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Abstract: This study investigated the impact of adding zinc oxide nanoparticles (ZnO-NPs) to
electrospun membranes and cast films made of poly(ε-caprolactone) (PCL). The physicochemical,
mechanical, and morphological properties of the samples were analyzed. Physicochemical parameters
included water contact angle (WCA), water vapor transmission rate (WVTR), permeance, water
vapor permeability (WVP), light transmission (T600), and transparency (T). Mechanical properties,
such as maximum stress (
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Abstract: This study investigated the impact of adding zinc oxide nanoparticles (ZnO-NPs) to elec-
trospun membranes and cast films made of poly(ε-caprolactone) (PCL). The physicochemical, me-
chanical, and morphological properties of the samples were analyzed. Physicochemical parameters 
included water contact angle (WCA), water vapor transmission rate (WVTR), permeance, water va-
por permeability (WVP), light transmission (T600), and transparency (T). Mechanical properties, such 
as maximum stress (    Ϭ    max), elongation (εmax), and Young’s modulus (MPa), were also eval-
uated. Morphological properties were analyzed in terms of thickness, dispersion, and surface 
roughness (measured by the arithmetic (Ra) and quadratic (Rq) averages). The crystallinity and 
melting point, as well as the functional DPPH• scavenging percentage (SP%), were also studied. The 
results showed that adding 1 wt% ZnO-NPs improved the water barrier properties of PCL mem-
branes and films, increasing WCA by 1%–6% and decreasing WVTR by 11%–19%, permeance by 
34%–20%, and WVP by 4%–11%, respectively. The T600 values of PCL/ZnO-NPs membranes and 
films were 2–3 times lower than those of neat PCL samples, indicating improved optical properties. 
The mechanical properties of the composite membranes and films also improved, with Ϭmax increas-
ing by 56%–32% and Young’s modulus increasing by 91%–95%, while εmax decreased by 79%–57%. 
The incorporation of ZnO-NPs also increased the thickness and surface roughness of the samples. 
The SP% of PCL/ZnO-NPs increased by almost 69%, demonstrating the beneficial effects of ZnO-
NPs on the system. These findings suggest that incorporating ZnO-NPs into PCL membranes and 
films can enhance their properties, making them well suited for various applications, such as those 
within the realm of materials science and nanotechnology. 

Keywords: electrospun PCL membranes; films; zinc oxide nanoparticles; hydrophobicity;  
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1. Introduction 
Electrospinning (ES) is one of the most novel and effective technologies used to pro-

duce nano- and µ-scale fibers [1]. The process involves accelerating a jet of charged poly-
mer solution under a carefully induced electric field to form an interconnected network 
of nanofibers on a drum collector surface [2–4]. ES can produce nanofibers or nanofiber 
mats from several polymers and/or polymer blends [5,6] with the incorporation of several 
metallic and non-metallic oxide nanomaterials [7–9] or molecules with functional proper-
ties into systems [10–12]. Material composition and applications play a significant role in 
the performance of the nanofibers, for example, in biomedical applications [13–15], gas 
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max), elongation (εmax), and Young’s modulus (MPa), were also evaluated.
Morphological properties were analyzed in terms of thickness, dispersion, and surface roughness
(measured by the arithmetic (Ra) and quadratic (Rq) averages). The crystallinity and melting point,
as well as the functional DPPH• scavenging percentage (SP%), were also studied. The results showed
that adding 1 wt% ZnO-NPs improved the water barrier properties of PCL membranes and films,
increasing WCA by 1%–6% and decreasing WVTR by 11%–19%, permeance by 34%–20%, and WVP by
4%–11%, respectively. The T600 values of PCL/ZnO-NPs membranes and films were 2–3 times lower
than those of neat PCL samples, indicating improved optical properties. The mechanical properties of
the composite membranes and films also improved, with
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melting point, as well as the functional DPPH• scavenging percentage (SP%), were also studied. The 
results showed that adding 1 wt% ZnO-NPs improved the water barrier properties of PCL mem-
branes and films, increasing WCA by 1%–6% and decreasing WVTR by 11%–19%, permeance by 
34%–20%, and WVP by 4%–11%, respectively. The T600 values of PCL/ZnO-NPs membranes and 
films were 2–3 times lower than those of neat PCL samples, indicating improved optical properties. 
The mechanical properties of the composite membranes and films also improved, with Ϭmax increas-
ing by 56%–32% and Young’s modulus increasing by 91%–95%, while εmax decreased by 79%–57%. 
The incorporation of ZnO-NPs also increased the thickness and surface roughness of the samples. 
The SP% of PCL/ZnO-NPs increased by almost 69%, demonstrating the beneficial effects of ZnO-
NPs on the system. These findings suggest that incorporating ZnO-NPs into PCL membranes and 
films can enhance their properties, making them well suited for various applications, such as those 
within the realm of materials science and nanotechnology. 
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max increasing by 56%–32% and Young’s
modulus increasing by 91%–95%, while εmax decreased by 79%–57%. The incorporation of ZnO-NPs
also increased the thickness and surface roughness of the samples. The SP% of PCL/ZnO-NPs
increased by almost 69%, demonstrating the beneficial effects of ZnO-NPs on the system. These
findings suggest that incorporating ZnO-NPs into PCL membranes and films can enhance their
properties, making them well suited for various applications, such as those within the realm of
materials science and nanotechnology.

