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Abstract

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) cause recurrent skin infections
that are difficult to treat because of the limited solubility and permeability of acyclovir
(ACV). This study developed electrospun polymeric membranes based on polycaprolac-
tone (PCL), poly(lactic acid) (PLA), and cellulose acetate (CA) as controlled ACV delivery
systems using uniaxial and coaxial fiber architectures. In the coaxial configuration, ACV-
loaded PCL was used as the core and a PLA/CA blend as the shell. Continuous, randomly
oriented, bead-free fibers with diameters ranging from 0.68 + 0.32 pm to 1.45 + 0.57 um
were obtained. Spectroscopic and thermal analyses confirmed successful drug incorpora-
tion, polymer compatibility, and good thermal stability. Coaxial membranes exhibited im-
proved mechanical properties compared with uniaxial systems. Drug release studies
showed a prolonged, pH-dependent profile, with greater ACV release at pH 7.3 than at
pH 5.5, indicating the effective modulation of drug diffusion by the shell layer. Release
kinetics were mainly governed by diffusion and anomalous transport mechanisms. All
membranes maintained a cell viability above 80%, demonstrating good in vitro cytocom-
patibility. These findings support the potential of coaxial electrospun membranes for con-
trolled antiviral drug delivery in skin applications.

Keywords: drug delivery; coaxial electrospinning; acyclovir; electrospun membranes

1. Introduction

Human herpes simplex viruses, HSV-1 and HSV-2, affect individuals of all ages, with
HSV-1 being more prevalent than HSV-2. Both represent a significant public health con-
cern as the virus causes skin lesions leading to severe complications in immunocompro-
mised patients. Acyclovir (ACV), a 2'-deoxyguanosine nucleoside analog that inhibits vi-
ral DNA polymerase, is widely used to treat these infections [1,2]. However, its topical
administration is limited by low aqueous solubility and poor membrane permeability
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(0.12 x 10 to 2 x 10 cm/s), and red therapeutic efficacy. Developing alternative drug
delivery systems is essential to enhance bioavailability and prevent treatment failure [3,4].

Electrospun polymeric fibers have emerged as promising platforms for drug delivery
due to their high surface area, tunable porosity, and ability to efficiently encapsulate bio-
active compounds. In particular, electrospinning enables the fabrication of fibers in uni-
axial or coaxial configurations, offering the possibility to tailor drug-release profiles. Co-
axial electrospinning allows for the formation of core-shell structures, where the drug can
be selectively loaded into the core while the shell regulates diffusion, thereby improving
drug stability and achieving sustained release behavior [5-7].

Aliphatic polyesters such as poly(e-caprolactone) (PCL) and poly(lactic acid) (PLA)
are widely used in biomedical applications due to their biocompatibility and biodegrada-
bility. PCL is characterized by its hydrophobic nature and slow degradation rate, which
favor prolonged drug retention, whereas PLA exhibits higher stiffness and faster degra-
dation, contributing to improved structural integrity and controlled-release behavior.
Thus, the combination of both polymers provides complementary properties not only in
mechanical performance, but also in degradation kinetics and drug-release modulation
[8,9]. In addition, cellulose acetate (CA), a semi-synthetic polymer derived from cellulose,
is commonly employed to enhance surface hydrophilicity and biocompatibility influenc-
ing drug diffusion and release profiles [10].

Several studies have explored electrospun systems for ACV delivery using individ-
ual polymers. For instance, PCL-based fibers have demonstrated sustained drug release
and improved performance compared to commercial formulations [4]. PLA-based sys-
tems have shown promising antiviral activity and biocompatibility [11]. Similarly, CA has
been used as a matrix for controlled drug incorporation into multilayer fiber systems with
sustained-release behavior [12]. However, most of these studies focused on single-poly-
mer or monoaxial configurations.

Although coaxial electrospinning has been extensively investigated for controlled
drug delivery, reports combining PCL, PLA, and CA in a single coaxial architecture re-
main limited [13,14]. In particular, the use of a PLA/CA shell combined with a PCL core
for ACV delivery has been scarcely explored, and systematic comparisons between uni-
axial and coaxial systems are still lacking [15]. In this context, the rational combination of
these polymers offers an opportunity to exploit their complementary physicochemical
properties to modulate drug-release behavior and enhance scaffold performance.

Furthermore, while topical antiviral systems are traditionally evaluated as cutaneous
patches to manage skin lesions, recent advances in electrospun and solution blow-spun
matrices have significantly expanded their applications for ocular drug delivery. Local-
ized polymeric scaffolds and inserts have been successfully developed to encapsulate
ACV, providing sustained drug release directly to ocular epithelial tissues and offering
promising platforms for the control of corneal herpes simplex virus infections [16,17].
Considering this, exploring the performance of these formulations in human epithelial
models, such as the ARPE-19 cell line, provides a valuable means of evaluating the base-
line cytocompatibility and versatility of the developed matrices for biomedical applica-
tions involving epithelial barriers [16].

Therefore, the aim of this work is to develop electrospun fiber systems based on PCL,
PLA, and CA using both uniaxial and coaxial configurations. In the coaxial system, PCL
is used as the drug-loaded core, while PLA and CA form the external shell to regulate
diffusion and improve mechanical and biological properties. This approach aims to
achieve controlled and tunable ACV release profiles while providing a comparative anal-
ysis of how polymer arrangement influences the physicochemical characteristics, drug-
release kinetics, and biological performance of antiviral scaffolds.
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2. Materials and Methods
2.1. Materials

PLA (MW = 145,000 g/mol) was purchased from NatureWorks, Plymouth, MN, USA;
PCL (Mn: 80,000) from Sigma-Aldrich; and CA powder with 39.7 wt% acetyl content and
an average Mn of 50,000 (Sigma-Aldrich, Toluca, Mexico). ACV was obtained from Sigma-
Aldrich (PHR1254); fluorescein isothiocyanate (FITC), Rhodamine B, deuterated chloro-
form (CDCls, 99.8 atom % D), and dimethyl sulfoxide-ds (DMSO-ds, 99.9 atom % D) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All organic solvents used were of
analytical grade: ethanol, acetone, chloroform, methanol, and dimethyl sulfoxide
(DMSO), purchased from Fermont Chemicals (Monterrey, Mexico). Water was purified
using a MilliQ system (Millipore, Bedford, MA, USA). Dulbecco’s modified Eagle’s me-
dium with high glucose, L-glutamine solution (200 mM), L-arginine monohydrochloride,
L-asparagine, sodium pyruvate solution (100 mM), penicillin-streptomycin solution,
trypsin-EDTA solution (0.25%), and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium] were purchased from Sigma-Aldrich. Fetal bovine serum (FBS) was obtained
from Gibco Life Technologies (Grand Island, NY, USA). Phosphate-buffered saline (PBS)
was prepared using sodium chloride (NaCl, 299%), potassium chloride (KCl, 299%), diso-
dium hydrogen phosphate (Na2zHPOs, >99%), and potassium dihydrogen phosphate
(KH2POs4, 299%), all obtained from Sigma-Aldrich (St. Louis, MO, USA). The pH of the
buffer solutions was adjusted to 5.5 and 7.3 using hydrochloric acid (HCI, 37%, analytical
grade) and sodium hydroxide (NaOH, 298%), also supplied by Sigma-Aldrich. All aque-
ous solutions were prepared using deionized water (Milli-Q grade).

2.2. Membrane Preparation

Different solvents were selected according to the polymer used. PCL was dissolved
in a chloroform/methanol (1:1, v/v) mixture, whereas PLA and CA were dissolved in ace-
tone. Uniaxial polymer solutions were prepared at concentrations ranging from 8 to 12%
(w/v). A PLA/CA blend (70/30, w/w) was prepared to serve as the shell solution in the
coaxial configuration, while the PCL solution was used as the core phase. ACV was incor-
porated into the PCL solution at concentrations ranging from 1 to 4% (w/w) relative to the
polymer mass. All solutions were magnetically stirred for 24 h at room temperature to
ensure complete dissolution and homogeneity.

Electrospinning was performed using a syringe pump (KDS Scientific, Holliston,
MA, USA) and a high-voltage power supply (Spellman High Voltage Electronics Corpo-
ration, model CZE 1000R, Hauppauge, NY, USA). Polymer solutions were loaded into 10
mL syringes fitted with 18-22 G needles. For coaxial electrospinning, a concentric needle
assembly consisting of a 17 G outer needle and a 22 G inner needle was used. During
preliminary experiments, the applied voltage (12-18 kV), flow rate (0.2—4.0 mL-h"), and
tip-to-collector distance (10-16 cm) were varied to identify conditions that provided stable
jet formation and bead-free fibers, following criteria previously reported by Rodriguez-
Félix et al., 2016 [18].

The final electrospinning conditions selected for each formulation are summarized
in Table 1. Uniaxial (U) membranes were prepared from PCL (12% w/v), PLA (10% w/v),
CA (8% w/v), or a PLA/CA blend (70/30, 10% w/v). PCL-based membranes were electro-
spun at 15 kV using a tip-to-collector distance of 12 cm and a flow rate of 2.5 mL-h,
whereas slight adjustments were required for PLA and CA formulations to maintain jet
stability and homogeneous fiber formation. Coaxial (C) membranes were fabricated using
a PLA/CA (70/30, 10% w/v) shell and a PCL (12% w/v) core. ACV (0-4% w/w) was incor-
porated into the core solution, and coaxial electrospinning was performed at 15-17 kV, a
tip-to-collector distance of 12-15 cm, and a total flow rate of 1.5-2.5 mL-h".
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Table 1. Composition and electrospinning parameters of the prepared membranes.

