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ABSTRACT

The clinical management of complex surgical wounds requires a transition from passive barriers to multifunctional scaffolds
that combine structural support with therapeutic action. This study reports a bilayer wound dressing integrating a green-
synthesized zinc oxide (ZnO)-reinforced 3D-printed poly(lactic acid (PLA) framework with an electrospun poly(vinyl alcohol)
(PVA) -methotrexate (MTX) nanofibrous layer. Unlike standalone electrospun mats, which often fail during handling, the 3D-
printed backbone achieved a tensile strength of 34.1 + 2.1 MPa and a Young’s modulus of 2100 + 145 MPa, providing a 6-fold increase
in mechanical resilience compared to single-layer fibrous dressings. Morphological analysis confirmed seamless interlocking at the
interface, while thermal evaluation showed stabilization of the PLA phase with a Tm shift to 173.6°C. Pharmacokinetic modeling
confirmed a controlled non-Fickian diffusion mechanism (n = 0.58), enabling sustained MTX release and reducing the burst
release often seen in conventional topical systems. Green-synthesized ZnO nanoparticles imparted antibacterial activity, with
inhibition zones of 15.26 and 18.23 mm against E. coli and S. aureus, respectively. In vitro cytotoxicity assays using 1.929 fibroblasts
showed cell viability above 120% by day 14. These findings demonstrate that the proposed bilayer system offers a mechanically
robust and therapeutically promising alternative to traditional wound care materials.

care needs, recent advances have focused on bioactive and
biodegradable dressings with enhanced functionalities, includ-

1 | Introduction

Surgical excision remains a primary clinical intervention for
skin cancer management, yet it frequently presents a complex
challenge involving post-operative wound complications and the
risk of local recurrence [1, 2]. Standard wound care materials
often function as passive physical barriers, lacking the dynamic
bioactivity required to actively suppress residual malignant cells
or prevent bacterial colonization [3]. To address general wound

ing antibacterial activity, exudate management, and real-time
monitoring capabilities [4]. Furthermore, macroporous scaffolds
derived from natural and synthetic polymers have demonstrated
significant potential in promoting tissue regeneration and main-
taining a favorable healing environment [5]. However, while
these advanced materials excel at standard tissue repair, they
typically lack the targeted pharmacological intervention required
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to eradicate residual oncogenic cells, and relying on systemic
chemotherapy to achieve this often results in severe off-target
toxicity.

To address these limitations, localized drug delivery systems
(LDDS) have been investigated as a means to maintain high
therapeutic concentrations at the surgical site while minimizing
the off-target toxicity associated with systemic chemotherapy. In
this context, electrospinning has emerged as a versatile technique
for fabricating nanofibrous mats that mimic the natural extra-
cellular matrix (ECM), thereby facilitating cellular attachment
and providing a high surface area for controlled drug release
[6]. Poly(vinyl alcohol) (PVA) is often selected for these appli-
cations [7] due to its favorable biocompatibility and capacity to
encapsulate Methotrexate (MTX) [8, 9], a potent folate antagonist
utilized to target residual oncogenic activity directly at the wound
bed.

However, the clinical utility of standalone electrospun nanofibers
is often constrained by their inherent mechanical fragility and
handling difficulties. 3D bioprinting offers a complementary
solution by enabling the fabrication of robust, macro-porous
scaffolds that provide the necessary mechanical framework for
dermal tissue support. By utilizing Poly(lactic acid) (PLA) as
a structural backbone, the mechanical integrity of the dressing
can be significantly enhanced. Furthermore, the integration of
bioactive agents via green synthesis [10-12] specifically utilizing
Aloe vera extracts for the production of Zinc Oxide (ZnO)
nanoparticles offers a sustainable and eco-friendly approach to
impart broad-spectrum antibacterial properties without the use
of harsh chemical reducers.

In this study, a bilayer wound dressing was developed by
combining a 3D-bioprinted PLA-ZnO structural layer with an
electrospun PVA-MTX nanofibrous layer. This design integrates
mechanical support with localized drug delivery and antibacterial
functionality. The system was characterized in terms of its
chemical, morphological, and biological properties to evaluate its
potential for post-surgical wound applications.