Keywords: electrospun PCL membranes; films; zinc oxide nanoparticles; hydrophobicity; roughness;
antioxidant activity

1. Introduction

Electrospinning (ES) is one of the most novel and effective technologies used to pro-
duce nano- and µ-scale fibers [1]. The process involves accelerating a jet of charged poly-
mer solution under a carefully induced electric field to form an interconnected network
of nanofibers on a drum collector surface [2–4]. ES can produce nanofibers or nanofiber
mats from several polymers and/or polymer blends [5,6] with the incorporation of several
metallic and non-metallic oxide nanomaterials [7–9] or molecules with functional properties
into systems [10–12]. Material composition and applications play a significant role in the
performance of the nanofibers, for example, in biomedical applications [13–15], gas and
fluid filtration [16–18], energy harvesting and storage, such as the production of hydrogen
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(H2) [19–21], oil–water separation, water purification, and environmental protection [22–25],
catalytic applications [26–28], food packaging [29], protein adsorption [30], waterproof and
breathable clothing [31], sensors [32], optical applications [33], and lithium-ion batteries [34].

Among the well-known aliphatic polymers, polycaprolactone (PCL) has been utilized
extensively for producing a wide range of synthetic nanofibers, due to its outstanding
characteristics, since it is biodegradable, biocompatible, bioresorbable, hydrophobic, easy
to process, and non-toxic [2,24]. PCL exhibits exceptional solubility in a wide range of
solvents, allowing for facile and efficient electrospinning processes. Its ability to form
uniform and fine nanofibers makes it an excellent choice for various applications. These
processing advantages further solidify PCL’s position as a valuable material in the realm
of electrospinning [3]. Furthermore, electrospun PCL nanofibers may also display higher
levels of hydrophilicity and biocompatibility if they are treated with surface coatings, poly-
dopamine, plasma, alkali, copolymer blends, and polymer grafting, thereby providing an
attractive option for several applications [35–38]. Regarding packaging purposes, particular
attention should be devoted to containment, protection, convenience, and communication.
A significant loss of food’s economic value occurs when its lipids deteriorate during storage
due to oxygen spoilage and microorganisms. A product’s shelf life is significantly reduced
by oxidation, which depletes its nutritional value and causes the appearance of unpleasant
odors, flavors, and pigments. As rancidity and the aforementioned alterations are caused by
free radical molecules, food packaging designers are continually developing new methods
to prevent and reduce products’ auto-oxidation [39].

This problem may be solved by the incorporation of nanoparticles into polymer-based
materials, due to the highly efficient antioxidant and antimicrobial properties of nanopar-
ticles [6,40,41]. Therefore, in recent years, the use of metal nanoparticles in combination
with polymer nanofibers (metal–polymer nanocomposites) has generated a great deal of
interest due to the synergistic combination of optical, electrical, specific, unique, func-
tional, and catalytic characteristics. Several factors contribute to this, including the high
surface area of polymer nanofibers and the interaction between metal nanoparticles and
polymer nanofibers. Accordingly, nanoparticles of metal oxides, including nanofillers, are
introduced into films and nanofiber-based polymers to enhance their properties [42–44].
Furthermore, the nature of PCL interaction with nanoparticles has been demonstrated in
several studies [45,46]. Among the best-known nanoparticles, inorganic semiconducting
zinc oxide nanoparticles (ZnO-NPs) have found use in various applications due to their
diverse chemical and physical characteristics [47].

Nevertheless, owing to the readily agglomerating properties of nanoparticles and
the high viscosity of polymer solutions, mechanical mixing of metal nanoparticles into
the dissolved polymer matrix results in an inhomogeneous dispersion of particles within
the highly viscous matrix [6,40,41,48,49]. DMF (N,N-dimethylformamide) has been suc-
cessfully employed to reduce metal ions (M+) to zero-valent metal, thereby reducing the
formation of aggregates or agglomerates [50]. Despite this, the aforementioned studies
did not provide sufficient information regarding nanoparticle incorporation and their ef-
fect on physicochemical (including hydrophobicity, water vapor permeability, and optical
properties), mechanical, and morphological characteristics. The majority of these studies
did not address the functional properties of nanoparticles that contribute to improving the
antioxidant properties of membranes and films in order to extend their shelf lives and to
prevent autoxidation. Therefore, this study primarily contributes to the development of
electrospun membranes and cast films containing zinc oxide nanoparticles (ZnO-NPs). To
this end, PCL (10% w/v dissolved in chloroform: DMF [9:1]) with 1% (w/w) of zinc oxide
nanoparticles (ZnO-NPs) was processed via two methods: electrospinning to produce
PCL-based electrospun nanofiber membranes and casting to fabricate PCL-based cast films.
PCL electrospun membranes and cast films were characterized for their physicochemical,
mechanical, morphological and antioxidant properties. According to the results, ZnO-NPs’
incorporation significantly improved the properties mentioned above and could be applied
to a wide range of applications.
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2. Materials and Methods
2.1. Materials

Polycaprolactone PCL (C6H10O2)n (with average Mn 80,000; Sigma Aldrich, Saint
Louis, MI, USA), DMF (CH3)2NC(O)H (Merck, Darmstadt, Germany), Chloroform (Frien-
demann Schmidt, Parkwood, Australia), DPPH (2,2-diphenyl-1-picrylhydrazyl), methanol
(CH3OH), and gallic acid (C7H6O5) were purchased from Sigma Aldrich. The other sub-
stances and reagents used in this study were all of analytical grade.

Green synthesized zinc oxide nanoparticles (ZnO-NPs) with an average diameter of
15–20 nm were obtained as described in an earlier study [51].