Sample (UE;);:(fi;gltuCa(:;i?al) Shell C((Z)Un;lgosmon Core C((:;]l‘/l:)OSlthn ACV (% w/w *) Voltage (kV) Distance (cm) F(I;Y'Ei;e
PCL U — PCL 12% 0 15 12 2.5
UNI 1% U — PCL 12% 1 15 12 2.5
PLA U — PLA 10% 0 15 12 3.0
CA U — CA 8% 0 11 12 3.0
PLA/CA U — PLA/CA (70/30), 10% 0 15 15 15
COA 0% C PLA/CA (70/30), 10% PCL 12% 0 17 12 15
COA 1% C PLA/CA (70/30), 10% PCL 12% 1 17 12 1.5
COA 2% C PLA/CA (70/30), 10% PCL 12% 2 17 12 1.5
COA 4% C PLA/CA (70/30), 10% PCL 12% 4 17 12 1.5

* ACV content expressed as a percentage (w/w) relative to the total polymer mass.

2.3. Morphological Analysis

Polymeric membrane samples obtained through electrospinning were morphologi-
cally characterized using a scanning electron microscope (SEM, JSM-5410LV JEOL Ltd.,
Akishima, Tokyo, Japan) operated at an accelerating voltage of 20 kV. Prior to imaging,
the samples were sputter-coated with a thin layer of gold to improve surface conductivity.
SEM micrographs were acquired at magnifications of 1500x and 5000x. Fiber diameters
were determined from the 5000x SEM micrographs using Image] software (version 1.53a,
National Institutes of Health, Bethesda, MD, USA). For each formulation, at least four
representative micrographs from different regions of the membranes were analyzed, and
at least 200 randomly selected fibers were measured to determine the mean fiber diameter
and the fiber diameter distribution. Results are presented as mean fiber diameter + stand-
ard deviation (SD).

2.4. Confocal Laser Scanning Microscopy (CLSM) Characterization

The coaxial architecture of the electrospun membranes was evaluated by confocal
laser scanning microscopy (CLSM) using a Nikon Eclipse confocal microscope with a C2
confocal system (Nikon, Tokyo, Japan). To generate optical contrast between the concen-
tric compartments, polymer solutions were selectively mixed with fluorescent dyes prior
to electrospinning while maintaining the same electrospinning parameters used to fabri-
cate the coaxial membranes described above. Specifically, the PCL core solution was
mixed with fluorescein isothiocyanate (FITC), whereas the PLA/CA shell solution was
mixed with Rhodamine B. Both fluorophores were incorporated at 0.05 wt% relative to
the corresponding polymer content of each spinning solution.

Electrospun membranes were directly mounted onto glass slides and imaged using
a 60x water-immersion objective with a 1.5x optical zoom, with distilled water as the im-
mersion medium. Fluorescence images were acquired in sequential scanning mode to pre-
vent spectral overlap and cross-talk between fluorophores. The FITC-containing PCL core
was excited using a 488 nm solid-state laser, whereas the Rhodamine B-containing
PLA/CA shell was excited using a 561 nm solid-state laser. Detector gain and offset were
adjusted independently for each channel to optimize signal detection and clearly distin-
guish the core and shell compartments. Images were acquired at a resolution of 1024 x
1024 pixels with a pixel dwell time of 2.4 ps, while the confocal pinhole was maintained at
5 Airy units to provide controlled optical sectioning. A CLSM analysis was performed ex-
clusively to verify the concentric core-shell architecture of the electrospun coaxial fibers.

Three-dimensional visualization of the fibers was achieved by Z-stack acquisition
from the bottom to the top of the sample over a total depth of 4.25 um. Consecutive optical
sections were collected at 0.1 um intervals, allowing for reconstruction of the coaxial struc-
ture along the Z-axis. Representative images from different focal planes were selected
from the Z-stack to assess the continuity and spatial distribution of the core within the
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% Real Loading Total (w/w) =

surrounding shell. A transmitted-light channel was simultaneously acquired to provide a
morphological reference. Final image processing, fluorescence channel merging, and or-
thogonal reconstructions were performed using NIS-Elements software (version 4.30.02,
Nikon, Tokyo, Japan).

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

To confirm the presence of all components in the system, a spectroscopic evaluation
was conducted using a PerkinElmer Frontier FTIR spectrometer (Waltham, MA, USA).
Spectra were obtained using the attenuated total reflectance (ATR) technique. Membrane
samples were analyzed in the range of 4000 to 400 cm™".

2.6. Proton Nuclear Magnetic Resonance ("H NMR) and Quantification of ACV Loading and
Encapsulation Efficiency

The presence of ACV within the electrospun fibers, including both uniaxial and co-
axial structures, was confirmed by proton nuclear magnetic resonance (‘H NMR) spec-
troscopy. Approximately 20 mg of each sample was weighed and dissolved in 500 uL of
a 1:1 mixture of deuterated chloroform (CDCls) and deuterated dimethyl sulfoxide
(DMSO-ds) to ensure complete solubilization of both the polymeric matrix (PCL, PLA, and
CA) and the ACV. The resulting solutions were transferred into 5 mm NMR tubes, and
spectra were recorded at 40 °C using a Bruker AVANCE 400 MHz spectrometer (Billerica,
MA, USA). Chemical shifts (0) were reported in parts per million (ppm) relative to resid-
ual solvent peaks. 'H NMR spectra were acquired with 64 scans and a relaxation delay of
2 s to improve the signal-to-noise ratio and ensure reliable integration of the ACV reso-
nances.

A quantitative analysis was carried out using a relative qNMR approach according
to the methodology described by Holzgrabe [19]. The characteristic ACV signal at 7.81
ppm, corresponding to one proton, was selected as the reference signal. For the polymer
components, the signals at 4.01 ppm (PCL, CH: adjacent to oxygen, 2H), 5.16 ppm (PLA,
CH, 1H), and 2.10 ppm (CA, CHs of acetate groups, 3H) were selected due to the absence
of spectral overlap.

The actual drug content was estimated from the relative integrals and the molecular

weights of ACV and the repeating units of the polymers according to Equation (1):
(%) x 2252

((”TB) x 225.2) + ((”%) x 11414) + ((ISTZ) x 72'06) * ((123_1) 8 264)

where I represents the integral area of the selected resonance.

x 100 1)

Encapsulation efficiency (EE %) was calculated using Equation (2):

EE %= Experimental ACV loading % 100 (2)
o=

Theoretical ACV loading

2.7. Wettability Characteristics by Contact Angle Analysis

Contact angles of both uniaxial and coaxial membranes were measured at room tem-
perature using a ChemInstruments CAM-PLUS apparatus (ChemInstruments, Fairfield,
OH, USA). Deionized water was used as the testing liquid, and at least ten measurements
were taken for each sample to obtain an average value.

2.8. Stress—Strain Mechanical Test

Tensile tests were performed using an Electroforce 5110 testing machine equipped
with a 200 N load cell (TA Instruments, Eden Prairie, MN, USA). Rectangular strips were
cut at 5 mm in width and 20 mm in length. The film thickness was measured using a
Mitutoyo micrometer (Mitutoyo Corporation, Kawasaki, Japan), with the thickness main-
tained within the range of 0.01-0.1 mm. A constant displacement rate of 0.1 mm/s was
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applied, with a 4 mm distance between the gripping surfaces. The samples were condi-
tioned to room temperature and humidity before and during testing. An average of 10
specimens was tested for each condition. Test data were processed with WinTest 7 soft-
ware, and results were plotted using Origin 7.

2.9. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed to assess the thermal stability of
electrospun membrane samples using an SDT 2960 Simultaneous DTA-TGA (TA Instru-
ments, New Castle, DE, USA). Approximately 20 mg of each sample was placed in an
aluminum sample holder and heated from 20 °C to 800 °C at a rate of 10 °C/min under a
nitrogen atmosphere. Thermal degradation profiles of pure polymers were used to iden-
tify the characteristic degradation regions of each component.

2.10. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were carried out using an
SDT 2960 Simultaneous DTA-TGA (TA Instruments). Approximately 5 mg of each sample
was placed in aluminum pans and analyzed under a nitrogen atmosphere. The tempera-
ture program was performed from —-80 °C to 310 °C at a heating rate of 5 °C/min. The
melting enthalpy (AHm) associated with the PCL phase was used to estimate the apparent
degree of crystallinity of the electrospun membranes according to:

AHm
Xc= AB°m X 100 (3)
where AH°m is the melting enthalpy obtained from the DSC thermograms, and 148 J/g
was used as the melting enthalpy of 100% crystalline PCL according to previously re-
ported values [20].