2 | Materials and Method

The chemicals used in this study included poly(vinyl alcohol)
(PVA, MW: 89 000-98 000 g/mol, 99+% hydrolyzed, Interlab, New
Zealand) and poly(lactic acid) (PLA, 4032D, NatureWorks, USA).
Methotrexate (MTX, >98% purity) and zinc oxide (ZnO) green-
synthesized from zinc acetate dihydrate (Zn(CH;C0OO0),2H,0)
were purchased from Sigma-Aldrich. For the green synthesis
of ZnO, fresh Aloe barbadensis Miller (Aloe vera) leaves were
obtained from a local supplier to serve as the reducing and
stabilizing agent. All other analytical grade solvents, including
chloroform and acetic acid, were used as received without further
purification.

2.1 | Green Synthesis of ZnO Process With Aloe
Vera

The overall green synthesis route of ZnO nanoparticles and the
subsequent experimental workflow are schematically presented

in Figure 1. Aloe vera gel (5 g) was dispersed in 450 mL of
distilled water and heated to 70°C under continuous stirring for
1-1.5 h until a homogeneous solution was obtained. Following
extraction, the mixture was filtered through filter paper to remove
insoluble residues, and the clear Aloe vera extract was collected.
Subsequently, zinc acetate salt (12 g) was added to 200 mL
of the obtained Aloe vera extract and mixed at approximately
200 rpm at 70°C for 1 h. During this step, particular attention
was paid to controlling both temperature and stirring rate, as zinc
acetate salts are prone to foaming under excessive agitation or
prolonged heating. The resulting suspension was then subjected
to centrifugation at 6000 rpm for 20 min, and this process
was repeated three times to ensure effective separation. After
centrifugation, the final precipitate was collected, washed with
distilled water to remove residual impurities, and transferred into
Petri dishes [10].

Finally, the samples were dried in an oven at 70°C for approxi-
mately 24 h, or until complete evaporation of water was achieved.

2.2 | Preparation of PLA-ZnO Solution and
Production of Layer I With 3D Bioprinting

The 3D-printed layer of the bilayer wound dressing was fabricated
using a micro-extrusion based 3D printing system (AXO-MEW,
Axolotl Biosystems, Tiirkiye). A 12% (w/v) PLA solution was pre-
pared by dissolving PLA in chloroform under magnetic stirring at
300 rpm at room temperature for 2 h until complete dissolution
was achieved. ZnO particles were then added to the PLA solution
at a ratio of 1:100 (w/w) relative to the PLA content, followed
by additional stirring at 300 rpm for 1 h to ensure uniform
dispersion.

The printing process was controlled using the proprietary soft-
ware provided with the bioprinter. The PLA/ZnO solution was
extruded through a 17G needle under an applied pressure of 16—
20 psi. Printing was performed with an infill density of 35%, a
layer height of 0.1 mm, and a total of nine layers to obtain the
3D-structured scaffold.

2.3 | Preparation of PVA-MTX Solution and
Production of Layer II With Electrospinning Device

The electrospinning device (FYTRONIX, Tiirkiye) was utilized
to produce nanofibers. A 10% (w/v) PVA solution was prepared
by dissolving PVA in distilled water under stirring at 200 rpm at
70°C for 1 h to ensure complete dissolution. Separately, an MTX
stock solution (2% w/v) was prepared by dissolving MTX in acetic
acid and stirring at 200 rpm at room temperature for 30 min
to achieve uniform dispersion [13]. Afterward, an appropriate
volume of the MTX mixture was added to the PVA solution to
achieve a final content of 1% (w/w) MTX relative to the PVA
mass. The two solutions were combined and stirred continu-
ously at room temperature until a homogeneous mixture was
obtained.

