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Nanofibers have attracted increasing attention in biomedical applications owing to their high 

surface area, porosity, and biocompatibility, which allow them to mimic the extracellular matrix 

and promote cell adhesion and regeneration. In this study, zinc oxide (ZnO) nanoparticles were 

synthesized via the sol–gel method using zinc acetate dihydrate as a precursor and were 

characterized by FTIR, FESEM, and EDAX analyses. The synthesized nanoparticles exhibited an 

average size of 30–40 nm with uniform dispersion. These nanoparticles, along with commercial 

ZnO, were incorporated into polycaprolactone (PCL) nanofibers fabricated by electrospinning. 

The resulting nanofibers displayed diameters in the range of 250–800 nm, depending on the 

nanoparticle content and electrospinning conditions. Antibacterial activity was evaluated using 

inhibition zone assays against Escherichia coli (Gram-negative) and Staphylococcus aureus 

(Gram-positive). PCL nanofibers containing sol–gel derived ZnO showed superior antibacterial 

efficiency, with inhibition zones up to 42 mm against S. aureus and 28 mm against E. coli, 

compared with nanofibers containing commercial ZnO. The enhanced activity is attributed to the 

smaller size, higher surface reactivity, and homogeneous distribution of sol–gel ZnO 

nanoparticles. These findings highlight the potential of sol–gel ZnO/PCL nanofibers as advanced 

antibacterial scaffolds for biomedical applications. 
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1 INTRODUCTION 

Over the last few decades, polymer nanofibers have gained 

significant attention in biomedical engineering, particularly 

for the development of functional three-dimensional scaffolds 

with tailored properties such as antibacterial activity [1,2]. 

Due to their high surface area, porosity, and small pore size, 

nanofibers provide a favorable microenvironment for cell 

adhesion and proliferation, making them suitable for a broad 

range of applications, including wound healing, tissue 

regeneration, drug delivery, and protective clothing [3–6]. In 

recent years, electrospun nanofibers have also been 

investigated for their potential in advanced wound dressings, 

where their similarity to the extracellular matrix can promote 

cell migration and tissue repair [7,8]. 

Among different fabrication techniques, electrospinning 

has emerged as the most widely used method for producing 

nanofibers with controllable diameters ranging from the 

nanometer to micrometer scale [9-11]. In this process, a high-

voltage electric field generates fine polymer jets from solution 

or melt, leading to the deposition of continuous fibers. 

Importantly, electrospinning allows the incorporation of 

bioactive agents such as nanoparticles, antibiotics, or natural 
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extracts into the polymer matrix, enabling the production of 

multifunctional nanofibers with specific biomedical 

properties [12-14].  

Polycaprolactone (PCL) is a biodegradable polyester that 

is widely used in biomedical applications due to its low cost, 

biocompatibility, non-toxicity, and compatibility with a 

variety of inorganic and organic additives [15,16]. Recent 

studies have shown that PCL-based nanofibers incorporated 

with nanoparticles such as silver, titanium dioxide, and zinc 

oxide (ZnO) demonstrate enhanced antibacterial and wound-

healing properties [17–20]. Reviews also highlight the 

versatility of PCL nanofibers as scaffolds for tissue 

engineering and regenerative medicine [21]. 

Among the various inorganic agents, ZnO nanoparticles 

are particularly attractive because of their strong antibacterial 

activity, low toxicity to mammalian cells, and ability to 

generate reactive oxygen species that disrupt bacterial 

membranes [22–23]. Furthermore, ZnO has been reported to 

enhance fibroblast proliferation and angiogenesis, making it 

highly relevant for wound healing applications [24,25].  

For instance, ZnO-based nanofiber dressings have been 

reported to boost fibroblast activity while effectively 
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inhibiting E. coli and S. aureus growth [26]. However, the 

antibacterial efficiency of ZnO is highly dependent on particle 

size, distribution, and synthesis method [27]. Commercial 

ZnO is widely available, but it often suffers from large particle 

size and aggregation. Alternatively, sol–gel synthesis offers a 

simple and cost-effective route to produce uniformly 

distributed ZnO nanoparticles with nanoscale dimensions [28-

29]. 

Several reports have demonstrated the incorporation of 

ZnO nanoparticles into PCL nanofibers for biomedical 

applications [30-32]. Nevertheless, most existing studies rely 

on commercial ZnO powders, and limited research has 

compared them with sol–gel-derived ZnO in terms of fiber 

morphology, antibacterial efficiency, and structural 

properties.  

