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ABSTRACT: Water-soluble Cu complexes offer diverse applications in
the biomedical field as Cu is an essential trace element for many
physiological functions, including the wound healing process.
Controlled delivery of such bioactive Cu complexes to the target
system is a promising approach in biomedical applications. Herein,
water-soluble Cu(II)−Schiff base complex-incorporated PCL nanofiber
composites (PCL@C−1%, PCL@C−3%, and PCL@C−5%) were
fabricated by the electrospinning process using a green solvent, acetic
acid. Physicochemical properties of the resultant composite nanofibers
were investigated by FE-SEM, EDS, TEM, UV−vis, FT−IR, XRD,
TGA, BET, and XPS analyses. The successful incorporation of the
Cu(II) complex into the PCL nanofiber was confirmed. Water contact
angle (WCA) values revealed the hydrophobic nature of the PCL-
composite nanofibers, which is also quite beneficial in the wound-healing process as it can create a hydrophobic barrier to prevent
extra fluid absorption. To our delight, the release behavior of Cu complexes from the composite nanofibers was found to be gradual,
highly controlled, and long-term release (up to 40 days). In addition, the resultant PCL composites demonstrated excellent
antibacterial activity against both Gram-positive and Gram-negative bacteria. Overall, these findings provide significant insights into
these Cu complex-incorporated PCL nanofiber membranes as potential antibacterial and long-term wound dressings.

1. INTRODUCTION
Electrospinning has emerged as a simple and straightforward
technique for producing ultrafine fibers, and it has been
extensively employed for the development of nanofiber-based
multifunctional membranes for various potential applications.1

The characteristics of electrospun fibers, such as a high
inherent surface-to-volume ratio, high porosity with small
pores, tunable surface, and ability to be customized, make them
excellent candidates in catalysis, energy, sensors, filtration, and
biomedical applications.2−4 Nanostructure-mediated drug
delivery, a crucial technology in nanomedicine, has the
potential to enhance drug bioavailability, enable long-term
release of drug molecules, and facilitate precision drug
targeting.5 It is estimated that bacterial infections could
contribute to approximately 10 million deaths by 2050, and
to cope with this situation, new antibiotics are needed.6,7 The
electrospun nanofibers are found to be excellent candidates for
controlled drug release.8 Skin is highly vulnerable to damage
from external threats.9 Wounds typically heal through a finely
balanced, efficient, and orderly sequence of repair events.10

However, dysregulation can lead to chronic nonhealing
ulcers.11 Each year in the United States, wounds impact
more than 6 million individuals, resulting in a financial burden

of approximately 25 billion dollars and placing a substantial
financial strain on the healthcare system.12,13 The purpose of
wound dressing is also the protection from the invasion of
harmful microorganisms.14−16 Hence, preventing wound
infection caused by bacterial intrusion is a critical issue in
the healing process.17,18

Copper is an essential trace element that is involved in
numerous physiological processes across all body tissues.
Copper is well-known for its antimicrobial properties, effective
against all wound pathogens and resistant bacteria.19,20 It also
functions as an antiseptic and antimicrobial agent.21 Delivering
copper ions to the wound site is likely to enhance antibacterial
effects and promote wound healing.22,23 Under controlled
release conditions, copper is crucial in the healing process by
boosting the production of extracellular matrix molecules like
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fibrinogen and collagen, which are essential for maintaining cell
attachment and matrix integrity.24,25 Among antibacterial
metals, copper is particularly noteworthy for its capacity to
balance potent antibacterial efficacy with excellent biocompat-
ibility. In vivo studies have demonstrated a low risk of adverse
reactions following direct skin contact with copper.26,27 The
U.S. Environmental Protection Agency (EPA) has approved
the registration of antimicrobial copper.28