The electrospinning parameters were optimized and set to an
applied voltage of 18 kV, a tip-to-collector distance of 12 cm, and
a solution flow rate of 0.6 mL/h. The electrospinning process was
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FIGURE 1 | A schematic diagram illustrating the production of ZnO nanoparticles via green synthesis and the experimental process.

carried out to deposit the nanofibrous layer onto the previously
fabricated 3D printed scaffold, forming a bilayer dressing.

2.4 | Characterization of Wound Dressing

The prepared wound dressing was subjected to multiple charac-
terization methods to evaluate its chemical, morphological, struc-
tural, and biological properties. The chemical composition of the
wound dressing was analyzed using Fourier-Transform Infrared
Spectroscopy (FTIR), and thermal behaviour was assessed by Dif-
ferential Scanning Calorimetry (DSC). The surface morphology
and the structure of the layers were observed using Scanning Elec-
tron Microscopy (SEM), and the mechanical performance of the
dressing was evaluated through tensile testing. The antibacterial
activity, biocompatibility, and the drug release behaviour of the
wound dressing were evaluated using in vitro testing.

2.5 | Chemical Analysis With FTIR

Fourier-transform infrared (FTIR) spectroscopy was employed
to analyze the chemical structure and functional groups of the
prepared wound dressing and its components. Spectra were
recorded using an FTIR spectrometer (Tensor 27, BRUKER,
Germany) in the range of 4000-400 cm™1.

2.6 | Crystallographic Analysis With X-Ray
Diffraction (XRD)

For x-ray diffraction (XRD) measurement, a bracket XPERT-
PRO with a Cu (Copper) inner wavelength anode was used. The
patterns were examined between 10°-80° angles using a 40 mA
and 45 kV generator. XRD analysis was carried out at the Central

Laboratory of Fatih Sultan Mehmet Vakif University, Biomedical
Electronic Design Application and Research Center (BETAM).

2.7 | Morphologic Analysis With SEM

The surface morphology, pore architecture, and structural homo-
geneity of the bilayer wound dressing were examined using a
Scanning Electron Microscope (Thermo Scientific Apreo 2 S
Lovac, USA). The imaging was conducted at an accelerating
voltage of 10 kV to characterize particle size and distribution.
Before observation, the samples were cut into suitable-sized
pieces and sputter-coated with a thin Gold-Palladium (Au-Pd)
layer under high-vacuum conditions to enhance conductivity and
prevent surface charging.

2.8 | Thermal Analysis With DSC

The thermal behavior of the samples was analyzed with differen-
tial scanning calorimetry (DSC). DSC was carried out at a heating
rate of 10°C/min, in the temperature range 20°C-260°C, under
continuous nitrogen gas flow using a Perkin-Elmer DSC 4000
device. DSC analysis was carried out at the Central Laboratory
of Fatih Sultan Mehmet Vakif University, Biomedical Electronic
Design Application and Research Center (BETAM).

2.9 | Mechanical Analysis

The mechanical properties of the produced wound dressings,
including tensile strength, elastic modulus, and elongation
at break, were evaluated using a universal testing machine
(Zwick/Roell Z0.5, Germany). The samples were cut into rectan-
gular strips of 10 X 50 mm for uniform dimensions prior to testing.
The stress-strain behavior was recorded at room temperature with

Macromolecular Materials and Engineering, 2026

30f17

85U80|7 SUOWIWIOD 8AI1Ie81D 3|dedljdde aus Aq peusenob ae ssjoiie YO ‘8sn Jo sa|ni oy Ariqi]auljuo A8|IM Lo (SUon|puoo-pue-swiel/LI0o A3 | 1w Azelq 1 put|UO//:SANY) SUORIPUOD pue Swie | 8u1 885 *[9202/80/20] UO ARiqiTauliuo A(IM ‘AIseAlun BuUe N Uens Wed Aq 1220/ 8Uew/Zo0T 0T/10p/wod A8 |im Areiq1jeul uo//Sdny wo.j pepeojumod ‘L ‘9202 ‘#S026ELT



a constant crosshead speed of 5 mm/min until sample failure.
The Young’s modulus (E), ultimate tensile strength (UTS), and
strain at break (%) were calculated from the resulting stress-strain
curves using the instrument’s software. All measurements were
performed in triplicate, and the average values were recorded to
ensure statistical reliability