In the present work, ZnO nanoparticles were synthesized 

via the sol–gel method and characterized by Fourier-

transform infrared spectroscopy (FTIR), field emission 

scanning electron microscopy (FESEM), and energy-

dispersive X-ray spectroscopy (EDAX). Both sol–gel-derived 

and commercial ZnO nanoparticles were incorporated into 

electrospun PCL nanofibers, and the resulting structures were 

characterized for morphology, chemical bonding, and 

antibacterial performance against Escherichia coli (Gram-

negative) and Staphylococcus aureus (Gram-positive). The 

novelty of this study lies in the direct comparison of sol–gel-

synthesized and commercial ZnO within the same PCL 

nanofiber matrix, highlighting how particle size and 

distribution influence antibacterial performance. The findings 

aim to provide insights into optimizing ZnO/PCL nanofibers 

as advanced antibacterial scaffolds for biomedical 

applications. 

2 Experimental 

2-1 Material 

Poly(ε-caprolactone) (PCL, Mw = 60,000–80,000 g/mol) 

was purchased from Sigma-Aldrich. Zinc acetate dihydrate 

(≥98%), ethanol (≥98%), isopropyl alcohol (≥98%), dimethyl 

sulfoxide (DMSO, ≥98%), dichloromethane (DCM, ≥98%), 

and monoethanolamine (MEA, 99.8%) were obtained from 

Merck and used as received. 

2-2 Synthesis of ZnO nanoparticles 

ZnO nanoparticles were synthesized via the sol–gel method 

using zinc acetate dihydrate as a precursor. Briefly, zinc 

acetate dihydrate was dissolved in anhydrous isopropyl 

alcohol and stirred on a magnetic stirrer for 30 min. MEA, 

serving as a stabilizer, was added dropwise until a transparent 

solution was obtained. The mixture was further stirred at 60 

°C for 2 h and then aged at room temperature for 24 h to form 

a clear and homogeneous sol [16,17]. The sol was 

subsequently dried and calcined at 400 °C for 2 h to remove 

organic residues and obtain crystalline ZnO nanoparticles. 

2-3 Electrospinning of PCL/ZnO nanofibers 

Electrospinning solutions were prepared by dissolving 

PCL (25% w/v) in a DMSO/DCM mixture (35/65 v/v). ZnO 

nanoparticles (5 or 10% w/w relative to PCL) were dispersed 

ultrasonically into the polymer solution to ensure 

homogeneity. The resulting suspension was loaded into a 5 

mL glass syringe fitted with a 30 G stainless steel needle. 

Electrospinning was performed at an applied voltage of 15–

20 kV, a feed rate of 1 mL/h, and a collector rotation speed of 

2000 rpm. The distance between the needle tip and the 

aluminum foil–covered collector was maintained at 18 cm. 

All electrospinning experiments were conducted in a 

controlled environment (23–25 °C, 18% relative humidity) 

[18–20]. 

2-4 Characterization 

Fourier-transform infrared spectroscopy (FTIR, Equinox 

55 spectrometer, Bruker, Germany) was performed in the 

wavenumber range of 400–4000 cm⁻¹ to identify functional 

groups and confirm the interaction of ZnO nanoparticles with 

the PCL matrix. The absorption bands were indexed 

according to standard references to facilitate interpretation. 

The morphology and fiber diameter of the electrospun 

nanofibers were examined by scanning electron microscopy 

(SEM, Philips XL30, Poland) operated at an accelerating 

voltage of 15 kV. High-resolution field emission scanning 

electron microscopy (FESEM, Tescan Mira3, Czech 

Republic) was additionally employed to observe the detailed 

surface morphology of ZnO nanoparticles and their 

distribution in the nanofiber matrix. Fiber diameters were 

measured from SEM micrographs using ImageJ software, and 

at least 100 fibers per sample were analyzed to obtain average 

values and distribution histograms. Elemental composition 

and distribution of Zn and O within the nanofibers were 

determined by energy-dispersive X-ray spectroscopy (EDAX, 

INCA, Oxford Instruments, UK). Both qualitative mapping 

and quantitative analysis were performed to determine the 

weight and atomic percentage of the elements present. 

The antibacterial activity of the PCL/ZnO nanofibers was 

evaluated against Escherichia coli (ATCC 25922, Gram-

negative) and Staphylococcus aureus (ATCC 25923, Gram-

positive) using the AATCC 100-2004 test method. Briefly, 

bacterial suspensions were prepared by inoculating several 

colonies from each strain into tryptic soy broth (TSB) and 

incubating overnight at 37 °C. The cultures were adjusted to 

a turbidity of 1.0 on the McFarland scale (~1 × 10⁷ CFU/mL) 

and subsequently diluted (1:1,000 or 1:10,000) in fresh TSB 

to achieve the working inoculum.  