The clinical effectiveness of cisplatin has sparked interest in
discovering new metal complexes for treating various diseases.
For instance, researchers have created gold complexes aimed at
addressing rheumatoid arthritis, silver complexes for their
antimicrobial properties, and antimony complexes to combat
leishmaniasis. Current clinical trials are investigating new
therapeutic agents, including third-generation metal com-
plexes. These examples illustrate the long-standing significance
of therapeutic metal complexes and suggest a promising future
for the field of inorganic medicine.29 The water-soluble metal
complexes (particularly, Cu complexes with Schiff base
ligands) are potentially biologically important and can be
used in various biomedical applications.30 However, the
controlled and long-term release of such bioactive Cu
complexes to the target system is the key factor for achieving
the best outcomes. Copper(II) complexes have shown
remarkable promise in antibacterial and wound healing
treatments, often outperforming silver and zinc. Their strength
lies in their diverse mechanisms of action, including the
production of reactive oxygen species (ROS), which effectively
break down bacterial membranes, proteins, and DNA,
providing broad-spectrum antibacterial effects. But their
benefits go beyond fighting bacteria. Copper(II) complexes
actively support wound healing by promoting the growth of
new blood vessels (angiogenesis) and boosting collagen
production, both of which are essential for tissue repair.
Additionally, their ability to form stable complexes allows for
controlled drug delivery, making them a versatile and powerful
tool in therapeutic applications.31−33

Copper-complex nanofiber dressings are gaining attention as
practical and effective alternatives to silver-based dressings.
Not only do they match�or even exceed�the antibacterial

and wound-healing properties of silver dressings, but they also
offer additional benefits. Copper dressings are more affordable,
less toxic to human cells, and particularly good at breaking
down biofilms, which are major challenges in treating chronic
wounds. They also offer controlled drug release and better
mechanical strength, making them ideal for long-term wound
care. While popular silver dressings like Acticoat and Aquacel
Ag are highly effective, copper-based dressings provide a more
cost-effective option without compromising on performance,
making them an exciting development in wound treatment.34,35

The polycaprolactone (PCL), a semicrystalline synthetic
polymer, has been extensively studied for sustained drug
delivery applications. PCL nanofibrous scaffolds loaded with
antibacterial agents have demonstrated sustained release
profiles and stability for several months.36 It is a polymer
approved by the Food and Drug Administration (FDA),
known for its chemical stability, biocompatibility, biodegrad-
ability, affordability, and ease of electrospinning37,38 We
presumed that the immobilization of biologically active
water-soluble Cu complexes into the electrospun PCL
nanofiber would be an excellent approach to develop an
efficient membrane for biomedical applications.

Herein, a facile one-step electrospinning process was opted
to develop a novel water-soluble Cu(II) complex-incorporated
PCL nanofiber membrane. Glacial acetic acid was used as a
green electrospinning solvent. Green solvents are paving the
way for more sustainable and practical approaches to materials
science. Unlike traditional solvents, such as dichloromethane,
dimethylformamide, and chloroform, green solvents offer a
safer and more environmentally friendly option, especially for
large-scale production. The problem with these conventional
solvents is their toxicity and the health risks they pose, making
them less ideal for commercial applications. On top of that,
using them often requires extra steps, such as washing and
vacuum treatments, to ensure the materials are safe and usable,
which adds complexity and cost. Embracing greener
alternatives not only addresses these issues but also opens up
new possibilities for creating nanofiber-based materials that are
both high-performing and eco-friendly.39,40 To the best of our
knowledge, this work represents the first development of

Scheme 1. Schematic Showing the (a) Preparation of the Ligand and Water-Soluble Cu Complex, and the (b) Fabrication of
Electrospun PCL@C Nanofibers (Scheme 1b, Right Side; SEM Image of the PCL@C Nanofiber)
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electrospun nanofiber composites incorporating water-soluble
metal complexes. Polycaprolactone (PCL) nanofibers with
varying weight percentages of water-soluble copper complexes
were successfully fabricated. The resulting nanofiber mem-
branes were thoroughly characterized using a range of
physicochemical and thermal analysis techniques, including
SEM, FE-SEM, TEM, XRD, FT-IR, and TGA. The surface
wetting behavior of the composite nanofibers was evaluated
through water contact angle (WCA) analysis. UV−vis
spectroscopy and XPS analysis further confirmed the successful
integration of copper complexes into the PCL nanofiber
matrix. The copper release behavior of the fabricated
membranes was assessed by using ICP-OES analysis, while
their antimicrobial activity was systematically investigated,
demonstrating the multifunctional potential of these innovative
nanofiber composites.