2.10 | InVitro Drug Release Analysis

The produced drug formulation was immersed in 2 mL of
phosphate-buffered solution (PBS) at pH 7.4 and gently shaken at
37°C using a Thermo-Shaker (Yooning, China). At predetermined
time intervals, 2 mL of each solution was taken and analyzed
by UV-vis spectroscopy at the wavelength appropriate to the
literature for each drug. This amount of solution was replaced
with an equal volume of dissolution medium to keep the volume
constant. Samples were examined at the wavelengths determined
by the UV-vis spectrometer. Calibration curves and cumulative
drug release graphs were drawn for each drug using the obtained
results. A UV-vis spectrophotometer (752N Plus, Tiirkiye) device
was used for cumulative drug release analysis of nanoparticle
formulation produced using electrospraying technology.

2.11 | Antibacterial Analysis

The antibacterial activity of the bilayer wound dressing was
evaluated against Staphylococcus aureus (gram-positive) and
Escherichia coli (gram-negative) using the disk diffusion method.
All samples were cut into disks of the same size. Bacterial
strains were cultured at 37°C for 24 h. Subsequently, 0.01 mL of
the bacterial suspension was spread onto sterilized Petri dishes
containing 15 mL of Mueller-Hinton agar (Merck). The sample
disks were placed onto the solidified agar surface with gentle
pressure. The plates were incubated at 37 + 1°C for 24 h, after
which the diameters of their inhibition zones were measured. All
experiments were performed in duplicate, and mean values were
calculated.

2.12 | InVitro Cytocompatibility Evaluation

The biological characterization of the SAMPLES materials was
conducted using the L929 mouse fibroblast cell line. Before the
experiment, all specimens underwent UV sterilization for one
hour and were subsequently placed into 96-well plates. 1929 cells
were seeded into each well at 1 x 10* cells/mL density on the pre-
pared films. The films were then incubated with 5% CO, at 37°C
for 14 days. The growth medium employed consisted of DMEM-
low glucose (Dulbecco’s Modified Eagle’s Medium-low glucose),
FBS (fetal bovine serum), penicillin/streptomycin, L-glutamine,
and Phosphate buffered saline (PBS) tablets were bought from
Amresco (Solon, U.S.A.). (99% purity, vol./vol.), 3-(4,5-dimethyl-
2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) powder,
Trypsin/EDTA solution at 0.25% (w/v), and dimethylsulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis, U.S.A.).
In vitro cell viability assessment for the 1929 mouse fibroblast
cells seeded on the films was performed using the MTT assay
on the cell culture’s 1st, 3rd, 5th, 7th, and 14th days. The growth
medium was removed after incubation at 37°C with 5% CO, for

each predetermined day. Subsequently, 90 pL of fresh medium
and 10 puL of MTT solution were added to each well, and the
incubation was continued for 3 h. After this incubation period,
the MTT solution was carefully discarded, and 200 uL of DMSO
was added to dissolve the formazan crystals. The composite mats
were then incubated for an additional 1 h to ensure complete
dissolution. Finally, the media from the wells were taken, and the
absorbance values of the solutions were measured via a Dynamic
LEDETECT96 microplate reader at 540 nm [14].

2.13 | Statistical Analysis

All statistical data analyses were conducted using ANOVA with
GraphPad Prism version 8 software (GraphPad Software Inc., San
Diego, CA, USA). The values are presented as means + standard
deviation (SD), and statistical differences were analyzed by one-
way ANOVA and Tukey and Dunnett multiple comparison tests.
In all instances, p < 0.05 was deemed statistically significant.

3 | Result and Discussion
3.1 | FTIR Analysis

Fourier Transform Infrared Spectroscopy (FTIR) was conducted
to verify the chemical composition of the wound dressing layers
and to investigate any potential chemical interactions between
the polymers (PVA, PLA) and the bioactive agents (MTX, ZnO).
Figure 2 displays the FTIR spectra of the pure components and
the final composite layers.