2.2. Electrospun Membrane and Cast Film Processing

Nanofibrous membranes based on electrospun neat PCL (neat PCL) and PCL with
ZnO-NPs (PCL/ZnO-NPs) were prepared by solution electrospinning according to prior
studies with minor modifications [2,51]. Firstly, 1 g of PCL was carefully dissolved in 10 mL
of chloroform/DMF (9:1 v/v) and stirred continuously at room temperature for 24 h to
prepare the electrospinning dope and the film-forming solution. Then, ZnO-NPs (1.0 w/w
of the dry PCL) were dispersed in the PCL solution for 2 h using an ultrasound bath at
50 Hz frequency and 0.1 kW sonication power (Ultrasounds, J.P Selecta, S.A., Barcelona,
Spain). In the case of the electrospinning process, 10 mL of PCL solution was electrospun
through an electrospinning machine (BioInicia, Fluidnatek LE-50 setup, Valencia, Spain)
for 2 h at 12 kV voltage, 13 cm distance between the needle and the collector (rotating
drum collector, 200 rpm) and 0.9 mL/h feed rate on an aluminum foil. In the case of the
films, 10 mL of the same solution was cast into glass Petri plates (80 × 17 mm) and dried at
room temperature for 48 ± 24 h. The electrospun membranes and cast films were carefully
removed after drying and stored for further use and analysis.

3. Characterization Techniques
3.1. Water Contact Angle (WCA)

WCAs of the electrospun membranes and cast films were assessed with an Optical
Tensiometer (Attension TL100, KSV, Helsinki, Finland) to evaluate the hydrophobicity of
their surfaces as described in prior studies [51,52]. Briefly, ≈2 µL of distilled water was
dropped onto a horizontally level surface membrane or film (1 cm2) using a µ-syringe and
allowing stabilization.

The WCA was calculated from both the left and right sides of the drop contour; values
differing more than 2◦ were rejected.

3.2. Water Vapor Permeability (WVP)

WVP of membranes and films were measured based on ASTM E96 methodology [53],
and as described in [52], using Equation (1):

WVP = P× t =
WVTR

∆p
× t =

α

AS(RH1 − RH2)
× t (1)

where P refers to the permeance (g/h·m2·Pa) and thickness (t, m) of the membrane or
film, WVTR(α/A) is the water vapor transmission rate (g/h·m2), α is the slope of the
linear regime of the weight loss vs. time curve, A refers to the permeation area (cm−2),
and ∆p = S(RH1 − RH2) is the water vapor gradient ( S = 2646Pa) at 22◦ between the
water-exposed surface ( RH1 = 1) and chamber-exposed surface (RH2 = 0).

3.3. Light Transmission (T600%) and Transparency (T)

The different membranes and films were evaluated for their optical properties through
transmittance and transparency measurements, using a UV-vis spectrophotometer (Model
8451A, Hewlett Packard Co., Spring, TX, USA) as reported in previous studies [51,54].
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Briefly, the transmittance% of the samples (1 × 2 cm2) was read at 600 nm (T600%), and the
transparency (T) was calculated from the (T600%) fraction according to Equation (2) [55]:

T =
−LogT600

t
(2)

where t is the thickness of the sample (mm).

3.4. Mechanical Properties

The mechanical characteristics of the different membranes and films were evaluated
following the ISO 527-3:2019 standard [52,56]. As a result of this test, the maximum stress
(
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max), elongation (εmax), and Young’s modulus (MPa) of the samples were determined.

3.5. Optical Microscopy

The morphological characteristics of the different membranes and films were assessed
using a high-precision zoom lens (Edmund Optics, Barrington, NJ, USA) calibrated with a
22GA needle. In addition, measurements of specimen diameters and thicknesses were assessed
using ImageJ (free software v.1.53q; National Institutes of Health, Bethesda, MD, USA).

3.6. Scanning Electron Microscopy (SEM)

The morphological characteristics of the different membranes and films were assessed
using SEM (Zeiss EVO microscope, Pleasanton, CA, USA) as described in an earlier study [57].
In brief, SEM analysis was conducted at a 10 kV acceleration voltage and 3 KX magnification. In
addition, measurements of specimen diameters and thicknesses were assessed using ImageJ
(free software v.1.53q; National Institutes of Health, Bethesda, MD, USA).

3.7. Transmission Electron Microscopy (TEM)

TEM analysis was performed at 200 kV to confirm the morphological properties of the
different membranes and films (Talos S200 microscope, Field Electron, and Ion Company,
FEI, San Juan Capistrano, CA, USA). A further assessment was conducted using ImageJ
(free software v.1.53q; National Institutes of Health, Bethesda, MD, USA).

3.8. Confocal Microscopy

The surface roughness profiles of different PCL electrospun membranes and cast films
were measured using a Confocal-Interferometric Optical Microscope (Sensofar S-NEOX,
Sky Tech, Bukit Batok, Singapore) with a Robust Gaussian filter at an amplitude of 8 µm
and magnification of 50–150× (ISO 4287) [58]. The samples were coated with a 10 nm
platinum thin layer to allow for better light reflection. Accordingly, surface roughness
was determined by both the arithmetic (Ra) and quadratic (Rq) averages using SensoMAP
Premium (v.7.4.8114; SENSOFAR METROLOGY, Barcelona, Spain).

3.9. X-ray Diffraction (XRD)

Diffractograms of electrospun membranes and cast films were recorded at room condi-
tions between 2θ (◦) = 5–70◦ using an X’Pert Pro (PANalytical, Malvern, UK) diffractometer
with CuKα radiation. Diffractograms were fitted using the Gaussian function (R2 = 0.98)
and crystallinity (Crl%) was determined according to Equation (3) [59]:

Crl(%) =
ACP

CPA + AM
× 100 (3)

where ACP is the area of crystalline peaks, CPA is the crystalline peak area, and AM is the
amorphous area.

3.10. Differential Scanning Calorimetry (DSC)

Thermograms were measured using a differential scanning calorimeter (Q-20, TA Instru-
ments, New Castle, DE, USA) under nitrogen flow (50 mL/min) in the −70–120 ◦C range at
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10 ◦C/min. Samples were previously dried in a desiccator for 48 h. The crystallization per-
centage or crystallinity degree χc(%) of the polymer is calculated from the melting enthalpy
∆H f , based on the melting or fusion heat according to Equation (4) [60].