2. EXPERIMENTAL PROCEDURE
2.1. Materials. Polycaprolactone (PCL, Mw = 80 kDa),

glycylglycine (GG), 4-nitrobenzaldehyde, Cu(II) chloride salt
(CuCl2), and potassium hydroxide pellets (KOH) were
obtained from Sigma-Aldrich, Japan. Glacial acetic acid
(>99.7%) was sourced from Fujifilm Wako Pure Chemicals
Ltd., Japan. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
antioxidant assay kit was acquired from Dojindo Laboratories,
Kumamoto, Japan. The bacterial strains Escherichia coli (E. coli)
BW25113 and Bacillus subtilis (B. subtilis) 168 were kindly
provided by the Gene Research Center at Shinshu University,
Ueda. Petri dishes were obtained from Sansei Medical Co.,
Ltd., Japan. Milli-Q water (Direct-Q UV3) was used in all of
the experiments. All chemicals were used as received without
further purification.
2.2. Synthesis of Cu(II) Schiff Base Complex. The

Cu(II) complex was prepared using the previously reported
procedure.30 Briefly, a mixture of GG (5 mmol), KOH (5
mmol), and methanol (25 mL) was prepared in a round-
bottom flask (Scheme 1a). On the other hand, 4-nitro-
benzaldehyde (5 mmol) was dissolved in 25 mL of methanol,
and the solution was added dropwise to the above-prepared
mixture in a round-bottom flask while stirring the solution at
room temperature. After the dropwise addition, the temper-
ature of the reaction mixture was raised to 60 °C, and stirring
was continued for 8 h. A solution of CuCl2 (5 mmol) in
aqueous methanol (25 mL) was gradually added to the
reaction mixture and continuously stirred for 2 h. The pale-
green precipitate was obtained, filtered, and washed with cold
ethanol and diethyl ether. Finally, the samples were dried in a
vacuum over anhydrous CaCl2. The successful preparation of
the Cu(II) complex was confirmed by FT-IR analysis (Figure
S1); FT-IR (cm−1)[CuL(H2O)3], C11H15CuN3O8: 1640 (νazo.
(C = N)), 1606 (νasym.(COO¯)), 1380 (νsym.(COO¯)), 3352
(ν(H2O)), 580 (ν(M-O)), and 424 (ν(M-N)).29

2.3. Preparation of Cu(II) Complex Immobilized PCL
Nanofibers. The 35 wt % PCL spinning solution was
prepared in a mixture of 90% glacial acetic acid and 10%
water. The solution was stirred for 24 h on a magnetic stirrer at
600 rpm and 60 °C to ensure homogeneity. For electro-
spinning, a horizontal arrangement of a high-voltage power
supply (Har-100*12, Matsusada Co., Tokyo, Japan), a rotating
cylindrical collector, and a syringe pump (KDS-100, KD
Scientific, USA) was set up. The spinning solution was loaded
into a 20 mL plastic syringe equipped with a 20-gauge needle
(0.9 mm diameter). A high voltage of 21 kV was applied at the

needle tip with a flow rate of 0.8 mL/h. The distance between
the needle tip and collector was maintained at 200 mm. The
nanofibrous mat was collected on a piece of butter paper
wrapped around the collector. Electrospinning was carried out
at an ambient temperature of 25 °C and a relative humidity of
40%. To produce composite PCL@C nanofibers, a Cu(II)
complex was added to the above formulation in concentrations
of 1%, 3%, and 5% by weight relative to the polymer (Scheme
1b). The resulting nanofibers were labeled as PCL, PCL@C−
1%, PCL@C−3%, and PCL@C−5%. The processing param-
eters for blending PCL@C nanofibers were the same as those
for neat PCL.
2.4. Characterization. The surface morphology and