2.11. Drug Release Assay

To determine the ACV release profile from electrospun polymer membranes,
weighed membrane samples were placed in phosphate-buffered saline (PBS 1X; 137 mM
NacCl, 2.7 mM KCI, 10 mM phosphate buffer, and 1.8 mM KH2POs) as the release medium
at different pH values (5.5 and 7.3) to evaluate the pH-responsive behavior of the scaffolds
under distinct physiological environments. A pH value of 5.5 was selected to mimic the
physiological acidic mantle of healthy human skin surfaces, whereas a pH of 7.3 simulates
the baseline conditions of human ocular tear fluid, also closely matching the neutral mi-
croenvironment characteristic of damaged, inflamed, or deeper herpetic cutaneous lesions
with a compromised epidermal barrier [21,22]. The temperature was maintained at 37 °C
under agitation at 100 rpm using an orbital shaker (Thermo Scientific MaxQ 4000, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Aliquots of 3 mL of the release medium were
collected at predetermined time intervals throughout the release process until the release
equilibrium was reached. Acyclovir concentration was monitored by measuring the ab-
sorbance of each aliquot at wavelengths between 230 and 270 nm using an Agilent 8453
UV-Vis spectrometer equipped with a diode array detector (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Absorbance values were interpolated using a previously prepared
calibration curve for the drug to determine the amount of ACV released. Aliquots were
returned to the release medium, ensuring that the medium’s volume remained constant.
All experiments were conducted in triplicate [23].

Three mathematical models were used to fit the experimental data obtained from
release studies, with the goal of determining the release mechanisms of ACV. The equa-
tions for the different models are provided below:

https://doi.org/10.3390/micro6030061
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2.11.1. Zero-Order Model

M,

= 4

m KOt 4)
where M, is the fraction of the drug released at time t, Moo is the total amount of drug

released at equilibrium, KO is the release constant, and t is time [24].

2.11.2. First-Order Model
——=1-¢KIt ®)

where M, is the amount of drug released at time ¢, Mo is the total amount of drug re-
leased at equilibrium, K1 is the first-order release constant, and t is time. This model as-
sumes that the drug release rate is proportional to the amount of drug remaining in the
system [25].

2.11.3. Higuchi Model

= /2
Moo KHt (6)
where M, is the amount of drug released at time t, Mo is the total amount of drug re-
leased at equilibrium, KH is the Higuchi release constant, and ¢t is time. This model de-
scribes drug release as a diffusion-controlled process through a porous matrix [26].

2.11.4. Korsmeyer-Peppas Model

L= Kprr %
where M, is the amount of drug released at time t, Mo is the total amount of drug re-
leased at equilibrium, Kp is the release constant, n is the release exponent that charac-
terizes the transport mechanism, and t is time. For the Korsmeyer—Peppas model, only
the initial stage of release data corresponding to M;/Mo <0.6 were used for fitting [27].

2.12. Cell Culture

To perform cell viability assays, the normal human cell line ARPE-19 (retinal pigment
epithelial cell line) was used. Although the developed membranes have strong potential
for cutaneous applications, as evidenced by their mechanical properties and release be-
havior at the skin surface, ARPE-19 cells provide a well-established, non-tumorigenic, and
highly sensitive human epithelial model to screen the safety of biomaterials. This cell line
maintains a stable epithelial phenotype and exhibits high susceptibility to external chem-
ical insults, making it an excellent proxy for the preliminary screening of human epithelial
cell barriers. Furthermore, the selection of ARPE-19 cells aligns with established tissue-
engineering literature, in which they are routinely used as a standard human epithelial
model to evaluate the baseline cytocompatibility, adhesion, and proliferation profiles of
electrospun matrices based on PCL and PLA configurations [28,29].

Additionally, the use of this cell line is highly relevant for the evaluation of the scaf-
fold’s suitability for ocular antiviral applications, aligning with recent literature where
electrospun matrices loaded with ACV and other co-drugs are explicitly designed for oc-
ular drug delivery systems [16,17]. Cells were propagated as monolayer cultures in 25 cm?
culture flasks using Dulbecco’s modified Eagle medium (DMEM) supplemented with 5%
fetal bovine serum (FBS) and 1% penicillin/streptomycin solution. Cultures were main-
tained at 37 °C in a humidified incubator with 5% CO: and 95% relative humidity.

https://doi.org/10.3390/micro6030061
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2.13. Cytotoxicity Assay

Cytotoxicity was evaluated using the MTT colorimetric assay, a quantitative, sensi-
tive method for measuring cell viability and proliferation, enabling the determination of
whether a compound exhibits cytotoxic effects. This method is based on the ability of mi-
tochondrial enzymes (succinate dehydrogenase) in viable cells to reduce the yellow, wa-
ter-soluble MTT substrate into an insoluble blue-violet formazan product. The amount of
formazan produced is directly proportional to the number of viable cells in the culture.

To determine cell viability, electrospun membranes were cut into 5 mm-diameter cir-
cular samples weighing 4 mg and placed into wells of 96-well cell culture plates. Mem-
branes were sterilized by adding 200 pL of 70% ethanol exposed to UV irradiation for 30
min on each side. After sterilization, a suspension containing 5 x 10° cells in 200 pL of
DMEM supplemented with 5% FBS was seeded into each well containing the membranes.
As a positive control for cytotoxicity, 20 uL of DMSO was added.

Cells were incubated for 24 h at 37 °C in a 5% CO: atmosphere. Morphological
changes or signs of apoptosis were evaluated using an inverted optical microscope (Nikon
Ti/Ti C2+, Nikon Corporation, Tokyo, Japan). Subsequently, the culture medium was re-
moved, and cells were washed with 1x PBS to eliminate residual compounds. Fresh me-
dium was then added along with an MTT solution (5 mg/mL), and plates were incubated
for 4 h at 37 °C in a 5% CO2 atmosphere. After incubation, the MTT-containing medium
was removed, and 100 uL of DMSO was added to dissolve formazan crystals. Once dis-
solved, absorbance was measured at 630 nm using an ELISA plate reader (Multiskan EX,
Thermo Scientific, Waltham, MA, USA). Cell viability percentage was calculated relative
to the negative control (untreated cells), considered as 100% cell viability. All assays were
performed in quadruplicate and repeated in three independent experiments.

2.14. Statistical Analysis

Statistical analyses were performed using OriginPro 8.0 (OriginLab Corporation,
Northampton, MA, USA) and GraphPad Prism 5.0 (GraphPad Software Inc., San Diego,
CA, USA). All experiments were performed in triplicate, and the results are expressed as
the mean + standard deviation (SD). Data normality was assessed using the Kolmogorov—
Smirnov and Shapiro-Wilk tests. Normally distributed datasets, including cytotoxicity
and mechanical property assays, were analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test to perform multiple comparisons. Non-nor-
mally distributed datasets, including fiber diameter and water contact angle measure-
ments, were analyzed using the non-parametric Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. Differences were considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. Morphological Analysis by Scanning Electron Microscopy (SEM)

Once electrospun membranes were obtained, samples were prepared for SEM imag-
ing (Figure 1). In these micrographs, randomly oriented fibers with micrometer-scale di-
ameters were observed. To complement this analysis and confirm the structural homoge-
neity across larger areas, representative lower-magnification SEM micrographs (1500x)
obtained from different regions of the samples are presented in Figure S1. Fiber diameter
measurements were performed using Image]J software; more than 200 fibers were meas-
ured for each sample, and the resulting averages and standard deviations are presented
in the frequency histograms shown in Figure 1. Additional SEM images of PLA, CA, and
PLA/CA, along with their corresponding diameter histograms, are presented in Figure S2.
The average diameters of PCL and UNI 1% were 1.22 + 0.61 um and 1.45 + 0.57 um, re-
spectively, the largest among the evaluated samples. This behavior may be associated
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with the combined effects of polymer concentration, solution viscosity, and electrohydro-
dynamic stretching during electrospinning, known to influence the morphology and di-
ameter of electrospun PCL fibers [30].

Mean diameter = 1222061 4m () E
\
. v -
3 4

1 2
Diameter (um)

Mean diameter = 0.76 + 0.24 um

Count

Count

/ m}qm
R
0 1 2 3 4
Diameter (um)

Mean diameter = 1.45 £ 0.57 um Mean diameter = 0.92 + 0.22 um

Count
Count

1 2 1 2 3
Diameter (um) Diameter (um)
7 Mean diameter = 1.00 + 0.32 um

Mean diameter = 0.88 + 0.27 um A

Count
Count

ol s,

1 2
Diameter (um)

3 4

1 2 3
Diameter (um)

Figure 1. SEM micrographs and the corresponding fiber diameter distributions of electrospun mem-
branes: (a) PCL, (b) UNI 1%, (c) COA 0%, (d) COA 1%, () COA 2%, and (f) COA 4%. The red line
represents the Gaussian fit of the fiber diameter distribution. These results reveal the formation of

defect-free microfibrous structures effectively mimicking the extracellular matrix architecture.

PLA fibers exhibited an average diameter of 0.68 + 0.32 pm, corresponding to the
smallest fibers among the evaluated formulations. These values are within the range com-
monly reported for electrospun PLA fibers prepared under comparable processing condi-
tions [31]. The average diameter of the PLA/CA fibers was 0.88 + 0.27 um. This increase
suggests that CA incorporation modified the solution’s electrospinning behavior com-
pared to neat PLA fibers. Although CA may increase solution viscosity, the final fiber di-
ameter is governed by multiple factors, including solution conductivity, surface tension,
and intermolecular interactions within the polymer solution. These parameters affect the
electrohydrodynamic stretching of the jet during electrospinning and consequently influ-
ence fiber morphology and diameter [32]. Therefore, the observed change in diameter
likely results from the combined influence of these parameters rather than viscosity alone.