χc(%) =
∆H f

∆H f 100%
× 100 (4)

∆H f 100% is the melting enthalpy of the 100% crystalline form of PCL (J/g). The
∆H f 100% value has been reported to be 142 J/g [61], 139.3 J/g [62], 136 J/g [63], and
135 J/g [60,64]. Here, the value of 139.5 J/g was adopted.

3.11. Antioxidant Activity (DPPH• Scavenging Activity)

The antioxidant activity of the membrane and film solution (neat PCL and PCL/ZnO-
NPs solution) was assessed using the DPPH• scavenging test as reported in a previous
study [54]. Briefly, 1 mL of membrane or film-forming solution was mixed with 1 mL of
methanolic DPPH free radical solution (40 ppm) using gallic acid as a positive control.
After 30 min incubation, the absorbance of the samples was measured at 517 nm with
a spectrophotometer. Finally, the DPPH• scavenging percentage (SP%) was determined
according to Equation (5).

SP (%) = ((ADPPH• − ADPPH)/ADPPH•) × 100 (5)

where ADPPH• is the absorbance of raw DPPH• solution and ADPPH is the absorbance of
scavenged DPPH by the membrane and film solution.

3.12. Statistical Analysis

The samples were subjected to at least three measurements. A summary of the results
is provided as an M ± SD (a mean value ± standard deviation). The significance of the
difference between measurements was evaluated using IBM SPSS software (IBM Corp.,
Armonk, NY, USA. Released 2019. IBM SPSS Statistics for Windows, Version 26.0. Armonk,
NY, USA, IBM Corp.) and one-way ANOVA (p < 0.05).

4. Results
4.1. WCA

The membrane and film surface wettability and hydrophobicity/hydrophilicity and
the effect of nanoparticle incorporation were evaluated using WCA measurements [55,65].
The WCAs of neat electrospun and cast PCL, as well as their composite membranes and
films (PCL/ZnO-NPs), are depicted in Figure 1 and summarized in Table 1. Regarding the
processing, the neat PCL electrospun nanofibrous membrane exhibited a more hydrophobic
surface than the cast film with WCA = 122.7 ± 0.9◦ vs. WCA = 114.8 ± 0.2◦. As a result,
the porous and free spaces within the electrospun membrane may be smaller than those
within cast film, resulting in well-connected networks [66]. It was determined that PCL
electrospun (12% w/v in acetic-formic acid mixture 3:7) had a WCA value of 118◦ [67].
With the ZnO-NPs incorporation, the WCA of PCL/ZnO-NPs electrospun membranes
did not significantly increase (Table 1), but they did show a significant increase in the
PCL/ZnO-NPs cast film from 114.8 ± 0.2 to 122.2◦ (Table 1, p < 0.05), which is consistent
with the hydrophobic nature of PCL (due to the presence of CH2 groups in the main
chain) and the hydrophobicity of ZnO-NPs [68]. The ZnO-NPs enhanced the hydrophobic
behavior due to several interactions, including ionic and hydrogen bonds, resulting in
the formation of strong across-linked networks or structures [69]. The surface roughness
may also increase due to the presence of nanoparticles, which increases the chemical
effect of the nanoparticles on the composite membrane, thereby increasing the film’s
hydrophobicity [70]. PCL electrospun membranes and cast films prepared in a variety of
solvent systems were previously reported to have similar WCA values [71–75].
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Table 1. Physicochemical parameters of the different PCL electrospun membranes and cast films.

Samples
Material

Incorporated
(Concentration)

WCA (◦) WVTR
(g/h·m2)

Permeance
(g/h·m2·Pa) × 10−2

WVP
(g·m/h·m2·Pa) × 10−7 T600 (%) T

a Neat PCL
nanofibers - 122.7 ± 0.9 a 116.6 ± 0.4 c 4.4 ± 0.03 c 27.7 ± 0.02 c 1.8 ± 0.4 b 26.3 ± 0.9 b

b
PCL/ZnO-

NPs
nanofibers

ZnO-NPs
(1 wt%) 123.4 ± 0.5 a 103.6 ± 0.6 d 2.9 ± 0.01 d 26.5 ± 0.01 d 0.8 ± 0.2 c 29.5 ± 0.9 a

c Neat PCL film - 114.8 ± 0.2 b 147.7 ± 0.2 a 5.6 ± 0.02 a 62.3 ± 0.03 a 6.4 ± 1.4 a 9.8 ± 0.5 d

d
PCL/ZnO-

NPs
film

ZnO-NPs
(1 wt%) 122.2 ± 0.1 a 119.2 ± 0.1 b 4.5 ± 0.01 b 55.0 ± 0.04 b 2.1 ± 0.5 b 13.0 ± 0.4 c

Note: Different superscript letters (a–d) of each column indicate heterogeneity of variances (p < 0.05).

4.2. Water Vapor Permeability (WVP)

WVTR (water vapor transmission rate) measurements were conducted to assess the
effects of membrane and film processing, as well as the incorporation of zinc oxide nanopar-
ticles. The results of the different parameters, including WVTR, permeance, and WVP
means are summarized in Table 1. Accordingly, the neat PCL electrospun nanofibrous
membrane exhibited lower WVTR, permeance, and WVP than the cast film. Cast films may
exhibit increased permeability due to the more rapid diffusion of water molecules through
the contact zones between the circular structures (see Section 4.5). In other words, a less
compact structure. As these circular structures are finer, the passage of water molecules may
be favored. In contrast, studies have reported that the amorphous structure of electrospun
membranes provides better physicochemical properties than the semicrystalline struc-
ture [76]. Furthermore, zinc oxide nanoparticles have demonstrated significant reductions
in these parameters in both types of processes.