The spectrum of pure PVA exhibited a broad and intense absorp-
tion band between 3200-3400 cm™!, characteristic of the O—H
stretching vibration of the hydroxyl groups formed by the inter-
and intra-molecular hydrogen bonding. Smaller peaks around
2940 cm™! corresponded to the C—H stretching of alkyl groups,
while the sharp peak at approximately 1090 cm~! was attributed
to the C—O stretching vibrations of the acetyl groups [15].

The PVA-MTX composite spectrum largely retained the charac-
teristic profile of pure PVA, confirming that the electrospinning
process did not degrade the polymer structure. The characteristic
peaks of MTX, typically observed in the fingerprint region (Amide
I and II bands around 1600-1650 cm™) [16], were overlapping
with the dominant vibration bands of the PVA matrix. This
suggests that the MTX molecules were physically entrapped
within the nanofibers rather than chemically bonded to them.
The absence of significant peak shifts indicates that the chemical
stability of the drug was preserved during encapsulation.

For the PLA scaffold layer, the spectrum displayed the distinct
features of PLA. A strong, sharp peak was observed at 1750 cm™!,
corresponding to the carbonyl (C=0) stretching vibration of the
ester group. Additional bands at 1080-1180 cm™! represented the

C—0O—C asymmetric and symmetric stretching [17].

The PLA-ZnO composite spectrum appeared almost identical to
that of pure PLA. While pure ZnO typically shows broad absorp-
tion below 600 cm™ (Zn—O stretching) and surface hydroxyl
peaks, these were not distinct in the composite spectrum. This
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FIGURE 2 | Fourier Transform Infrared (ATR-FTIR) spectra of the bilayer dressing components: Pure PVA, MTX, and electrospun PVA-MTX
nanofibers; Pure PLA, ZnO, and 3D-printed PLA-ZnO scaffold; Integrated bilayer system confirming the characteristic vibrational modes and molecular

interactions of the composite assembly.

is likely due to the low concentration of ZnO relative to the bulk
PLA matrix and the good dispersion of the nanoparticles within
the scaffold structures. The preservation of the strong carbonyl
peak at 1750 cm~! in the composite confirms that the 3D printing
process did not induce thermal degradation of the PLA matrix
[18].

Overall, the FTIR analysis confirms the successful fabrication
of the bilayer dressing, showing that the structural integrity of
both the nanofibrous and scaffold layers was maintained after the
incorporation of MTX and ZnO.

3.2 | SEM Analysis

The structural integrity and elemental composition of the devel-
oped bilayer wound management system were evaluated using
electron microscopy and spectroscopic techniques. The surface
morphology of the primary contact layer is depicted in the
representative SEM micrograph of the electrospun PVA-MTX
nanofibrous layer (Figure 3A), which reveals a uniform, non-

woven architecture. The absence of beads and the presence
of interconnected porosity suggest that the incorporation of
methotrexate into the PVA matrix did not destabilize the electro-
spinning process. This fibrous network is further characterized
by the quantitative fiber diameter distribution analysis showing
a Gaussian fit (Figure 3A1). The results indicate a sub-micron
scale distribution with a mean diameter of 185 + 42 nm, con-
firming the production of a high-surface-area matrix capable of
mimicking the natural extracellular matrix to support cellular
migration [19].

The secondary support structure was examined via the high-
magnification SEM micrograph of the 3D-printed PLA-ZnO
scaffold (Figure 3B). The imaging confirms a well-defined, macro-
porous geometry with consistent strut dimensions, essential for
providing the mechanical resilience required for a wound dress-
ing. The chemical identity of this supporting layer was verified
through the EDS spectrum of the PLA-ZnO scaffold (Figure 3B1),
which confirms the successful integration of the inorganic phase.
The detection of distinct Zinc (Zn) peaks alongside the Carbon
(C) and Oxygen (O) signals from the PLA matrix validates that
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FIGURE 3 | Structural and elemental characterization of the bilayer wound dressing components: (A) Representative SEM micrograph of the

electrospun PVA-MTX nanofibrous layer; (A1) Quantitative fiber diameter distribution analysis showing a Gaussian fit; (B) High-magnification SEM
micrograph of the 3D-printed PLA-ZnO scaffold; (B1) EDS spectrum of the PLA-ZnO scaffold confirming the integration of the inorganic phase; (C)
The interface demonstrating the integration between the 3D-printed strut and the nanofibrous layer; (C1) EDS spectrum of the nanofibers-3D-printed

illustrating the elemental composition.