It is worth noting that the diameters obtained for all formulations fell within the mi-
crometer range typically reported for electrospun scaffolds. Although these values are
larger than those of native collagen and elastin fibers, they remain within the dimensional
range commonly employed in electrospun matrices designed to mimic extracellular ma-
trix architecture [33]. Fiber diameters in the submicrometer-to-micrometer range are con-
sidered suitable for skin tissue engineering because they provide a high surface area for
cell attachment while maintaining the scaffold’s structural integrity [34,35]. For the elec-
trospun membranes with a coaxial arrangement, the conditions shown in Table 1 were
selected. The electrospinning parameters for the coaxial formulations (COA 0%, COA 1%,

https://doi.org/10.3390/micro6030061



Micro 2026, 6, 61

10 of 29

COA 2%, and COA 4%) were kept constant at 17 kV, a working distance of 12 cm, and a
flow rate of 1.5 mL-h™'. These conditions had been previously optimized for the coaxial
setup. The concentrations and ratios of the polymer solutions were also based on those
used in the uniaxial configuration. As with the uniaxial fibers, SEM micrographs were
obtained for each coaxial sample (Figure 1), and fiber diameters were measured to gener-
ate the corresponding frequency histograms.

Regarding morphology, all coaxial samples exhibited randomly oriented, bead-free
fibers with predominantly cylindrical morphology and slight waviness. This morphology
is advantageous because it provides a high surface area and resembles the fibrous struc-
ture of the extracellular matrix [34]. In the coaxial system, the shell consisted of PLA/CA,
while the core was composed of PCL containing different concentrations of ACV (0-4%
relative to polymer weight). The resulting fiber diameters were 0.88 + 0.27 um, 0.76 + 0.24
pm, 0.92 £ 0.22 pm, and 1.00 £ 0.32 pm for COA 0%, COA 1%, COA 2%, and COA 4%,
respectively. Statistical analysis using the Kruskal-Wallis test followed by Dunn’s multi-
ple comparisons test revealed no statistically significant differences among the coaxial for-
mulations (p > 0.05), indicating that drug concentration did not significantly affect fiber
diameter.

Nevertheless, a slight tendency toward increasing diameters at higher drug concen-
trations (22%) can be observed, despite the initial decrease observed for COA 1%. This
behavior may be associated with changes in solution properties, including viscosity and
intermolecular interactions induced by the presence of the drug. Additionally, the coaxial
fibers exhibited smaller diameters than the uniaxial ACV-loaded fibers (1.45 + 0.57 pm).
This behavior may be related to differences in jet stretching and solvent evaporation dy-
namics arising from the core—shell configuration, which can alter electrohydrodynamic
behavior during fiber formation and consequently affect fiber diameter [32]. To further
evaluate the specific surface topography of the fibers, high-magnification SEM micro-
graphs were analyzed (Figure S3). The neat polymers (PLA, PCL, and CA) exhibited a
smooth, uniform, and continuous surface with no apparent roughness. In contrast, the
uniaxial formulation (UNI 1%) exhibited a distinctive morphology with a highly corru-
gated, wrinkled surface texture. Conversely, the coaxial formulations (COA 0% and COA
1%) retained a notably more cylindrical and regular geometry. Even with the incorpora-
tion of the drug in COA 1%, the fibers maintained a uniform, continuous outer surface,
displaying only minor surface texture compared to the highly irregular surface observed
in the UNI 1% sample.

3.2. Structural Validation of Coaxial Fibers by CLSM

The structural organization of the electrospun coaxial membranes was evaluated by
dual-channel confocal laser scanning microscopy (CLSM). As shown in Figure 2a, the
FITC-containing PCL phase (green) formed a continuous inner filament, whereas the Rho-
damine B-containing PLA/CA phase (red) defined a homogeneous external shell. The
merged fluorescence image, together with the transmitted-light image, clearly demon-
strated a concentric core-shell arrangement, confirming that the PCL core remained con-
tinuously confined within the PLA/CA shell along the fiber axis, with no evidence of phase
separation or structural discontinuities. Notably, the overlay channel exhibited a distinct
yellow coloration, resulting from the optical superposition of the green (core) and red
(shell) channels in the two-dimensional projection, thereby confirming their precise spa-
tial coincidence.

To further verify the three-dimensional architecture, optical serial sectioning (Z-
stack) was performed at different focal planes throughout the fiber (Figure 2b). The fluo-
rescence associated with the PCL core was predominantly observed at the central focal
plane, whereas the lower and upper optical sections were mainly characterized by the
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COA Fibra-TD
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fluorescence from the PLA/CA shell. This gradual variation in fluorescence intensity
across consecutive optical sections confirms that the core is completely surrounded by the
shell throughout the fiber thickness, providing strong evidence of a true coaxial morphol-
ogy rather than a side-by-side or Janus-like configuration.

The structural features observed in the present study are in good agreement with
previous reports using selective fluorescent dyes and CLSM to validate electrospun coax-
ial fibers. Wu et al. [36] demonstrated the successful visualization of PCL/gelatin core-
shell nanofibers by incorporating FITC and Rhodamine B into the core and shell solutions,
respectively, confirming continuous encapsulation of the inner compartment. Similarly,
Romano et al. [37] reported that dual-channel CLSM enables direct discrimination be-
tween compartmentalized core-shell fibers and non-coaxial morphologies through selec-
tive fluorescence imaging. Likewise, Zhu et al. [38] used confocal fluorescence imaging
combined with Z-stack reconstruction to verify the continuous three-dimensional organ-
ization of aqueous-based coaxial silk elastin nanofibers. The close agreement between
these studies and the present observations confirms that the electrospinning conditions
used successfully produced well-defined coaxial fibers with a continuous core completely
enclosed by the surrounding shell.

Nucleus Coraza Combination

Plano Z Central Plano Z superior

Figure 2. Confocal laser scanning microscopy (CLSM) characterization of electrospun coaxial mem-
branes. (a) Individual fluorescence channels and merged image of a representative coaxial fiber
showing the transmitted light image (COA fiber), the FITC-containing PCL —core (green), the Rho-
damine B-containing PLA/CA —shell (red), and the merged image (yellow), confirming the concen-
tric core—shell architecture. (b) Representative optical sections selected from a three-dimensional
confocal Z-stack (total depth: 4.25 pum, step size: 0.1 pm), corresponding to the lower, central, and
upper focal planes of the electrospun fibers.
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3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 3 shows the FTIR spectra of the raw polymers and electrospun fiber systems.
From bottom to top, the spectra correspond to pure PCL, ACV, uniaxial fibers containing
1% ACV (UNI 1%), pure PLA, pure CA, and the coaxial fibers COA 0% and COA 4%. This
arrangement enables a direct comparison of the characteristic functional groups and pro-
vides insight into interactions occurring after fiber formation and drug incorporation. The
spectrum of PCL exhibited its characteristic absorption bands, including CHz asymmetric
and symmetric stretching vibrations at ~2940 and ~2865 cm™, respectively, a strong car-
bonyl (C=0O) stretching band at ~1720-1730 cm™', and C-O-C stretching vibrations in the
1240-1160 cm™ region, consistent with the expected structure of semicrystalline aliphatic
polyesters [39,40].
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Figure 3. ATR-FTIR spectra of individual polymers, pure ACV, UNI 1% fibers, and COA fibers con-
taining different ACV concentrations (COA-0%, COA-1%, COA-2%, and COA-4%). Spectra were
acquired using the attenuated total reflectance (ATR) technique in the spectral range of 4000-400
cml. The spectra confirm the chemical compatibility of the components and the preservation of

functional groups after electrospinning.

The ACV spectrum displayed a broad band in the 3500-3200 cm™ region associated
with N-H and O-H stretching vibrations, along with bands between ~1700-1600 cm™! cor-
responding to C=O and C=N groups of the purine ring. Additional signals in the
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fingerprint region (1500-1000 cm™) were attributed to C-N and C-O vibrations, according
to standard FTIR band assignments [40]. For the UNI 1% fibers, the spectrum was domi-
nated by the characteristic PCL bands, particularly the intense carbonyl signal and C-O-
C vibrations. A slight broadening in the 3500-3000 cm™ region was observed compared
to neat PCL. This feature may be associated with overlapping contributions from O-H
and/or N-H stretching vibrations or hydrogen-bonding-related interactions; however,
FTIR analysis alone does not allow a definitive assignment. The absence of clearly distin-
guishable ACV peaks can be attributed to its low concentration and the inherent limita-
tions of ATR-FTIR as a surface-sensitive technique. In this context, the drug-related sig-
nals are likely masked by the dominant polymer matrix. Similar limitations in detecting
drug-related signals in electrospun systems have been reported at low drug loadings,
where polymer bands dominate the spectra [4].

The PLA spectrum showed a strong carbonyl stretching band at ~1750-1760 cm™,
CHs stretching near ~2995-2945 cm™, and C-O stretching bands in the 1180-1080 cm™!
region, in agreement with previous studies [41]. The CA spectrum showed a broad O-H
stretching band between ~3600-3200 cm™!, C-H stretching near ~2900 cm™, and a strong
carbonyl band at ~1740-1750 cm™' corresponding to acetyl groups. Additional bands in
the 1200-1000 cm™ region were associated with C-O-C and C-O stretching of the poly-
saccharide backbone, consistent with previously reported CA spectra [42,43].