The mean WVP of the neat PCL electrospun membrane was reduced from 27.7 ± 0.02 to
26.5 ± 0.01 (g·m/h·m2·Pa) × 10−7, while the WVP of the cast film decreased from 62.3 ± 0.03
to 55.0 ± 0.04 (g·m/h·m2·Pa) × 10−7 with ZnO-NPs incorporation (Table 1, p < 0.05).

In the presence of ZnO-NPs, three-dimensional structures may develop, and twisted path-
ways may be formed along the matrix, which delays the passage of water molecules [75,77–79].
The reason for this is that nanoparticles interact strongly with polymer chains, consuming
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hydrophilic groups, which reduces water transmission [80]. Nevertheless, the water vapor
permeability of composite membranes or films is affected by several factors, including com-
paction, crystallinity, hydrophobicity and/or hydrophilicity behavior, nanofiber orientation,
roughness, thickness, particle crystallinity, size, and distribution or orientation [71,81,82].
In this regard, ZnO-NPs improved the WVP of the composite PCL electrospun mem-
branes and cast films due to their size and crystalline characteristics. The hydrophobic
nanoparticles enhance the hydrophobicity within the polymer matrix by reducing the
free hydroxyl groups, increasing their moisture resistance, and decreasing water vapor
permeability [83,84].

4.3. Light Transmission (T600%) and Transparency (T)

Table 1 also summarizes the values of T600% and transparency T for neat electrospun
and cast PCL as well as their composite membranes and films (PCL/ZnO-NPs). Figure 2
provides a visual representation of these membranes and films.
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In both electrospun membranes and cast films, ZnO-NP incorporation led to a significant
decrease in T600%, with increases in T indexes, since the membranes were almost opaque (it
was not possible to look through the membrane, Figure 2). As a result, PCL-cast films have
the highest transmissions (6.4 ± 1.4%), which is possibly due to a less compact structure,
which allows light to pass through the films. Both electrospun membranes and cast films,
when treated with ZnO-NPs, showed a decrease in T600% of almost 56 and 66%, respectively,
by blocking the free spaces and favoring the compaction between the nanofibers and those
present in the film, thereby forming a more closed structure. This resulted in an increase in T
values of approximately 11 and 25%, respectively (Table 2, p < 0.05).

Table 2. Thickness (µm) and mechanical parameters of the different PCL electrospun membranes
and cast films.

Sample
Material

Incorporated
(Concentration)

Thickness (µm)
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Abstract: This study investigated the impact of adding zinc oxide nanoparticles (ZnO-NPs) to elec-
trospun membranes and cast films made of poly(ε-caprolactone) (PCL). The physicochemical, me-
chanical, and morphological properties of the samples were analyzed. Physicochemical parameters 
included water contact angle (WCA), water vapor transmission rate (WVTR), permeance, water va-
por permeability (WVP), light transmission (T600), and transparency (T). Mechanical properties, such 
as maximum stress (    Ϭ    max), elongation (εmax), and Young’s modulus (MPa), were also eval-
uated. Morphological properties were analyzed in terms of thickness, dispersion, and surface 
roughness (measured by the arithmetic (Ra) and quadratic (Rq) averages). The crystallinity and 
melting point, as well as the functional DPPH• scavenging percentage (SP%), were also studied. The 
results showed that adding 1 wt% ZnO-NPs improved the water barrier properties of PCL mem-
branes and films, increasing WCA by 1%–6% and decreasing WVTR by 11%–19%, permeance by 
34%–20%, and WVP by 4%–11%, respectively. The T600 values of PCL/ZnO-NPs membranes and 
films were 2–3 times lower than those of neat PCL samples, indicating improved optical properties. 
The mechanical properties of the composite membranes and films also improved, with Ϭmax increas-
ing by 56%–32% and Young’s modulus increasing by 91%–95%, while εmax decreased by 79%–57%. 
The incorporation of ZnO-NPs also increased the thickness and surface roughness of the samples. 
The SP% of PCL/ZnO-NPs increased by almost 69%, demonstrating the beneficial effects of ZnO-
NPs on the system. These findings suggest that incorporating ZnO-NPs into PCL membranes and 
films can enhance their properties, making them well suited for various applications, such as those 
within the realm of materials science and nanotechnology. 
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1. Introduction 
Electrospinning (ES) is one of the most novel and effective technologies used to pro-

duce nano- and µ-scale fibers [1]. The process involves accelerating a jet of charged poly-
mer solution under a carefully induced electric field to form an interconnected network 
of nanofibers on a drum collector surface [2–4]. ES can produce nanofibers or nanofiber 
mats from several polymers and/or polymer blends [5,6] with the incorporation of several 
metallic and non-metallic oxide nanomaterials [7–9] or molecules with functional proper-
ties into systems [10–12]. Material composition and applications play a significant role in 
the performance of the nanofibers, for example, in biomedical applications [13–15], gas 
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max (MPa) εmax (mm/mm) Young’s
Modulus (MPa)

a Neat PCL nanofibers - 62.7 ± 0.1 b 2.8 ± 0.0 d 3.9 ± 0.1 a 4.3 ± 0.3 d

b PCL/ZnO-NPs
nanofibers

ZnO-NPs
(1 wt%) 67.5 ± 0.2 c 6.3 ± 0.1 a 0.8 ± 0.1 b 48.6 ± 0.2 b

c Neat PCL film - 112.7 ± 0.1 d 2.5 ± 0.1 b 0.7 ± 0.1 b 6.5 ± 1.2c

d PCL/ZnO-NPs film ZnO-NPs
(1 wt%) 122.1 ± 0.6 a 3.7 ± 0.2 b 0.3 ± 0.1 c 132.7 ± 1.3 a

Note: Different superscript letters (a–d) of each column indicate heterogeneity of variances (p < 0.05).
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Essentially, the presence of crystalline nanoparticle content in the polymer chains
hinders their mobility and fills up free spaces in the matrix through dispersion. Therefore,
it blocks the passage of light through the system. A variety of polymers blended with other
nanoparticles have also produced similar results [55,85–88].