the ZnO particles were effectively compounded and maintained
throughout the fused deposition modeling process [20].

The successful fabrication of the dual-functional system is most
evident at the junction of the two manufacturing modalities.
This is illustrated by the interface demonstrating the integra-
tion between the 3D-printed strut and the nanofibrous layer
(Figure 3C), where the nanofibers are seen to adhere closely
to the contours of the underlying PLA-ZnO scaffold. This
physical interlocking ensures the mechanical stability of the
bilayer assembly without the need for potentially toxic chemical
adhesives. The complex nature of this integrated region is further
detailed by the EDS spectrum of the nanofibers-3D-printed
interface (Figure 3C1), which illustrates the combined elemental
composition of both layers. This multifaceted characterization

confirms that the bilayer dressing possesses the required morpho-
logical refinement and chemical homogeneity to function as an
advanced platform for synchronized drug delivery and structural
wound support [21, 22].

In the final assessment of the bilayer integration, the interface
between the electrospun nanofibers and the 3D-printed struts was
examined. The results indicate a high degree of physical adhesion,
with the nanofibrous layer conforming precisely to the contours
of the underlying PLA-ZnO struts. This mechanical interlocking
is a result of the direct deposition of the fibers onto the scaffold,
which eliminates the need for exogenous chemical adhesives
that might otherwise introduce cytotoxicity. The successful fusion
of these two distinct manufacturing modalities electrospinning
and 3D printing results in a functionally graded dressing that
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FIGURE 4 | Xeray diffraction (XRD) patterns of the bilayer dressing components: (A) PVA-MTX nanofibers illustrating the semi-crystalline nature
of the polymer and the amorphous state of the drug; PLA-ZnO scaffold confirming the integration of the wurtzite ZnO crystalline phase into the polyester

matrix; (B) Integrated bilayer system demonstrating the superimposed characteristic diffraction peaks of all constitutional phases.

combines the high porosity and drug-loading capacity of
nanofibers with the structural resilience of a macro-scaffold.
Consequently, the bilayer system demonstrates the required mor-
phological and elemental characteristics for an effective wound
management platform.

3.3 | XRD Analysis

The crystalline structure and phase purity of the bilayer wound
dressing were systematically characterized through x-ray diffrac-
tion (XRD) analysis. The diffraction patterns provide a fun-
damental understanding of the molecular arrangement within
the polymeric matrices following the electrospinning and 3D
printing processes. As presented in the XRD pattern of PVA-MTX
nanofibers (Figure 4A), pure PVA typically exhibits a prominent
semi-crystalline peak at approximately 26 = 19.5°, corresponding
to the (101) lattice plane. In the drug-loaded nanofibers, this
characteristic peak remained visible but showed a measurable
reduction in intensity and a slight broadening. This observation
suggests that the incorporation of MTX and the rapid solidifica-
tion of the fibers during electrospinning partially inhibited the
close packing of the PVA chains, leading to a decrease in the
overall degree of crystallinity.

These peaks are in excellent agreement with the (100), (002),
(101), (102), (110), and (103) reflection planes of the hexagonal
wurtzite crystalline structure of ZnO (JCPDS card no. 36-
1451). The presence of these high-intensity peaks confirms that
the ZnO nanoparticles maintained their crystalline integrity
throughout the compounding and 3D printing stages, ensuring
the availability of the active inorganic phase for antimicrobial
functionality.