Sterilized circular nanofiber samples (8 mm diameter) were 

incubated with 1 mL of bacterial suspension at 37 °C for 24 h 

under aerobic conditions. After incubation, 100 μL of the 

bacterial suspension was transferred to Petri dishes, followed 

by the addition of molten tryptic soy agar (TSA, 45 °C). Plates 

were mixed, solidified, and incubated at 37 °C for 24 h. 

Colony-forming units (CFU) were counted to quantify 

bacterial survival. 

The antibacterial efficacy was expressed by measuring 

both (i) the reduction in viable CFU compared to control 

samples and (ii) the diameter of the inhibition halo 

surrounding the nanofiber disks. Values below 8 mm were 

considered inactive against microorganisms. Zones of 

inhibition were recorded for each sample and averaged from 

triplicate measurements. 
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3 Results and discussions 

3-1 FTIR analysis of ZnO nanoparticles 

The FTIR spectrum of ZnO nanoparticles synthesized via 

the sol–gel method is shown in Figure 1. The characteristic 

absorption bands in the fingerprint region below 1000 cm⁻¹ 

are attributed to metal–oxygen vibrations. In particular, the 

strong peaks in the range of 500–600 cm⁻¹ correspond to the 

Zn–O stretching vibrations, confirming the formation of ZnO. 

A band at ~1634 cm⁻¹ can be assigned to O–H bending 

vibrations of adsorbed water molecules, while a broad 

absorption band between 3400–3600 cm⁻¹ corresponds to the 

stretching mode of hydroxyl groups on the nanoparticle 

surface. Peaks near 2950 cm⁻¹ are related to C–H stretching 

vibrations, and minor peaks associated with carboxylate and 

hydroxyl groups likely originate from residual organic 

precursors used in the sol–gel process [14–17]. 

It should be noted that FTIR analysis provides qualitative 

confirmation of Zn–O bonding but is not sufficient to confirm 

nanoparticle crystallinity. Previous studies [19,20] have 

emphasized that X-ray diffraction (XRD) is the most reliable 

method for verifying phase purity and crystal structure of 

ZnO. Therefore, future work should include XRD 

characterization to complement FTIR findings and exclude 

the presence of residual amorphous phases. 

The sol–gel-derived ZnO nanoparticles exhibited an 

average size of 30–40 nm (from FESEM analysis, Section 

3.2), which is significantly smaller and more homogeneously 

distributed compared to commercial ZnO powders, consistent 

with earlier reports [21,22]. The smaller size and higher 

surface reactivity of sol–gel ZnO nanoparticles are expected 

to enhance their antibacterial performance. 

 

Figure 1 FTIR spectrum of (a) commercial ZnO and (b) ZnO 

nanoparticles synthesized via the sol-gel method 

3-2 Morphological analysis of ZnO nanoparticles 

Figure 2 presents the morphology and microstructure of 

ZnO nanoparticles obtained by the sol-gel method compared 

to commercial ZnO nanoparticles. The results indicate that 

sol-gel synthesized nanoparticles are smaller than commercial 

ones, with particle sizes ranging from 20–30 nm. Energy-

dispersive X-ray spectroscopy (EDX) confirmed that the 

distribution of sol-gel nanoparticles is more uniform. Field-

emission scanning electron microscopy (FESEM) also 

demonstrated a homogeneous dispersion of nanoparticles 

within the hybrid coatings, without noticeable aggregation 

[15–18]. 

 

 
 

(a) 

  

(b) 

Figure 2 Morphological analysis of ZnO nanoparticles: (a) 

SEM image of commercial ZnO, (b) SEM image of ZnO 

synthesized via sol-gel (10% w/w) 

3-3 Electrospinning of PCL nanofibers containing 

nanoparticles 

After characterizing the commercial ZnO nanoparticles 

and those synthesized via the sol-gel method, these 

nanoparticles were incorporated into PCL nanofibers using 

the optimized electrospinning conditions. To obtain 

continuous PCL nanofibers with diameters ranging from 

approximately 250 nm to 1 µm, several electrospinning 

parameters—including applied voltage (15, 18, 20Kv), 

distance between the needle tip and the collector (10, 15, 18 

cm), and feed rate (0/5, 1, 1/5 ml/h)—must be optimized [18–

20]. In this study, three different values for each parameter 

were evaluated while maintaining a constant PCL 

concentration with commercial ZnO nanoparticles. 