4.4. Mechanical Properties

Figure 3 shows the tensile profile of neat electrospun and cast PCL as well as their com-
posite membranes and films (PCL/ZnO-NPs), with a photograph showing the membrane
and film flexibility.
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A summary of the mechanical parameters is provided in Table 2.
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chanical, and morphological properties of the samples were analyzed. Physicochemical parameters 
included water contact angle (WCA), water vapor transmission rate (WVTR), permeance, water va-
por permeability (WVP), light transmission (T600), and transparency (T). Mechanical properties, such 
as maximum stress (    Ϭ    max), elongation (εmax), and Young’s modulus (MPa), were also eval-
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max (≈2.5 MPa) and
greater Young’s modulus (≈6.5 MPa) than the neat PCL electrospun membranes (≈2.8 MPa
and ≈4.3 MPa, respectively) (Table 2, p < 0.05). As the PCL electrospun membranes and
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max and Young’s modulus were
observed, as well as decreases in εmax. The nanofiber structure seems to favor sliding
and orientation in the direction of stress, resulting in high elongation and low modulus.
Through the incorporation of ZnO-NPs, the nanofibers intertwine and prevent slippage,
resulting in an increase in modulus, a decrease in breaking stress, and a decrease in
elongation. The cast films also exhibit the same pattern.
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max and Young’s modulus increased
by about 56 and 91%, whereas these parameters increased by about 32 and 95%, respectively,
in the PCL/ZnO-NPs cast film system. Similar increases in these parameters have been
observed in studies of similar designs [89]. The mechanical properties may be affected
by several parameters, including processing conditions, mechanical procedure, thickness,
etc. Therefore, the consequence of the nanoparticle dispersion as an immiscible content
within the polymer matrix, hydrogen bonds may form between the nanoparticles and the
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polymer chains, resulting in nonhomogeneous networks in the matrix, thereby enhancing
the mechanical properties of the membranes and the films [85,90]. Moreover, a reduction in
εmax was observed over ZnO-NPs reinforcement, suggesting that the incorporation of solid
materials into the polymer matrix may enhance the film thickness and decrease surface
cohesion forces [85,91]. Several investigations have shown that nanoparticles have a similar
effect on the mechanical properties of polymers [54,92].

4.5. Optical Properties

A morphological and microstructural illustration of neat electrospun, cast PCL, and
their composite membranes and films (PCL/ZnO-NPs) is shown in Figure 4.
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Figure 4. Optical microscopy images of the different PCL electrospun membranes and cast films:
(a) neat PCL electrospun membranes, (b) PCL/ZnO-NPs electrospun membranes, (c) neat PCL cast
film, and (d) PCL/ZnO-NPs cast film.

As an electrospun membrane, the neat electrospun membrane exhibited a quiet,
unseen roughness due to its homogeneous smooth surface, whereas the one embedded
with ZnO-NPs exhibited a heterogeneous surface with ripples on its surface. Furthermore,
the neat PCL cast film exhibited loosely interconnected fissures and pores. As ZnO-NPs
were incorporated, these fissures and pores seemed to be reduced and better interconnected.

4.6. Confocal Microscopy (Roughness)

Surface roughness is an important parameter in determining the growth and adhesion
of different cell lines for use as biomaterials. The 3D surface plots and profiles of neat
electrospun, cast PCL, and their composite membranes and films (PCL/ZnO-NPs) are
depicted in Figures 5 and 6.
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Figure 6. Surface profiles of the different PCL electrospun membranes and cast films from selected
zones in Figure 5: (a) neat PCL electrospun membranes, (b) PCL/ZnO-NPs electrospun membranes,
(c) neat PCL cast film, and (d) PCL/ZnO-NPs cast film.

The roughness analysis was performed at the level of high-resolution images. A
summary of the roughness results (Ra and Rq) was included in Table 3.
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Table 3. Results for nanofiber or pore diameter (nm), roughness average (Ra), and root mean square
average roughness or quadratic average (Rq) of the different PCL electrospun membranes and cast
films from selected images in Figure 5.

Sample Nanofiber or Pore
Diameter (nm)

Ra (µm) Rq (µm)

All Area Fiber or Pore All Area Fiber or Pore

a Neat PCL nanofibers 252.5 ± 4.8 b 0.6 d 0.6 d 0.7 d 0.6 d

b PCL/ZnO-NPs
nanofibers 306.4 ± 5.5 a 2.2 c 0.9 c 2.8 c 1.3 c

c Neat PCL film 244.5 ± 6.6 c 5.4 b 2.1 b 11.0 b 2.7 b

d PCL/ZnO-NPs film 179.2 ± 2.7 d 13.0 a 6.2 a 18.8 a 8.7 a

Note: Different superscript letters (a–d) of each column indicate heterogeneity of variances (p < 0.05).

Therefore, the Ra and Rq values (nm) of the cast films were higher than those of
the electrospun membrane, most likely due to the fact that the porous and free spaces
within the cast films are wider than those within the electrospun membrane, resulting in
heterogeneous networks [66]. Nevertheless, when the PCL electrospun membrane and cast
film were processed with ZnO-NPs, increases in Ra and Rq were observed (Table 3). This
is mainly due to the presence of well-dispersed and aggregated nanoparticles. Thus, the
surface roughness increases as the average aggregation size increases from two nanoparti-
cles (30 nm) to sixty nanoparticles (888 nm) in different orientations (Section 4.8). Similar
altered structures have also been found in other studies [93,94], as confirmed by SEM and
TEM analyses.