nanofiber diameter were studied by using scanning electron
microscopy (SEM, JSM-6010LA, JEOL, Japan). Prior to
imaging, the nanofiber samples were sputter-coated with
platinum. Fifty nanofibers were randomly selected from the
SEM images, and their diameters were measured and averaged
to determine the mean nanofiber diameter. SEM micrographs
were analyzed by using ImageJ software (version 1.4.3). Field
emission scanning electron microscopy (FE-SEM, JSM-
IT800SHL) and high-resolution transmission electron micros-
copy (TEM, JEOL, JEOL2010, 200 kV accelerating voltage)
were employed to examine the morphology and elemental
composition of the membrane. The physicochemical proper-
ties of the produced nanofiber mats were analyzed using
Fourier-transform infrared spectroscopy (FTIR, Prestige-21
instrument, Shimadzu Co., Ltd., Japan). Powder X-ray
diffraction data were collected on an X-ray diffractometer
using Cu−Kα radiation with a wavelength of 1.5406 Å,
equipped with nickel-filtered CuKα radiation (Rotaflex RT300
mA, Rigaku Co., Osaka, Japan). Thermal degradation analysis
of the PCL and Cu complex immobilized nanofiber
membranes was conducted using thermogravimetric analysis
(TGA) on a TG-8120 instrument from Rigaku, Japan. The
sample was subjected to thermal degradation from 30 to 600
°C in an air atmosphere with a temperature ramp rate of
10 °C/min. The Brunauer−Emmett−Teller (BET) specific
surface area (SSA) and pore size distribution of electrospun
nanofiber membranes of PCL and Cu complex immobilized
PCL were analyzed using nitrogen (N2) physisorption with a
SHIMADZU Tri-Star II-3020 instrument (Japan). Each
specimen, weighing 300 mg, was degassed at 80 °C for 1 h
under nitrogen.41 The wetting behavior of the PCL and
composite PCL@C (1%, 3%, and 5%) nanofiber membranes
was evaluated using a contact angle analyzer, specifically the
Digidrop instrument from GBX, Whitestone Way, France. A
static water contact angle was measured by using a 28-gauge
needle. Five readings were taken for each type of nanofiber
membrane, and the mean contact angle was calculated from
these measurements. Ultraviolet−visible (UV−vis) absorption
spectra of Cu complex immobilized PCL nanofiber membranes
were obtained using a UV−vis spectrophotometer (1800,
Shimadzu Japan). The spectra were recorded before and after
30 days of immersion in a PBS solution. X-ray photoelectron
spectroscopy (XPS) analysis was conducted by using an AXIS-
ULTRA HSA SV instrument to comprehensively characterize
the chemical structure and surface morphology of PCL@C
(1%, 3%, and 5%) nanofiber membranes. Inductively coupled
plasma optical emission spectrometry (ICP-OES, SPS 5000)
was used to study the release behavior.
2.5. Release Behavior. Copper release from the electro-

spun PCL@C (1%, 3%, and 5%) nanofiber membranes was
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quantified using ICP-OES. To assess the release behavior, 300
mg of nanofiber mats was immersed in 20 mL of phosphate-
buffered saline (PBS, pH 7.2−7.4) within glass bottles placed
in a 37 °C incubator. At predetermined intervals spanning 0 h
to 40 days, 1 mL of the solution was withdrawn and analyzed
for copper content using ICP-OES. Simultaneously, an
equivalent volume of fresh PBS was added to maintain
constant sink conditions, ensuring accurate measurement of
copper release over time.
2.6. Antibacterial Activity. The qualitative antibacterial

activity of electrospun PCL@C (1%, 3%, and 5%) nanofiber
membranes was evaluated using the agar plate disc diffusion
method (AATCC 147−1998), as previously described.16

Overnight cultures of Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus were diluted to a 10−5
concentration, and 50 μL aliquots were spread evenly on agar
plates. Circular discs, 10 mm in diameter, were cut from the
nanofiber mats and gently pressed onto the agar surface to
ensure good contact. The plates were then incubated at 37 °C
for 24 h. Following incubation, the plates were examined for
bacterial growth inhibition both directly underneath the discs
and within the zones of inhibition surrounding them. This
method allowed for the qualitative assessment of the nanofiber
membranes’ effectiveness against bacterial strains.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of PCL@C Nano-

composites. The neat PCL and Cu complex-incorporated
electrospun composite nanofibers were successfully synthe-
sized with different wt % (1%, 3%, and 5%) of Cu complex
with respect to polymer concentration. The surface morphol-
ogy of the PCL@C nanocomposites was studied by SEM, FE-
SEM, and TEM analysis. The micrographs and fiber diameter
histogram of prepared PCL@C nanofibers are depicted in
Figures 1 and S2. All the nanofiber mats showed very smooth,