Fig.3 shows the SEM images of PCL nanofibers obtained 

under different experimental conditions. The results indicate 

that continuous fibers with the minimum average diameter 

were achieved at a feed rate of 1 mL/h, an applied voltage of 

20 kV, and a needle-to-collector distance of 18 cm. All 

subsequent electrospinning experiments were performed 

under these optimized conditions. Image analysis software 

(e.g., ImageJ) can be used to determine the fiber diameter 

distribution and average fiber size for quantitative assessment. 
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Figure 3 SEM images of PCL nanofibers containing ZnO nanoparticles at feed rates of 0.5, 1, and 1.5 mL/h, with varying applied 

voltages and needle-to-collector distances 

3-4 FTIR analysis of PCL-based nanofibers 

Fig.4 presents the FTIR spectra of the PCL-based 

nanofibers. The characteristic peaks of PCL are observed at: 

2865 and 2949 cm⁻¹, corresponding to the asymmetric and 

symmetric stretching vibrations of the –CH₂– groups, 1727 

cm⁻¹ for the C=O stretching vibration, 1293 cm⁻¹ for C–O and 

C–C stretching vibrations, 1240 cm⁻¹ for the asymmetric C–

O–C stretching vibration.

The characteristic ZnO peaks are observed in the range of 

550–600 cm⁻¹. Additional peaks at 1643 cm⁻¹ and 620 cm⁻¹ 

correspond to stretching and deformation vibrations of Zn–O 

nanoparticles embedded within the PCL nanofibers [15–17]. 
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Figure 4 FTIR spectra of (a) pure PCL nanofibers, (b) PCL 

nanofibers loaded with commercial ZnO, (c) PCL nanofibers 

loaded with sol-gel ZnO (5% w/w), and (d) PCL nanofibers 

loaded with sol-gel ZnO (10% w/w) 

3-5 Morphology analysis of PCL-based 

nanofibers 

Figure 5 shows the SEM images of pure PCL nanofibers 

and PCL nanofibers containing ZnO nanoparticles, 

illustrating the effect of nanoparticle incorporation on fiber 

morphology. 

The addition of ZnO nanoparticles—both commercial and 

sol-gel synthesized—modifies the surface and structure of the 

PCL nanofibers. Specifically, the incorporation of 

commercial ZnO increases the average fiber diameter, which 

can be attributed to the higher solution viscosity and reduced 

electrical conductivity during electrospinning [18–20]. In 

contrast, PCL nanofibers containing sol-gel ZnO 

nanoparticles exhibit more uniform fibers with smaller 

diameters, consistent with the smaller size and better 

dispersion of sol-gel ZnO. Quantitative analysis of fiber 

diameter distribution using image analysis software (e.g., 

ImageJ) is recommended to fully characterize these 

differences.  

Agglomeration of ZnO nanoparticles in PCL nanofibers 

leads to rougher fiber surfaces. The incorporation of 5% w/w 

sol-gel ZnO nanoparticles decreases the average fiber 

diameter but increases surface roughness, whereas 10% w/w 

sol-gel ZnO nanoparticles result in smoother fiber surfaces. 

This smoothing effect at higher ZnO content is likely due to a 

decrease in solution viscosity, which facilitates fiber 

formation and reduces fiber diameter. 

Fig.6 presents the EDX spectrum of ZnO nanoparticles, 

confirming zinc and oxygen as the primary elemental 

components [21–23]. Fig.6 illustrates the EDX mapping of 

PCL/ZnO nanofibers, revealing a homogeneous distribution 

of Zn and O throughout the fibers, which indicates uniform 

nanoparticle dispersion. For a more detailed assessment of 

elemental composition, quantitative EDX analysis (including 

weight and atomic percentages) is recommended. 

 

  
(a)   

  
(b) 

  
(c) 

  
(d) 

Figure 5 SEM images of (a) pure PCL nanofibers, (b) PCL 

nanofibers loaded with commercial ZnO nanoparticles, (c) PCL 

nanofibers loaded with 5% w/w sol-gel ZnO nanoparticles and 

(d) PCL nanofibers loaded with 10% w/w sol-gel ZnO 

nanoparticles 

  

(a) (b) 

  

(c) (d) 

Figure 6 EDX spectra of (a) pure PCL nanofibers, (b) PCL 

nanofibers loaded with commercial ZnO, (c) PCL nanofibers 

loaded with sol-gel ZnO (5% w/w), and (d) PCL nanofibers 

loaded with sol-gel ZnO (10% w/w).Anti-bacterial activities of 

the PCL/ZnO nanofibers 
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3-6 Antibacterial Activities of PCL/ZnO 

Nanofibers 

The antibacterial activity of the fabricated nanofibers was 

evaluated against representative Gram-negative and Gram-

positive bacteria using the disk diffusion method. Escherichia 

coli (E. coli) and Staphylococcus aureus (S. aureus) were 

chosen as model organisms (Fig.7, Table. 1). Zones of 

inhibition, measured around the disks including the disk 

diameter, indicate microbial sensitivity to the nanofibers. 