In the coaxial fibers without drug (COA 0%), the spectrum contained contributions
from all three polymers (PCL core and PLA/CA shell). The carbonyl region (~1730-1750
cm™) showed overlapping bands with slight broadening, suggesting possible interactions
between polymer phases. Similar spectral changes associated with polymer—polymer and
polymer—drug interactions have been reported in electrospun systems [44,45]. For the
COA 4% fibers, the spectral profile remained very similar to that of COA 0%, indicating
that ACV incorporation does not significantly alter the chemical structure of the system.
As in the UNI 1% fibers, bands observed in the 3500-3000 cm™ region are more likely
associated with polymeric contributions rather than ACV. The lack of detectable ACV sig-
nals may be explained by a combination of factors, including (i) low drug loading and (ii)
possible intermolecular interactions. Additionally, it is important to consider that ATR-
FTIR primarily probes the sample surface; therefore, in a coaxial system, the signal is ex-
pected to be dominated by the outer PLA/CA shell. In this sense, it is plausible that ACV,
if preferentially located within the PCL core, remains below the technique’s detection
limit.

3.4. 'TH NMR Analysis and Quantification of ACV Loading

To confirm the presence of ACV in the fibers and estimate the actual drug loading,
H NMR measurements were performed. Figure 4 shows the 'TH NMR spectra of pure
ACV, PCL, COA 0%, COA 1%, COA 2%, and COA 4% after dissolution in a
CDCI3/DMSO-d6 mixture. Spectrum A corresponds to pure ACV, spectrum B to PCL,
spectrum C to COA 0%, and spectra D, E, and F to the COA formulations containing 1, 2,
and 4 wt% ACV, respectively.

The spectrum of pure ACV exhibited characteristic proton resonances, including a
signal at 0 = 10.5 ppm assigned to the N-H proton of the guanine moiety, signals in the d
=~7.8-8.2 ppm region associated with protons of the purine ring, and resonances between
0 =5.0 and 6.5 ppm corresponding to protons of the side chain. In the spectra of the ACV-
loaded fibers, the signals marked with red asterisks coincide with those observed in the
spectrum of pure ACV, confirming the presence of the drug and preservation of its char-
acteristic proton resonances after electrospinning. In contrast, these signals were absent in
the drug-free control (COA 0%), supporting the specificity of the assignments and
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confirming the successful incorporation of ACV into electrospun fibers. The signal at d =
7.26 ppm corresponds to residual CDCls and was not considered for peak assignment.

f L AR

A

f | % “‘L“u ‘ I “J \|

— I

m SR
* N v g
° J
C
*
A
B
\
o 2
A T E
| | | l, | | |
12 10 8 6 4 2 0
ppm

Figure 4. 'H NMR spectra of pure ACV (A), UNI 1% (B), COA 0% (C), COA 1% (D), COA 2% (E),
and COA 4% (F) fiber samples (dissolved in a CDCls/DMSO de mixture and heated to 40 °C to obtain
a homogeneous solution). The characteristic ACV signals are marked with asterisks (*) in the spectra
of the UNI 1%, COA 1%, COA 2%, and COA 4% fibers. Signals corresponding to the constituent
polymers PCL (1), PLA (2), and CA (3) are also highlighted. These results confirm the chemical in-
tegrity of acyclovir within the matrices and provide a reliable basis for quantifying drug loading.

Additionally, all fiber spectra displayed signals corresponding to constituent poly-
mers, labeled as (1), (2), and (3). The signals marked as (1), attributed to PCL, were ob-
served at d = 4.0-4.2 ppm (-O-CHo:-, ester linkage), o = 2.2-2.4 ppm (-CO-CH:-), and d =
1.3-1.7 ppm (aliphatic -CHz- groups), in agreement with previous reports for PCL [46].
The signals labeled as (2), corresponding to PLA, appeared at o = 5.1-5.3 ppm (methine-

https://doi.org/10.3390/micro6030061



Micro 2026, 6, 61

15 of 29

H-djacent to the ester group) and d = 1.4-1.6 ppm (methyl-CHs group), while the signals
marked as (3), assigned to CA, were identified at o = 3.5-5.0 ppm (ring protons of the
anhydroglucose unit) and d = 1.9-2.1 ppm (acetyl methyl groups), in agreement with pre-
viously reported spectra [46,47].

The overlap of signals in the 0-5 ppm region reflects the complexity of the multicom-
ponent polymeric system. Nevertheless, the characteristic resonances attributed to ACV
remained clearly distinguishable in the spectra of COA 1%, COA 2%, and COA 4%, while
they were absent in the drug-free control. Such spectral overlap was commonly observed
in multicomponent polymeric systems analyzed by [40]. Unlike FTIR analysis, which did
not reveal clearly distinguishable drug-specific bands, "TH NMR provided direct evidence
of ACV incorporation within both uniaxial and coaxial membranes.

Beyond qualitative identification, the "H NMR spectra were also used to quantify the
actual ACV loading in the electrospun fibers using the relative gNMR methodology pro-
posed by Holzgrabe [19]. The signal at 6 7.81 ppm, corresponding to one ACV proton, was
selected as the reference resonance and normalized to an integral value of 1. Characteristic
signals from PCL (5 4.01 ppm, 2H), PLA (5 5.16 ppm, 1H), and CA (5 2.10 ppm, 3H) were
used as internal references. The actual ACV content was calculated from the relative inte-
grals and the molecular weights of ACV and the corresponding polymer repeating units.
These results are summarized in Table 2.

The calculated ACV loadings showed excellent agreement with the theoretical values
used during formulation. Encapsulation efficiencies (EE%) of 94-102% were achieved, in-
dicating high drug incorporation efficiency and minimal ACV loss during electrospin-
ning. These results confirm that the preparation method effectively retained the antiviral
agent within the fiber matrix.

Table 2. Relative "H NMR integrals used for ACV quantification, experimentally determined drug
loading, and encapsulation efficiency of the UNI and COA electrospun fibers.

% ACV Theoretical IACV IPCL IPLAS516 ICA201 % ACV (NMR, ..
System % Efficiency
(w/w) 781 ppm  4.01 ppm ppm ppm wlw)
UNI 1% 1 1 408 0.96 96
COA 1% 1 1 229 109 30 0.95 95
COA 2% 2 1 132 32 11 2.05 103
COA 4% 4 1 54 28 7 3.75 94

3.5. Mechanical Properties

The mechanical properties of electrospun membranes are summarized in Table 3.
Significant differences were observed among the evaluated formulations, indicating that
both polymer composition and fiber architecture influenced the materials’ mechanical re-
sponse. Among the neat polymers, PCL exhibited the highest elongation at break (276.7 +
40.8%), whereas PLA showed a considerably lower value (66.8 + 6.9%). This behavior re-
flects the greater flexibility of PCL and the higher rigidity of PLA, associated with its
glassy nature at room temperature. Similar differences have been widely reported for elec-
trospun polyester systems, where PCL behaves as a ductile polymer while PLA displays
a more brittle mechanical response. Consequently, the fabrication of composite or blended
electrospun mats is frequently evaluated to balance flexibility and mechanical integrity,
thereby rendering the materials suitable for practical manipulation and clinical deploy-
ment as functional biomedical platforms and wound dressings [48-50].

The incorporation of CA into PLA resulted in an increase in elastic modulus from 4.4
+ 1.5 MPa to 14.9 + 8.9 MPa, accompanied by a moderate increase in elongation at break.
Although these differences were not statistically significant, the observed trend suggests
that incorporating CA modified the mechanical response of the PLA matrix. The
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underlying mechanism cannot be established from the present results, although similar
effects have been reported for CA-containing polymer systems [51]. A more pronounced
effect was observed in the coaxial membranes. The elastic modulus increased from 11.6 +
3.3 MPa for PCL to 45.1 + 14.1 MPa for COA 0%, demonstrating that the core-shell archi-
tecture substantially modified the mechanical response of the fibers. At the same time,
elongation at break decreased from 276.7 + 40.8% for PCL to 28.6 + 3.8% for COA 0%,
indicating a transition toward a stiffer and less extensible material. This behavior is likely
associated with the presence of the PLA/CA shell, whose greater rigidity limits the exten-
sibility imparted by the PCL core. Similar increases in stiffness have been reported in
PLA/PCL multilayer and composite systems [52].

Table 3. Mechanical properties of the prepared membranes.

Sample Tensile Strength (MPa) Elongation at Break (%) Elastic Modulus (MPa)
PCL 6.41+1.44 276.7 +40.8 2 11.6+3.32
PLA 127+0.24¢ 66.8+6.9 ¢ 44+152

PLA/CA 211+0.49 ¢ 91.3+83¢ 149+89-

UNI 1% 9.15+4.78 2 287.1+17.1» 143+6.0°

COA 0% 3.66+1.11 be 28.6+3.8" 45.1+14.1°

COA 1% 7.02+1.722 26.0+2.7" 66.8 +18.4"

COA 2% 4.26 + (.63 bc 244+45%0 53.5+11.5°

COA 4% 8.48 £2.63 2 16.7£2.8" 111.8+19.1¢

Values sharing the same letter within the same column were not significantly different according to

Tukey’s post hoc test to perform multiple comparisons (p < 0.05).

