thus hindered hatching. These results are also consistent with the cell viability tests. The positive control 
demonstrated the lowest embryo hatching rate, at 3.33% at both 72 and 96 hpf time points.

When considering the survival rate of zebrafish embryos (Figure 6b), the positive control showed time- 
dependent embryonic toxicity even after 24 hpf while demonstrating a 100% motility rate at the 96 hpf 

Figure 5. Cell viability at 24-h time point of PCL/Gel (86.5%), PCL/Gel/C-AgNP(dis) (82.7%) and PCL/Gel/C-AgNP(coat) 
(60.9%) scaffolds. * = p ≤ 0.05.
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Figure 6. Zebrafish embryo assay results. (a) Hatching rate and (b) survival rate of wild-type zebrafish embryos at 24, 48, 
72 and 96 hpf for the PCL/Gel/C-AgNP(dis) and PCL/Gel/C-AgNP(coat) scaffolds. (c) Heart rate (beats/min) of 72 hpf wild- 
type zebrafish embryos for the PCL/Gel/C-AgNP(dis) and PCL/Gel/C-AgNP(coat) scaffolds as compared to a negative 
control. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.001.
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time point. However, none of the larvae died with either the PCL/Gel/C-AgNP(dis) scaffold treatment and 
the negative control, which gave a 100% survival rate at all time points. These embryonic cytotoxicity 
results correlate with the BJ cell viability assay results. However, a significantly lower survival rate for 
PCL/Gel/C-AgNP(coat) scaffold treatment was observed, suggesting toxicity.

The heart rates were studied in three treatments, the negative control, PCL/Gel/C-AgNP(dis) and 
PCL/Gel/C-AgNP(coat). These measurements were taken at the 72 hpf time point (Figure 6c). The 
obtained results showed that there is a significantly higher (p 0.05) heart rate for embryos treated 
with PCL/Gel/C-AgNP(coat) compared to PCL/Gel/C-AgNP(dis), suggesting stress caused by Ag+ ion 
release, though the observed rate still lies within the acceptable range [57]. Microscope images of NSD 
(no structural defects) zebrafish embryos and larvae were recorded, and exemplar digital photographs 
are shown in the Supporting Information (Figure S4). The three main structural defects, pericardial 
edimas, yolk sack edimas and spinal curvatures [58], were not observed in embryos treated with either 
of the scaffolds or the negative control. However, observations of positive control zebrafish indicated 
that coagulation is the most common form of lethal effect. Considering the hatching rate, survival 
rate, heart rate and developmental deformities, it can be concluded that the PCL/Gel/C-AgNP(dis) 
scaffold is not toxic while the PCL/Gel/C-AgNP(coat) system is mildly toxic by the zebrafish toxicity 
assessment.

Conclusion

This study aimed to investigate the anti-bacterial and toxicity effects of PCL/Gel scaffolds loaded with 
C-AgNPs either by surface coating [PCL/Gel/C-AgNP(coat)] or via blending to give a homogenous NP 
distribution throughout the fibres [PCL/Gel/C-AgNP(dis)]. The PCL/Gel/C-AgNP(coat) scaffold demon
strated good antibacterial activity against both Staphylococcus aureus and Escherichia coli strains, 
while the PCL/Gel/C-AgNP(dis) scaffold system had no effect. However, PCL/Gel/C-AgNP(coat) showed 
marked cytotoxicity to healthy BJ human skin fibroblast cells, and also mild toxicity in zebrafish embryonic 
development assays. In contrast, no toxicity was seen with fibroblasts or zebrafish embryos exposed to 
PCL/Gel/C-AgNP(dis). Hence, there is a clear trade-off between toxicity and antibacterial efficacy, and the 
distribution of C-AgNPs in PCL/Gel nanofibers needs to be controlled to ensure that both acceptable 
antibacterial activity and cytotoxicity can be achieved for skin tissue engineering scaffolds.
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