uniform, and beadless nanofiber surface morphology. The fiber
diameter was observed to be significantly increased with the wt
% of the Cu complexes. The diameter of PCL nanofiber mats
was calculated to be in the range of 150−400 nm, whereas after
the incorporation of the Cu complex into the PCL nanofibrous
scaffold, the diameter significantly increased. The incorpo-
ration of copper complexes into the polymer solution increases

its viscosity, which directly impacts the dynamics of the
electrospinning process. Higher viscosity limits the elongation
and thinning of the jet during spinning, resulting in the
formation of thicker fibers. This highlights the importance of
optimizing solution viscosity to achieve the desired fiber
morphology in nanofiber composites.42 The fiber diameter of
PCL@C−1%, PCL@C−3%, and PCL@C−5% was deter-
mined to be in the range of 200−600, 300−625, and 350−
1000 nm, respectively. This phenomenon is mainly due to the
change in the viscosity and conductivity of the PCL/Cu-
complex spinning solution.

To further evaluate, the prepared nanofiber membranes were
analyzed by FE-SEM and EDS (Figures 3 and S3 and S4). The
FESEM micrographs (inset; EDS Cu-elemental mapping) of
PCL and Cu complex-incorporated PCL nanofiber membranes
are depicted in Figure 2. Like the SEM results, the FE-SEM

images of neat PCL nanofibers showed an almost smooth and
uniform morphology (Figure 2a). Similarly, PCL@C-1%
membranes exhibited an almost smooth morphology, but as
the amount of Cu complex increases, the nanofibers become
intertwined, as clearly visible in Figure 2c,d. Fiber diameter
also increases as the Cu complex concentration increases. The
EDS spectra were recorded for the composite nanofibers. The
results confirm the presence of the Cu element in all three
samples, PCL@C−1%, PCL@C−3%, and PCL@C−5%
(Figure 3b-1, c-1 and d-1). Moreover, the homogeneous
distribution of Cu in the samples was also confirmed. No Cu
element was detected for the pure PCL nanofiber (Figure S4).

In order to investigate the homogeneous distribution of Cu
complexes in the PCL nanofiber matrix in detail, TEM images
were recorded for all four samples (Figure 3). The TEM
micrographs of neat PCL, PCL@C−1%, PCL@C−3%, and
PCL@C−5% are shown in Figure 3.

Neat PCL nanofiber exhibited a smooth surface without any
Cu complexes, as shown in Figure 3a, while all other Cu-
complex-incorporated nanofiber membranes showed the
presence of particle-like Cu-complexes in the nanofibers
(Figure 3b,c,d). The increase in the loading wt % of the Cu
complex resulted in more complex particles in the nanofiber
membranes. The PCL@C−1% and PCL@C−3% composites
show a uniform dispersion of Cu complexes, whereas the

Figure 1. SEM micrographs and their diameter distribution graphs of
the nanofiber composites. (a) PCL, (b) PCL@C−1%, (c) PCL@C−
3%, and (d) PCL@C−5%.

Figure 2. FESEM micrographs of the nanofiber composites. (a) PCL,
(b) PCL@C−1%, (c) PCL@C−3%, and (d) PCL@C−5%, and the
insets (b-1, c-1, and d-1) are elemental mapping of Cu. The scale bar
is 200 nm.
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PCL@C−5% composite demonstrated some aggregation of
Cu complexes in the PCL nanofibers.

The structural properties of the PCL nanofibers before and
after immobilization of Cu complexes were investigated by FT-
IR and XPS analysis (Figure 4). The FT-IR spectra of neat
PCL and Cu complex-incorporated PCL nanofiber membranes
are exhibited in Figure 4a. The FT-IR spectrum of the PCL
nanofibers reveals distinct absorption bands. The dominant
peaks at 2946 and 2868 cm−1 correspond to the asymmetric
and symmetric stretching vibrations of the CH2 groups,