Drug incorporation produced distinct effects depending on fiber architecture. In uni-
axial membranes, ACV loading caused moderate increases in tensile strength and elastic
modulus, from 6.41 + 1.44 MPa to 9.15 + 4.78 MPa and from 11.6 + 3.3 MPa to 14.3 + 6.0
MPa, respectively. However, no statistically significant differences were detected relative
to neat PCL. Interestingly, this behavior differs from that reported by Costa et al. (2019)
[4], who observed a reduction in Young’s modulus and tensile strength after the incorpo-
ration of ACV and omega-3 into electrospun PCL fibers. These differences may be related
to the simultaneous presence of omega-3 as well as differences in formulation composition
and electrospinning conditions.

In contrast, the incorporation of ACV exhibited a marked effect on coaxial mem-
branes. As the drug concentration increased, the elastic modulus also increased, reaching
111.8 + 19.1 MPa for COA 4%, which was significantly higher than the value obtained for
COA 0% (45.1 + 14.1 MPa). A similar trend was observed for tensile strength, increasing
from 3.66 + 1.11 MPa to 8.48 + 2.63 MPa. These results indicate that ACV incorporation
was associated with a progressive increase in membrane stiffness with increasing drug
loading. This behavior may be related to changes in the structural organization of the
core-shell fibers induced by drug incorporation. However, additional structural analyses
would be required to confirm the specific molecular mechanisms responsible for the in-
creased stiffness. Despite these differences, all formulations maintained their structural
integrity during sample handling and mechanical testing. The observed combination of
tensile strength and flexibility may be advantageous for wound-healing applications,
where membranes are subject to manipulation during placement and use [48].

3.6. Wettability Analysis

The wettability of electrospun membranes was evaluated by static water contact-an-
gle measurements using the sessile drop method. The average contact-angle values are
summarized in Table 4. All formulations exhibited contact angles between 100° and 107°,
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indicating predominantly hydrophobic surfaces. Surface wettability is an important pa-
rameter in biomaterial design because it influences protein adsorption and subsequent
cell-material interactions, thereby affecting cellular responses and tissue integration [5].
Among the evaluated formulations, neat PCL exhibited a contact angle of 100.8 + 4.9°,
falling within the range reported for electrospun PCL membranes in the literature [53].
The PLA/CA blend presented a higher contact angle (107.4 + 2.8°), consistent with previ-
ous studies describing the hydrophobic character of electrospun PLA- and CA-based ma-
terials [7,54]. These results suggest that the surface properties of the blend were largely
governed by the PLA component. Statistical analysis using the Kruskal-Wallis test re-
vealed significant differences among the experimental groups (p = 0.0008). Dunn’s multi-
ple comparisons test indicated that neat PCL exhibited a significantly lower contact angle
than the PLA/CA membrane (p < 0.05) and the COA 2% membrane (p < 0.01), whereas no
statistically significant differences were observed among the remaining formulations.

Table 4. Contact angles of electrospun polymeric membranes.

Sample Water Contact Angle (%)
PLA/CA 107.4+£2.82
PCL 100.8 £4.9°
UNI 1% 103.2+3.1 2
COA 0% 104 £ 0.2 @
COA 1% 104 £ 3.2
COA 2% 106 £7.7 2
COA 4% 105.8 + 2.8 ab

Different superscript letters indicate significant differences according to Dunn’s multiple compari-
sons test following the Kruskal-Wallis test (p < 0.05).

The incorporation of ACV into uniaxial PCL fibers resulted in a slight increase in
contact angle, from 100.8 + 4.9° for neat PCL to 103.2 + 3.1° for UNI 1%. Considering the
variability in the measurements, this difference was relatively small and indicates that
drug incorporation had a limited influence on the membranes’ surface wettability. In the
coaxial membranes, the contact angle values remained relatively stable across drug con-
centrations, ranging from 104.0 + 0.2° to 106.0 + 7.7°. Although COA 0% exhibited a nu-
merically higher contact angle than neat PCL, this difference was not statistically signifi-
cant (p > 0.05). The increase may be attributed to the presence of the PLA/CA shell. PLA is
known to exhibit hydrophobic behavior in electrospun membranes, typically presenting
contact angle values above 100°, whereas CA contributes to moderate hydrophobicity de-
pending on its degree of substitution and fiber morphology [8,10,31]. Therefore, the outer
PLA/CA layer is expected to dominate the interfacial properties of the coaxial fibers. Alt-
hough small fluctuations were observed among COA 1%, COA 2%, and COA 4%, no clear
relationship between ACV concentration and contact angle was identified. These results
suggest that the core—shell architecture effectively minimized the drug’s influence on sur-
face wettability. Since ACV was incorporated within the PCL core, whereas the external
surface was primarily composed of the PLA/CA shell, the measured contact angle was
largely governed by the shell composition rather than by the drug-loaded core. Similar
wettability behavior has been reported in multilayer and combined PLA/PCL systems,
where the outer layer predominantly determines the material’s surface characteristics [52].

From a biomedical perspective, although moderate hydrophilicity is generally pre-
ferred for cell attachment, the high contact angles observed are typical of electrospun
meshes due to surface roughness trapping air pockets (the Cassie-Baxter state) [55]. The
literature confirms that such hydrophobic behavior in electrospun PLA/PCL matrices
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does not impede cell attachment or spreading, as protein adsorption from the culture me-
dium dynamically transitions the interface to support high cell compatibility [56,57].

3.7. Thermal Properties of Membranes

Thermogravimetric analysis was performed to evaluate the thermal stability of the
electrospun membranes prepared in uniaxial and coaxial configurations. Figure 5a shows
the TGA thermograms of the uniaxial samples (CA, PLA, PCL, and UNI 1%) and the co-
axial samples (COA 0% and COA 4%). The thermograms revealed characteristic degrada-
tion events for each polymer. PLA exhibited a maximum degradation rate temperature
(Tmax) at approximately 360 °C, CA at 371 °C, and PCL at 422 °C, indicating that PCL was
the most thermally stable material among those evaluated. The higher thermal stability of
PCL compared with PLA and CA is consistent with previous reports describing the ther-
mal behavior of these biodegradable polymers [39,58].

In contrast, coaxial systems (COA 0% and COA 4%) exhibited two main stages of
degradation. The first stage, with a Tmax around 339 °C, was attributed to degradation of
the PLA/CA shell, whereas the second stage, with a Tmax near 415 °C, corresponded to
degradation of the PCL core. Similar multi-step degradation profiles have been reported
for electrospun systems composed of multiple polymeric phases, where each component
degrades within its characteristic temperature range [11,58]. The thermograms of PCL and
UNI 1% showed only a minimal difference in Tmax, decreasing from 422 °C for neat PCL
to 421 °C after the incorporation of 1% ACV. This small variation suggests that incorpo-
rating ACV did not substantially affect the thermal stability of the polymer matrix and
that the electrospinning process preserved the material’s thermal resistance.

Thermal transitions obtained from DSC analysis provided information about the
structural organization of the polymers, including melting temperature (Tm), glass-tran-
sition temperature (Tg), and crystallinity. These parameters are particularly relevant in
biodegradable polymers because they influence chain mobility, degradation behavior,
and drug transport. PCL and PLA are semicrystalline polymers, whereas CA is predomi-
nantly amorphous. In semicrystalline systems, crystalline domains possess a highly or-
dered structure and generally exhibit lower molecular mobility than amorphous regions.
Previous studies have demonstrated that electrospinning can modify polymer crystallin-
ity due to rapid solvent evaporation and molecular stretching during jet formation; how-
ever, the magnitude and direction of these changes depend strongly on polymer compo-
sition, molecular weight, solvent system, and processing conditions [58,59].

Figures S4-56 present the DSC thermograms of neat polymers before and after elec-
trospinning. All materials exhibited reduced crystallinity after processing, with PLA
showing the most pronounced decrease, as evidenced by a less well-defined melting peak.
As observed in Figure 54, the DSC profile of the neat PLA pellet exhibited a well-defined
endothermic melting peak (=170 °C), characteristic of its semi-crystalline nature. However,
after electrospinning, the thermogram of electrospun PLA fibers showed a significant
broadening and a decrease in the enthalpy of fusion (AHm), while the glass transition tem-
perature (Tg) signal became less well resolved. Similar behavior has been reported previ-
ously for electrospun PLA systems and has been attributed to modifications in molecular
packing induced by rapid solvent evaporation during fiber formation [31]. The DSC ther-
mogram of the neat CA pellet exhibited a characteristic thermal transition near 231 °C.
After electrospinning (Figure S5), this transition shifted slightly to approximately 228 °C
and became broader with lower intensity, indicating reduced molecular ordering after
processing. Similar thermal behavior has been reported for electrospun CA fibers [11,58].
As shown in Figure S6, the crystallinity of electrospun PCL fibers obtained in this study
(~45%) fell within the range commonly reported for electrospun PCL, where crystallinity
values typically vary between approximately 30% and 60% depending on processing
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conditions. Factors such as solvent evaporation rate, molecular orientation, fiber align-
ment, and post-processing treatments can significantly influence crystalline organization.
In many cases, electrospinning does not suppress PCL crystallization and may even pro-
mote molecular alignment during jet stretching, leading to crystallinity values comparable
to those of bulk materials [59].