4.7. Scanning Electron Microscopy (SEM)

An illustration of the morphologies of neat electrospun, cast PCL and their composite
membranes and films (PCL/ZnO-NPs) is shown in Figure 7, along with the diameter
distributions of the electrospun nanofibers and film pores (summarized in Table 3).
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Therefore, the neat PCL membrane exhibits homogeneous, smooth, randomly ar-
ranged nanofibers, whereas the neat PCL cast film exhibits a semi-crystalline structure and
looks like a multi-layered capillary with fissures and pores.

On the other hand, when ZnO-NPs were incorporated, irregularities and roughness
were produced on the nanofiber surface along with an increase in its diameter. Further-
more, the incorporation of ZnO-NPs into the PCL cast films produced roughness and
irregularities on the film surface, as well as a reduction in its free pores. This is attributed
to the characteristics of nanoparticles during solvent evaporation, including granulation,
agglomeration, and dispersion on and within membranes and films [55,71]. The structural
characteristics and surface roughness exhibited by nanoparticles were similar to those
found in the stands uniformly and the micro-plateaus were sculpted by a solvent evap-
oration force that lifts them up and wears them down into buttes, mesas, and canyons.
However, the aggregation was a little knotty in some places, which may be affected by the
concentration of nanoparticles [95]. The findings were similar to those found elsewhere in
the literature [96].

4.8. Transmission Electron Microscopy (TEM)

A further illustration of the morphologies of neat electrospun and its composite
membranes (PCL/ZnO-NPs) is shown in Figure 8.
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Furthermore, EDX mappings of the elemental components (Zn, O, and C) were in-
cluded to confirm the excellent dispersion of ZnO-NPs within the fibers (Figure 8a,b).
Accordingly, a uniform distribution of ZnO-NPs was observed, although some aggregation
can be observed. As the ZnO-NPs were synthesized using green methods, the aggregation
is largely caused by interactions between phytochemical compounds on the ZnO-NP sur-
face and the polymer chains [93,94]. Nanoparticles’ aggregation may also be affected by the
nature of the solvent; therefore, there may be a variation in the rate at which solvents and
non-solvents are interchanged [97]. Regarding this, enhancing the surface roughness of
polymer surfaces is essential, since it affects macromolecule adsorption and membrane for-
mation to some extent [98]. The surface roughness measurements were further calculated
and are discussed in the next section.

4.9. XRD

The XRD diffractograms of neat electrospun, cast PCL, and composite membranes
and films (PCL/ZnO-NPs) are shown in Figure 9, along with the XRD pattern of ZnO-NPs
for reference.
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Figure 9. XRD spectra of the different PCL electrospun membranes and cast films: (a) neat
PCL electrospun membranes, (b) PCL/ZnO-NPs electrospun membranes, (c) neat PCL cast film,
(d) PCL/ZnO-NPs cast film, and (e) ZnO-NPs (reference for comparison).

The neat PCL showed peaks near 21.4 and 24.1◦ corresponding to crystallographic
reflection planes (110 and 200, respectively), in agreement with the polymer’s crystalline
orthorhombic structure. When ZnO-NPs were incorporated, residual peaks corresponding
to the ZnO phase were observed (Figure 9b,d). Crystallinity (%) from XRD patterns was
determined and is summarized in Table 4.
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Table 4. XRD results for 2θ (◦) of the most intense peak (crystallographic plane position corresponding
to (110)), full width at the half maximum (FWHM, ◦), the distance between the successive, parallel
crystallographic planes of atoms (d spacing), and crystallinity degree (crystallinity, %) of the different
PCL electrospun membranes and cast films.

DRX Pos. (110) (◦) FWHM (◦) d Spacing
(110)

Crystallinity
(%)

a Neat PCL nanofibers 21.43 0.311 4.1423 67.4

b PCL/ZnO-NPs
nanofibers 21.49 0.427 4.1325 65.7

c Neat PCL film 21.53 0.358 4.1233 62.2

d PCL/ZnO-NPs film 21.42 0.402 4.1455 64.1

As can be observed, values for electrospun mats are slightly higher than those of cast
films; thus, crystallization in the direction of the fiber is promoted. However, the effect
of ZnO-NPs incorporation is not univocal, thus an increase in crystallinity index (%) was
obtained in cast films, whereas it decreased in the electrospun nanofibers. Such variations
are subtle and may be assigned to the experimental error, although they have been ob-
served in other systems. For instance, Gibril et al., 2022 [68] incorporated nanocrystalline
cellulose and zinc oxide (NCC-ZnO) into PCL-based film (10% w/v in DCM) at different
concentrations (2, 4, 6, 8 wt%). They found that the crystallinity degree increased only at 2%
(from 59.9 to 61.0%) followed by decreases to 58.7, 52.6, and 42.9% when NCC-ZnO-NPs
were incorporated at 4, 6, and 8 wt%, respectively. These decreases in the crystallinity
degree were due to the nanofiller aggregation, which confined the mobility of the polymer
chains [68].

4.10. DSC

The thermal behavior of neat electrospun cast PCL and composite membranes and films
(PCL/ZnO-NPs) was assessed and quantified using DSC curves, as shown in Figure 10.
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(d) PCL/ZnO-NPs cast film.



Coatings 2023, 13, 1665 15 of 21

Table 5 summarizes the results for melting temperature (Tm, ◦C), fusion enthalpy
(∆H f ,J/g), and crystallinity degree (χc, %).

Table 5. DSC results for thermal properties, including melting temperature (Tm, ◦C), melting enthalpy
(∆H f , J/g), and crystallization degree (χc,%) of the different PCL electrospun membranes and cast films.