respectively. The carbonyl group (C�O) was observed at
1745 cm−1. The peak at 1366 cm−1 represents the bending
vibration of the CH2 groups, and the C−C stretching vibration
is identified at 1236 cm−1.43,44 After the incorporation of the
Cu complex, a significant increase in the intensity of peaks was
clearly noticed, which may be due to the enhancement in the
crystalline nature of the composite PCL membranes. Although
there is no additional peak related to the Cu complex, this
might be due to the structural similarity of the PCL and Cu
complex. The XPS analysis was conducted to investigate the
structure and chemical states of elements present in the PCL,
PCL@C−1%, PCL@C−3%, and PCL@C−5% nanofiber
membranes (Figure 4b,c,d). As expected, the XPS spectra of
pure PCL nanofibers showed only two dominant peaks
corresponding to the C 1s and the O 1s peaks (data not
shown). The XPS survey spectra of PCL@C−1%, PCL@C−
3%, and PCL@C−5% demonstrate the successful incorpo-
ration of the Cu complex in PCL nanofibers. As we can see in
Figure 4c,d, there are characteristic peaks of Cu at around 942
and 963 eV attributed to Cu 2p3/2 and Cu 2p1/2, respectively.
The PCL@C−1% sample showed very weak peaks corre-
sponding to Cu, which might be due to the very low amount or
excellent dispersion of the Cu complex in the PCL nanofiber
matrix. The intensity of the XPS Cu 2p3/2 and Cu 2p1/2 core
peaks was noticed to be significantly increased with the wt % of
Cu-complexes. The results confirm the successful immobiliza-
tion of the Cu complex in the PCL nanofibers.

Figure 3. TEM images of nanofiber composites, (a) PCL, (b) PCL@
C−1%, (c) PCL@C−3%, and (d) PCL@C−5%. The scale bar is 200
nm.

Figure 4. (a) FT-IR spectra and (b) XPS survey spectra of PCL, PCL@C−1%, PCL@C−3%, and PCL@C−5%, and the XPS high-resolution Cu
2p peaks of (c) PCL@C−3% and (d) PCL@C−5%.
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3.2. Crystalline Nature of PCL@C Nanocomposites.
The crystallinity of nanofibers has a significant influence on the
mechanical properties of the membrane. Higher crystallinity
correlates with higher mechanical strength, which is important
for wound dressing applications.45 The XRD spectra for neat
PCL nanofiber membranes and Cu complex-incorporated PCL
membranes (PCL@C−1%, PCL@C−3%, and PCL@C−5%)
are depicted in Figure 5a. All nanofiber membranes exhibited
two strong peaks at 2θ = 21.5° and 23.5°, corresponding to
(110) and (120) planes, within the 2θ range of 5−80°,
indicative of their semicrystalline nature.46 After the immobi-
lization of the Cu complex, the intensity of the two main peaks
(2θ = 21.5° and 23.5°) increased. Moreover, there is no strong
peak relevant to the Cu complex, which is indicative that the
Cu complex is well dispersed in the polymer solution, and the
semicrystalline structure of PCL is also significantly in-
creased.47,48 If we closely look at the XRD spectrum, we can
see the very weak peaks around 2θ = 30°, 36°, and 41° that
correspond to (104), (012), and (110) planes that might be
related to the Cu complex. The XRD results are in good
agreement with the FT-IR results.
3.3. Thermal Property of PCL@C Nanocomposites.

The thermal stability of nanofibrous membranes is important
to withstand exposure to heat, thus preventing the wounded
area from harm.49 The TGA curves were obtained to further
investigate the prepared nanofibrous membranes. The TGA
curves of neat PCL, PCL@C−1%, PCL@C−3%, and PCL@
C−5% nanofibers are shown in Figure 5b. Two decomposition
stages can be seen that are around 330 and 410 °C, and at this
point, there is a visible difference in weight loss of all prepared
nanofiber membranes. The maximum weight loss at 380 °C
was observed for PCL nanofiber membranes, which was
around 32%, and the minimum weight loss was observed for
PCL@C-5% nanofiber membranes, which was around 18%.
Additionally, all TGA curves are not the same as PCL, which is
indicative of the interaction between PCL and the Cu complex,
due to which the thermal properties of the nanofiber
membranes changed slightly.50