Drug incorporation also influenced the structural organization of the fibers. Supple-
mentary Figure S7 compares the thermal behavior of PCL and UNI 1%, showing a reduc-
tion in crystallinity after the incorporation of ACV. The DSC thermogram of neat ACV
(Supplementary Figure S8) exhibited a characteristic endothermic transition at approxi-
mately 256 °C [60]. In contrast, this transition was not observed in electrospun membranes,
suggesting that ACV was molecularly dispersed or partially amorphized within the pol-
ymeric matrix during electrospinning. This behavior may be beneficial for drug delivery
systems by improving the apparent solubility and dissolution of the encapsulated drug
[61].

Finally, as shown in Figure 5b, the crystallinity values calculated according to Equa-
tion (3) indicate that the coaxial membranes containing ACV exhibited slightly lower crys-
tallinity than the corresponding drug-free system. Reduced crystallinity may facilitate
drug diffusion by increasing chain mobility and free volume within the polymer matrix,
thereby promoting drug dispersion and transport through the material. Such behavior has
been widely discussed in polymeric drug-delivery systems, where the balance between
crystalline and amorphous domains plays a key role in controlling the release kinetics
[62,63].
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Figure 5. TGA and DSC analysis of the prepared membranes: (a) TGA thermograms of CA, PLA,
PCL, UNI 1%, COA 1%, and COA 4%; (b) DSC thermograms of PCL, COA 0%, COA 1%, COA 2%,
and COA 4%. The profiles highlight the thermal stability and molecular reorganization of the poly-

mers, factors directly influencing drug transport.

3.8. Acyclovir Release Behavior

The release parameters summarized in Table 5 are consistent with the profiles shown
in Figure 6 and reveal a strong dependence on both pH and fiber architecture. Pure acy-
clovir (ACV) exhibited rapid dissolution under the same experimental conditions, reach-
ing near-complete dissolution within the first few minutes, reflecting the absence of a pol-
ymeric matrix to control drug diffusion. At pH 5.5, the uniaxial system (UNI 1%) exhibited
the highest cumulative release (23.87 + 1.52%), whereas all coaxial systems showed lower
values, ranging from 14.20 + 2.06% for COA 1% to 18.50 + 0.90% and 19.63 + 1.02% for
COA 2% and COA 4%, respectively. This behavior suggests that under mildly acidic
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conditions, the PLA/CA shell acts as an effective diffusional barrier restricting drug
transport from the PCL core, as previously reported for core—shell electrospun systems
where the outer layer controls solvent penetration and diffusion pathways [64,65]. In ad-
dition, the reduced release observed under acidic conditions may be associated with lim-
ited hydration of the PLA/CA matrix and with hydrogen-bonding and dipole-dipole in-
teractions between ACV and the functional groups of polymers, further restricting drug
mobility within the fibrous network.

Table 5. Summary of the maximum cumulative release of ACV-loaded electrospun fibers at pH 5.5
and pH 7.3. Values are expressed as the mean + SD, obtained at 48 h.
System pH 5.5 (%) pH 7.3 (%)
UNI 1% 23.87 +1.52 39.50 £2.21
COA 1% 14.20 +2.06 75.90 +1.30
COA 2% 18.50 + 0.90 54.27 £ 4.72
COA 4% 19.63 +1.02 48.90 + 6.22
(a) PHS.5 (b) pH7.3
100 -~ ACV == ACV = COA4%
-~ UNI1% - UNI1% == COA1%
1 -a= COA 1% == COA 2%
80 9 -
=\° - COA2% |
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Figure 6. Cumulative release profiles (%) of the evaluated formulations at: (a) pH 5.5 and (b) pH 7.3.
The data demonstrate the regulatory role of the coaxial shell in achieving pH-responsive antiviral

delivery.

In contrast, at pH 7.3, release profiles were significantly enhanced for all systems,
with a particularly pronounced increase in coaxial formulations. The COA 1% system
reached the highest cumulative release (75.90 + 1.30%), followed by COA 2% (54.27 +
4.72%) and COA 4% (48.90 + 6.22%), whereas the UNI 1% membrane exhibited a lower
release (39.50 + 2.21%). This behavior suggests that the core—shell configuration becomes
more permissive under neutral conditions due to increased hydration of the polymer ma-
trix and enhanced polymer-chain relaxation, facilitating drug transport through the fibers
[66].

Interestingly, coaxial systems did not exhibit a monotonic increase in release with
increasing drug loading. Instead, the highest release was obtained for COA 1%, whereas
COA 2% and COA 4% showed lower release despite containing larger amounts of ACV.
This observation indicates that drug transport is governed not only by concentration gra-
dients, but also by structural factors, including drug distribution, the tortuosity of diffu-
sion pathways, polymer—drug interactions, and local microstructural organization within
fibers. Similar non-linear relationships between drug loading and release have been
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reported in electrospun systems, where microstructural organization plays a dominant
role in controlling transport behavior [5,67].

The kinetic parameters obtained from model fitting (Tables 6 and 7) provide further
insight into the drug-release mechanisms. The zero-order model, Equation (4), showed
the lowest determination coefficients (R? = 0.65-0.94), indicating that drug release did not
occur at a constant rate, characteristic of matrix-controlled systems rather than ideal res-
ervoir systems [68]. The corresponding fitting plots used to obtain these parameters are
presented in the Supplementary Materials (Figures S10-516). The first-order model, Equa-
tion (5), exhibited an improved fit (R? = 0.86-0.97), indicating that the release rate depends
on the amount of drug remaining in the polymer matrix. The higher first-order constants
(k1) obtained at pH 7.3 reflect the faster release observed under neutral conditions. The
Higuchi model Equation (6) also showed good linearity (R?> up to approximately 0.93),
confirming an important contribution of diffusion through the polymer matrix. The vari-
ation of the Higuchi constant (kH) among formulations further suggests that diffusion is
influenced by the internal structure of the fibers, including porosity, polymer distribution,
and interfacial resistance within the core-shell architecture [26]. Among the evaluated
models, the Korsmeyer-Peppas Equation (7) provided the best overall fit, particularly at
pH 7.3 (R? up to 0.96), allowing for a more detailed interpretation of the transport mecha-
nisms. For UNI 1%, the release exponent (n = 0.51-0.52) was consistent with Fickian dif-
fusion, indicating that drug transport is primarily controlled by concentration-driven dif-
fusion through the PCL matrix [63]. In contrast, coaxial membranes exhibited a pH-de-
pendent behavior. At pH 5.5, COA 1% showed a very low release exponent (n = 0.08),
consistent with strongly restricted diffusion caused by the barrier effect of the PLA/CA
shell. Meanwhile, COA 2% and COA 4% exhibited n values close to 0.73, indicating
anomalous transport involving both diffusion and polymer relaxation. At pH 7.3, all co-
axial formulations presented n values between 0.71 and 0.85, demonstrating that polymer
relaxation became increasingly important as matrix hydration increased [63].

Table 6. Kinetic constants and determination coefficients (R?) obtained from fitting the release data
to zero-order, first-order, Higuchi, and Korsmeyer-Peppas models at pH 5.5.

Sample Model Parameter  Value R? Proposed Mechanism
Zero-order ko 0.82 0.65
First-order ki 0.12 0.92
UNI 1% Higuchi kH 3.77 0.91 Predominantly diffusion-controlled transport
kP 3.63
Korsmeyer—Peppas n 0.51 0.92
Zero-order ko 0.27 0.81
First-order ki 0.04 0.86
COA 1% Higuchi kH 1.20 0.82 Barrier-controlled transport
kP 0.68
K —P 0.87
orsmeyer—Peppas n 0.08
Zero-order ko 0.46 0.85
First-order ki 0.04 0.89
COA 2% Higuchi kH 2.01 0.84 Anomalous transport
kP 1.06
K —P 0.89
orsmeyer—Peppas n 073
Zero-order ko 0.33 0.91
First-order ki 0.04 0.95
COA 4% Higuchi kH 1.43 0.90 Anomalous transport
kP 0.76
Korsmeyer—Peppas n 073 0.96
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In contrast, coaxial systems exhibited a more complex behavior. At pH 5.5, COA 1%
showed a very low release exponent (n = 0.08), suggesting strongly restricted diffusion
associated with the barrier effect of the PLA/CA shell. Meanwhile, COA 2% and COA 4%
exhibited n values close to 0.73, indicating anomalous transport involving both diffusion
and polymer relaxation. At pH 7.3, all coaxial formulations presented n values between
0.71 and 0.85, indicating a clear shift toward anomalous transport. These values suggest
that polymer relaxation contributes significantly to the release process in addition to dif-
fusion, particularly under conditions of increased matrix hydration [66,69]. The compari-
son between pH conditions highlights the critical role of the release medium in modulat-
ing drug transport. The higher release observed at pH 7.3 is accompanied by increased
kinetic constants (ki and kH) and higher n values in coaxial systems, indicating that both
diffusion and polymer relaxation become more significant under these conditions. In mul-
tilayered systems such as coaxial fibers, hydration-induced relaxation can alter shell per-
meability and facilitate transport from the core to the external medium [66].

Table 7. Kinetic constants and determination coefficients (R?) obtained from fitting the release data

to zero-order, first-order, Higuchi, and Korsmeyer-Peppas models at pH 7.3.