Tm (◦C) ∆Hf (J/g) χc(%)

a Neat PCL nanofibers 59.5 69.59 49.9

b PCL/ZnO-NPs nanofibers 58.7 65.21 46.8

c Neat PCL film 60.1 75.67 54.2

d PCL/ZnO-NPs film 60.0 77.99 55.9

Accordingly, the addition of ZnO-NPs (1 wt%) showed a slight decrease in Tm of the
PCL/ZnO-NPs electrospun and cast films, which is probably due to the aggregation of
ZnO-NPs with film and membrane chains that hinder the polymer crystallization, forming
a thinner lamellar crystal, thereby decreasing the melting temperature [99]. In terms of
fusion enthalpy, ZnO-NPs decreased this parameter in the electrospun membrane and
increased it in the cast film. Consequently, the crystallinity degree decreased in the presence
of ZnO-NPs in the case of PCL/ZnO-NPs electrospun membrane and increased in the cast
films. Such an observation was also corroborated by XRD and explained in the previous
section by nanoparticle aggregation and the reduction of the mobility of the polymer chains.

The crystallinity degree for PCL reported in the literature was found between 39.1% [62]
and 78% [100] (Table 5). Values in this study are around 60%–65%, although there were
some differences between the XRD and DSC methods. For instance, according to XRD, the
electrospun membranes were more crystalline than the cast films, while the opposite was
deduced from DSC. With such a tight range of crystallinity values, it is feasible to reach
contradictory conclusions. Both methods have their peculiarities. The XRD is based on
a mathematical decomposition into components and the assumption that the peak ratio
between amorphous and crystalline phases is quantitative. The DSC is very sensitive to
operational conditions (sample weight, instrument calibration, etc.) and to the certainty of
the assumption of the melting enthalpy value for a 100% crystalline sample. Consequently,
no conclusive results regarding the modification of the crystallinity of samples prepared by
either casting or electrospinning can be provided. However, the incorporation of ZnO-NPs
had a small effect that was consistently supported by both XRD and DSC. Nevertheless,
other studies have concluded that the incorporation of nanoparticles into polymer matrices
has no impact on melting or crystallization [61,100]. In this light, it is concluded that the
changes in physicochemical and mechanical characteristics, revealed in this study, may
be attributed to the incorporation of metal oxide nanoparticles themselves, due to their
physicochemical properties.

4.11. Functional Properties (Antioxidant Activity)

The antioxidant activity of neat electrospun and composite membranes (PCL/ZnO-
NPs) was assessed by measuring the DPPH• scavenging percentage (SP%) (Figure 11).
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Figure 11. DPPH• scavenging percentage (SP%) of the different PCL solutions: (a,c) PCL electrospun
membranes and film-forming solution without ZnO-NPs included (neat PCL), and (b,d) PCL electro-
spun membrane and film-forming solution with 1 wt% of ZnO-NPs (PCL/ZnO-NPs). For reference,
the literature results are included: e and e* [101], f and f* [102], g and g* [103], h and h* [104], and i
and i* [105]. (Letters with * indicate polymer with materials incorporated, and the occulted scale bars
e and i indicate zero or negligible antioxidant activity).

A further evaluation was conducted for gallic acid (positive control) with a SP% of 95%.
According to Figure 9, the SP% of PCL/ZnO-NPs increased from 21.2 ± 0.3 to 68.4 ± 1.2a (by
almost 69% enhancement), demonstrating the beneficial effects of ZnO-NPs on the system in
which they are incorporated. This is mainly due to the presence of the phytochemical groups,
which produce reactive oxygen species (H2O2, O2–, 1O2, –OH) as antioxidants [54,85,106].
Consequently, the antioxidant property of ZnO-NPs may contribute to their antimicrobial
properties, as demonstrated in previous studies [54]. Interestingly, Radisavljevic et al. (2022)
have evaluated the DPPH• SP% of PCL electrospun (8% w/v in 2,2,2-trifluoroethanol) with the
incorporation of yarrow extract at different concentrations (5, 10, 15, and 20 wt%). They found
that the SP% increases as the concentration of yarrow extract and incubation time increase,
which were about 17, 22, 61 and 55% at 0 h; 48, 75, 90, and 91% after 1 h; and 57, 76, 92, and
92% after 24 h incubation [105]. Another study has reported about 55% of SP% for iron oxide
nanoparticles (20% w/w) incorporated into gelatin cast film for 45 min [85]. This study reports
about 68% of SP% for 1% wt of ZnO-NPs incubated for 30 min.

5. Conclusions

There is increasing interest in the incorporation of nanoparticles of zinc oxide into
polycaprolactone-based electrospun membranes and films due to their ability to improve
the properties of such membranes and films in a variety of ways. For instance, the re-
duction of water vapor permeability and the increment of surface hydrophobicity adds
potential uses. Furthermore, the incorporation of ZnO-NPs increased the opacity of both
the membrane and the film by blocking light transmission. In addition, the PCL containing
ZnO-NPs provided superior mechanical performance and antioxidant activity than the
PCL without ZnO-NPs. A significant effect of ZnO-NPs was the increase in the roughness
of polymer surfaces, which facilitates macromolecule adsorption. However, nanoparticles
may show some contradictory behaviors in terms of melting temperatures and crystalliza-
tions, as they tend to agglomerate or aggregate, and thus they do not have a significant
effect on these properties.
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Moreover, this study shows that green ZnO-NPs possess numerous beneficial prop-
erties, including a substantial increase in antioxidant activity. Furthermore, zinc oxide
nanoparticles will benefit future applications, such as eliminating toxic waste and reducing
costs. A well-controlled dispersion of green ZnO-NPs in both electrospun nanofibrous
membranes and cast films may enhance their functional properties in sustainable applica-
tions. The combination of all the characteristics discussed above makes PCL suitable for a
variety of applications, including pharmaceutical biomaterials, therapeutic applications,
and agricultural uses.
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