3.4. BET Surface Area of PCL@C Nanocomposites.
Electrospun nanofiber membranes that possess a high specific
surface area create an ideal environment for the intricate and
dynamic process of wound healing. These membranes offer

numerous sites for the incorporation of wound healing agents
and serve as an effective platform for drug delivery.51 The BET
analysis was performed to determine the surface area of the
prepared neat PCL and Cu complex-incorporated PCL
nanofiber membranes (PCL@C−1%, PCL@C−3%, and
PCL@C−5%). The surface area of all nanofiber membranes
is presented in Table S1. The surface area of pristine PCL
membrane is found to be 4.05 m2/g, whereas the surface area
for PCL@C-1% and PCL@C-3% is 5.23 and 7.20 m2/g,
respectively. The increase in the surface area may be due to the
smaller diameter of the nanofiber and the huge dispersion of
the Cu complex in the PCL nanofiber. However, the BET
surface area for PCL@C-5% is determined to be slightly lower
at 2.43 m2/g, which is mainly due to the larger fiber diameter
and aggregation of the Cu complex. When the surface area
decreases, it can limit how much drug the material can hold
and slow its release, which might reduce its effectiveness.
However, this challenge can be tackled by fine-tuning the
material’s porosity and surface properties; by doing so, it is
possible to keep the performance intact�or even improve it�
despite the reduced surface area.52 The BET result is in good
agreement with the SEM, FE-SEM, and TEM observations.
3.5. Hydrophobic Nature of PCL@C Nanocomposites.

The hydrophobicity of nanofibers greatly controls blood
wetting and bacterial adhesion to the wound site, thus helping
in homeostasis and wound healing properties.53 The
wettability of the prepared nanofiber membranes was
investigated by water contact angle (WCA) measurement,
and the results are depicted in Figure 6. PCL is a hydrophobic
polymer with a very high contact angle.54,55 It can be seen in
Figure 6 that PCL showed a WCA of 123°, and after the
incorporation of the Cu complex, the wettability of the
prepared fibers increased significantly, and the WCA dropped
to 102.8°. This is due to the incorporation of the water-soluble
Cu complex in the PCL nanofibers. The WCA was found to
decrease with the concentration of the Cu complex.
3.6. Release Behavior of PCL@C Nanocomposites.

Electrospinning offers great flexibility in selecting materials and
drugs for drug delivery applications compared with other
techniques. The ability of electrospun fibers to modulate drug
release is a significant advantage for these applications.56 PCL
is known for its nonswellable nature and slow degradation rate

Figure 5. (a) XRD patterns and (b) TGA curves of PCL, PCL@C−1%, PCL@C−3%, and PCL@C−5%.
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in phosphate-buffered saline (PBS). These characteristics
eliminate the possibility of swelling or chemically controlled
drug release mechanisms. Consequently, it is presumed that
the controlled release mechanism in PCL membranes is

primarily diffusion-controlled.57 In general, hydrophobic
polymers like PCL regulate drug diffusion by reducing the
initial burst release and enabling sustained delivery. The strong
drug-polymer interactions embed the drug within the matrix,
further controlling the release. As noted by Kamaly et al.,58

drug release occurs through diffusion and polymer erosion,
ensuring prolonged and steady delivery.59

The release behavior of the present PCL@C−1%, PCL@
C−3%, and PCL@C−5% nanofiber membranes is shown in
Figure 7a,c. The PCL nanofiber membranes containing varying
quantities of Cu complex, such as 1, 3, and 5 wt %, exhibited
almost similar release behavior. The release is very controlled
and steady, even over a period of 40 days for all nanofiber
membranes. Additionally, none of the electrospun nanofiber
membranes exhibited a high burst release, indicating optimal
encapsulation of the drug within the fibers. The release data
were further analyzed using different release kinetic models as
described by previous reports.60 The release data showed a
better fit with the Korsmeyer−Peppas model with R2 values of
0.9777 and 0.9989 for days and hours, respectively, as shown
in Figure S6 and the slope of curve value (n) of 0.234 and
0.138 indicates that the drug release mechanism was Fickian
diffusion as the value of n is smaller than 0.45.61

Figure 6. Water contact angles of PCL, PCL@C−1%, PCL@C−3%,
and PCL@C−5%.