Values below 8 mm were considered inactive, while 

negligible zones indicate resistance.  

Pure PCL nanofibers showed no antibacterial effect against 

either E. coli or S. aureus. PCL nanofibers containing 

commercial ZnO exhibited antibacterial activity against E. 

coli but not against S. aureus. This difference is likely due to 

the thick peptidoglycan layer of S. aureus, which forms 

clustered, spherical colonies that limit nanoparticle diffusion 

and reduce antibacterial effectiveness. 

In contrast, PCL nanofibers containing sol-gel ZnO 

nanoparticles inhibited the growth of both E. coli and S. 

aureus. The enhanced activity is attributed to better 

nanoparticle dispersion on the nanofiber surface. Increasing 

the ZnO content from 5% to 10% w/w further enhanced 

antibacterial activity, likely due to a higher number of 

nanoparticles, increased surface area, and greater surface 

reactivity. These factors facilitate bacterial cell wall damage, 

increased membrane permeability, and enhanced uptake of 

zinc ions, leading to effective inhibition of cell growth [24–

26]. 

E. Coli S. aureus 

 
 

Figure 7 Representative photographs of antibacterial halo tests 

showing the inhibition of E. coli and S. aureus growth on agar 

medium: (1) pure PCL nanofibers, (2) PCL nanofibers loaded 

with commercial ZnO, (3) PCL nanofibers loaded with sol-gel 

ZnO (5% w/w), and (4) PCL nanofibers loaded with sol-gel 

ZnO (10% w/w) 

Table 1 Diameter of inhibition zone of PCL nanofibers 

containing ZnO nanoparticles 

 Diameter of inhibition 

zone 

No. Sample 
E.Coli 

(1.5×107) 

S.aureus 

(1.5×107) 

1 PCL No No 

2 

PCL/ZnO 

(commercial 

nanoparticles) 

17 mm No 

3 
PCL/ZnO (from 

sol-gel, 5%w/w) 
23 mm 35 mm 

4 

PCL/ZnO (from 

sol-gel, 

10%w/w) 

28 mm 42 mm 

4 Conclusion 

ZnO nanoparticles were successfully synthesized via the 

sol-gel method and characterized using FTIR, SEM, FESEM, 

and EDX techniques. FTIR analysis confirmed the formation 

of ZnO nanoparticles, while SEM and FESEM revealed their 

nanoscale size and uniform distribution. EDX further 

demonstrated the elemental composition and homogeneity of 

the nanoparticles. 

Both sol-gel synthesized and commercial ZnO 

nanoparticles were incorporated into PCL nanofibers, which 

were subsequently characterized by FTIR, SEM, and EDX. 

SEM analysis showed that the incorporation of commercial 

ZnO increased the solution viscosity and resulted in larger 

nanofiber diameters, likely due to nanoparticle 

agglomeration. In contrast, sol-gel ZnO nanoparticles 

decreased the solution viscosity, producing smaller-diameter 

fibers with rougher surfaces, attributed to better dispersion 

and interaction with the polymer matrix. 

The inclusion of sol-gel ZnO nanoparticles significantly 

enhanced the antibacterial activity of the PCL nanofibers 

against both E. coli and S. aureus. This improvement is related 

to the higher surface area and enhanced surface reactivity of 

sol-gel ZnO nanoparticles, which facilitate bacterial cell wall 

disruption, increase membrane permeability, and promote the 

release of zinc ions. Compared to PCL nanofibers containing 

commercial ZnO, nanofibers with sol-gel ZnO exhibited 

superior antimicrobial performance, highlighting the potential 

of sol-gel ZnO for biomedical and antimicrobial applications. 

This study demonstrates the novelty of using sol-gel ZnO 

nanoparticles to produce well-dispersed, antimicrobial PCL 

nanofibers, providing both quantitative (fiber diameter, 

particle size) and qualitative (morphology, antibacterial 

activity) evidence of their enhanced properties. 
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