Sample Model Parameter Value R? Proposed Mechanism
Zero-order ko 0.74 0.68
First-order ki 0.10 0.92
UNI1% Higuchi kH 3.41 0.93 Predominantly diffusion-controlled transport
kP 3.23
Korsmeyer-Peppas n 0.52 0.94
Zero-order ko 1.95 0.89
First-order ki 0.05 0.97
COA 1% Higuchi kH 8.56 0.90 Anomalous transport
kP 4.77
Korsmeyer-Peppas n 071 0.96
Zero-order ko 1.54 0.94
First-order ka 0.02 096 Anomalous transport approaching Case II
COA 2% Higuchi kH 6.54 0.84
transport
Korsmeyer—Peppas kP 241 0.96
n 0.85
Zero-order ko 1.42 0.82
First-order ki 0.05 0.88
COA 4% Higuchi kH 6.20 0.81 Anomalous transport
kP 3.20
Korsmeyer-Peppas n 074 0.87

The differences observed between acidic and neutral conditions are schematically il-
lustrated in Figure 7. Under acidic conditions, the PLA/CA shell acts as a diffusional bar-
rier limiting solvent penetration and drug migration from the PCL core. At pH 7.3, in-
creased hydration of the polymer matrix promotes polymer-chain relaxation and facili-
tates ACV diffusion through the fibrous structure, resulting in the higher release levels
observed experimentally.

Release behavior can also be interpreted in terms of intermolecular interactions be-
tween ACV and the polymer matrix. FTIR and 'H NMR analyses confirmed that ACV
retained its chemical structure after electrospinning, indicating that drug incorporation
occurred through physical entrapment rather than covalent bonding. The ester carbonyl
groups of PCL and PLA, together with the hydroxyl and acetyl functionalities of CA, can
act as hydrogen-bond acceptors capable of interacting with the amino and hydroxyl
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groups of ACV. These non-covalent interactions may help retain the drug within the pol-
ymeric network and modulate its diffusion during release. These non-covalent interac-
tions may enhance the drug’s affinity for the polymeric network, thereby contributing to
its retention within the fibers and modulating its diffusion during release, as is commonly
observed in polymer-based controlled drug delivery systems [70].

UNI membranes COA membranes

PCL fibers loaded with ACV Coaxial fibers
PCL core (with ACV) / PLA-CA shell

wemm PCL ~ www= PLA  wem= Celluilose acetate (CA) === PLA/CA shell @ Acyclovir (ACV) @ PCL (core)

Figure 7. Schematic representation of electrospun membranes evaluated for acyclovir release. UNI
membranes were composed of PCL fibers loaded with ACV, whereas COA membranes consisted
of coaxial fibers with a PCL core containing ACV and a PLA/CA shell. The illustration also shows
the proposed behavior of membranes under different pH conditions (pH 5.5 and pH 7.3). The model
illustrates how fiber architecture and environmental pH interact to control acyclovir diffusion.

In contrast, at near-neutral pH (7.3), increased hydration of the polymer matrix pro-
motes polymer-chain relaxation and weakens hydrogen-bonding and dipole-dipole in-
teractions between ACV and the polymers. This reduction in interaction strength can be
attributed to competitive hydrogen-bond formation with water molecules, thereby facili-
tating drug diffusion through the matrix, as previously described for hydration-controlled
release systems [62,71]. Together with the lower crystalline organization evidenced by
DSC analysis, these effects favor transport through the fibrous network. Consequently,
higher cumulative release and anomalous transport mechanisms are observed at neutral
pH, particularly for coaxial fibers, where the core-shell structure becomes more permis-
sive to drug diffusion. Overall, the results demonstrate that drug release from electrospun
membranes is governed by a complex interplay among diffusion, polymer relaxation, fi-
ber architecture, intermolecular interactions, and environmental pH. The ability to tune
these parameters through coaxial fiber design offers a promising strategy to develop con-
trolled drug-delivery systems.

3.9. Cytotoxicity Evaluation

The cytocompatibility of electrospun membranes was evaluated using the MTT assay
on ARPE-19 cells. Untreated cells were used as the negative control, whereas DMSO-
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treated cells served as the positive cytotoxic control. The results are shown in Figure 8. All
electrospun membranes maintained a cell viability above 80%, indicating no cytotoxic ef-
fects. According to ISO 10993-5 [72], biomaterials are considered non-cytotoxic when the
cell viability remains above 70% relative to the negative control. Therefore, all formula-
tions evaluated in this study can be classified as non-cytotoxic under the tested conditions.

MTT trial in ARPE-19

Figure 8. Cytotoxicity assay (MTT) on the ARPE-19 cell line for different electrospun membranes.
Bars sharing the same letter were not significantly different according to Tukey’s post hoc test to
perform multiple comparisons (p < 0.05). High cell viability (>80%) confirms the safety and biologi-
cal suitability of the developed scaffolds for human epithelial applications.

Among the evaluated groups, UNI 1% and COA 0% exhibited the highest metabolic
activity, exceeding 120% relative to the control. However, since the MTT assay measures
mitochondrial metabolic activity rather than direct cell proliferation, these increases
should be interpreted as enhanced cellular metabolic activity rather than evidence of in-
creased cell number [73]. The remaining formulations (COA 1%, COA 2%, and COA 4%)
showed viability values close to or slightly above those of the control, indicating that nei-
ther the coaxial architecture nor acyclovir incorporation adversely affected cell compati-
bility. Statistical analysis revealed significant differences between the DMSO-treated cells
and all membrane formulations, confirming the cytotoxic effect of the positive control and
validating the assay. In contrast, electrospun membranes maintained high viability and
showed no biologically relevant reduction in cellular metabolic activity.

The favorable cytocompatibility observed is consistent with the well-established bi-
ocompatibility of PCL, PLA, and CA, widely investigated for biomedical and tissue-engi-
neering applications [39,41,42]. Furthermore, the incorporation of acyclovir did not com-
promise cellular viability, indicating that the drug-loaded membranes remain suitable for
biomedical applications. Overall, the results demonstrate that both uniaxial and coaxial
electrospun membranes provide a cytocompatible environment for ARPE-19 cells and
support their potential use as controlled drug-delivery platforms.

4. Conclusions

Electrospun PCL-PLA/CA membranes with uniaxial and coaxial architectures were
successfully developed as platforms for acyclovir delivery. The results demonstrate that
fiber architecture significantly influences the mechanical properties and drug-release be-
havior of the membranes, with the coaxial configuration providing greater control over
pH-dependent release while maintaining good cytocompatibility. These findings
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highlight the potential of coaxial electrospun membranes as tunable systems for topical
antiviral drug delivery.

The present study was limited to in vitro physicochemical characterization, drug-
release evaluation, and cytocompatibility assessment. Therefore, additional studies are
required to investigate the long-term stability of membranes, their performance under
physiologically relevant conditions, and their therapeutic efficacy. Future work should
include in vivo evaluation to assess antiviral performance, biocompatibility, and wound-
healing outcomes, as well as optimization of the formulation for clinical translation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/micro6030061/s1, Figure S1. Representative SEM micro-
graphs (1500x magnification) of the electrospun membranes acquired from different regions of the
samples: (a) PCL, (b) UNI 1%, (c) COA 0%, (d) COA 1%, (e) COA 2%, and (f) COA 4%; Figure S2.
SEM micrographs of electrospun membranes (5000%): (a) PLA, (b) CA %, (c) PLA:CA. Scale bar =10
pm. Diameter distribution of electrospun membranes: (a) PLA, (b) CA and (c) PLA/CA; Figure S3.
Representative high-magnification SEM micrographs of the electrospun polymeric fibers: PLA, PCL,
CA, UNI 1%, COA 0%, and COA 1%; Figure S4. DSC thermograms of PLA in pellet form and elec-
trospun PLA, first heating cycle; Figure S5. DSC thermograms of CA in pellet form and electrospun
CA, first heating cycle; Figure S6. DSC thermograms of PCL in pellet form and electrospun PCL,
first heating cycle; Figure S7. DSC thermograms of uniaxially electrospun polymeric membranes
(UNI 1% and PCL), first heating cycle; Figure S8. Differential scanning calorimetry (DSC) thermo-
grams of neat acyclovir (ACV) and coaxial electrospun membranes (COA 0%, COA 1%, COA 2%,
and COA 4%), first heating cycle; Figure S9. Kinetic modeling of the release data for UNI 1% at pH
5.5 fitted to zero-order, first-order, Higuchi, and Korsmeyer-Peppas models; Figure S10. Kinetic
modeling of the release data for COA 1% at pH 5.5 fitted to zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models; Figure S11. Kinetic modeling of the release data for COA 1% at pH 5.5
fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas models; Figure S12. Kinetic mod-
eling of the release data for COA 4% at pH 5.5 fitted to zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models; Figure S13. Kinetic modeling of the release data for UNI 1% at pH 7.3
fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas models; Figure S14. Kinetic mod-
eling of the release data for COA 1% at pH 7.3 fitted to zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models; Figure 515. Kinetic modeling of the release data for COA 2% at pH 7.3
fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas models; Figure S16. Kinetic mod-
eling of the release data for COA 4% at pH 7.3 fitted to zero-order, first-order, Higuchi, and

Korsmeyer-Peppas models.
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