Figure 7. Release behavior of Cu complex-incorporated nanofiber membranes: (a, c) release behavior for 40 days, (b) standard curve, and (d)
UV−vis spectra of prepared nanofiber composites before and after immersion in PBS solution for 30 days.
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The copper release was well-defined by ICP-OES, and in
order to understand the release of Cu in the form of a complex,
UV−vis was performed. Figure 7d shows the UV spectra of Cu
complex-incorporated PCL nanofiber membranes after im-
mersion in PBS solution at different time intervals (2 h and 30
days). There is no peak after 2 h immersion in PBS solution
because the Cu complex is intactly distributed in the PCL
nanofibers. However, the UV−vis spectra after 30 h of
immersion show a clear peak around 275 nm, which indicates
the release of Cu is in the form of a Cu complex.62

3.7. Antibacterial Activity of PCL@C Nanocompo-
sites. Bacterial infections play a crucial role in skin infections.
Microorganisms primarily colonize the wounded area, delaying
the inflammation process and extending healing time.63 The
antibacterial study was conducted on Cu complex immobilized
PCL nanofiber membranes against Gram-negative Escherichia
coli and Gram-positive Bacillus subtilis bacterial strains. These
strains are known to be the primary source of soft tissue
infections, which can significantly delay wound healing. Gram-
positive bacteria are often responsible for many hospital-
acquired infections, while Escherichia coli is commonly
associated with infections in burn wounds.64,65 The results of
the antibacterial testing are depicted in Figure 8. Clear zones,

or halos, indicating areas without bacterial growth, were
observed around the Cu complex-incorporated PCL nanofiber
discs, demonstrating the antibacterial effectiveness of the Cu
complex against both Gram-positive and Gram-negative
bacterial strains. Especially, the prepared nanofiber membranes
are more effective against Gram-negative bacteria E. coli as the
diameter of the zone of inhibition is bigger than that of B.
subtilis. Similar observations were reported earlier. Addition-
ally, as the concentration of the Cu complex in the composite
nanofiber increased, the size of the clear zones also expanded,
indicating enhanced antibacterial activity. Although the copper
complex in PCL@C-5% was observed in an aggregated form,
copper complexes are well-documented for retaining their
bioactivity, even under such conditions. Their antibacterial
efficacy is primarily driven by mechanisms such as oxidative
stress induction and bacterial membrane disruption, which
remain effective as long as the complexes interact with the
bacterial environment. Additionally, the release kinetics of Cu
ions, governed by the degradation rate of the PCL matrix,
ensure a steady and sustained therapeutic effect. This
controlled release prevents abrupt spikes in ion concentration,
reducing the risk of resistance development and maintaining
consistent antibacterial efficacy over time.66,67

Overall, the results confirm that the PCL composite
nanofibers are hydrophobic in nature, with a high surface

area, are thermally stable, and semicrystalline. The preparation
process is simple and uses green solvents. These findings
provide significant insights into these Cu complex-incorpo-
rated PCL nanofiber membranes as potential antibacterial and
long-term wound dressings.

4. CONCLUSION
In summary, water-soluble Cu(II) complex-incorporated PCL
nanofiber membranes were successfully fabricated by a simple
electrospinning technique. Acetic acid was used as a green
solvent for the electrospinning process. These prepared
nanofiber membranes provided valuable insight into their
potential applications in antibacterial wound dressing
applications. The prepared nanofiber membranes showed
uniform morphology for all samples, but a change in the
diameter of the nanofibers was noticed with the amount of Cu
complex. The homogeneous dispersion of the Cu complex is
clearly seen in TEM micrographs. The FE-SEM and XPS
results showed the presence of a Cu complex in the PCL
nanofibers. The prepared nanofiber membranes are hydro-
phobic, and the PCL@C−5% showed a water contact angle of
102.8°. This property is potentially useful for creating a
hydrophobic barrier that could prevent excessive moisture
buildup. The release of Cu is very sustained and gradual for up
to 40 days, which is very good for long-term wound dressing
applications. Moreover, the antibacterial activity against Gram-
negative and Gram-positive bacteria is also found to be
excellent, especially for Gram-negative bacteria, where
antibacterial activity is even stronger, which is extremely
beneficial because Gram-negative bacteria cause wound and
surgical site infections.
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