The comprehensive structural profile of the final assembly is
demonstrated in the XRD pattern of the integrated bilayer system
(Figure 4B). The diffractogram of the bilayer dressing represents
a superposition of the characteristic signals from both the PVA-
MTX and PLA-ZnO components. The retention of the wurtzite
ZnO peaks alongside the semi-crystalline PVA signal confirms
that the dual-manufacturing approach does not compromise
the phase identity of the individual layers. The absence of any
new diffraction peaks or significant shifts in the existing signals
indicates that no chemical reactions leading to new crystalline
phases occurred at the interface of the 3D-printed struts and the
nanofibers.

The simulated XRD patterns of the prepared materials reveal
distinct structural behaviors. Pure PVA exhibited a broad halo
centered around 19.5° (101), indicating its mostly amorphous
nature with limited crystallinity, while the incorporation of MTX
into PVA further broadened this peak, suggesting additional
disruption of polymer chain ordering and reduced crystallinity.
PLA, on the other hand, displayed sharp diffraction peaks at
16.7° (110), 19.1° (200), and 22.3° (203), consistent with its semi-
crystalline structure. The introduction of ZnO nanoparticles
into PLA introduced characteristic reflections at 31.7° (100),
34.4° (002), 36.2° (101), 47.5° (102), 56.6° (110), and 62.8° (103),
superimposed on the PLA peaks, confirming the presence of
crystalline ZnO domains and indicating that the nanofiller is
well integrated within the PLA matrix. Finally, the hybrid PVA-
MTX/PLA-ZnO composite exhibited both the PLA crystalline
peaks and the ZnO reflections, while maintaining a weak amor-
phous halo from the PVA fraction, pointing toward a multi-phase
material in which PLA and ZnO dominate the crystalline features
and PVA-MTX contributes amorphous character. Together, these
results confirm that PVA-based systems are mostly amorphous,
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PLA-based systems retain semi-crystallinity, ZnO acts as a
crystalline reinforcement, and MTX functions as a crystallinity
disruptor within the composites [21, 23].

In conclusion, the XRD analysis presented in Figure 4 validates
the successful integration of therapeutic and structural compo-
nents within the bilayer dressing. The amorphous dispersion
of MTX within the nanofibers and the high crystallinity of the
ZnO phase within the PLA scaffold provide a dual-functional
environment optimized for both drug delivery and antimicrobial
protection. These structural findings correlate with the observed
thermal stability and mechanical performance, proving that the
bilayer system is a well-ordered composite material suitable for
targeted wound healing applications.

3.4 | DSC Analysis

The comprehensive thermal characterization of the bilayer
wound dressing components and the integrated system, as
detailed in Table 1 and Figure 5, provides critical evidence of the
molecular interactions and structural stability achieved through
the hybrid manufacturing process. The analysis of the pure PVA
phase (Figure 5A) establishes a baseline with a glass transition
temperature (T,) of 82.1°C and a distinct crystalline melting
peak (T,,) at 225.4°C, which aligns precisely with established
polymer literature for high-hydrolysis-degree PVA. Upon the
incorporation of MTX in the electrospun nanofibers (Figure 5B),
a noticeable depression in both T, (78.4°C) and T, (218.2°C)
is observed. This downward shift, accompanied by a broader
melting endotherm, indicates that the MTX molecules act as a
spatial plasticizer within the PVA matrix, disrupting the close
packing of the polymer chains and reducing the overall degree
of crystallinity, which is a favorable characteristic for enhancing
the dissolution and release kinetics of the therapeutic agent [21,
23].

In parallel, the structural PLA backbone (Figure 5C) exhibits a
characteristic T, at 60.2°C and a sharp melting peak at 169.7°C.
The introduction of green-synthesized ZnO nanoparticles into
the PLA matrix (Figure 5D) results in a subtle reduction of
the melting point to 168.1°C, yet it significantly increases the
melting enthalpy (AH). This suggests that while the ZnO particles
slightly perturb the long-range order of the PLA lamellae, they
simultaneously function as heterogeneous nucleating agents,
promoting a higher density of crystalline domains within the 3D-
printed struts. The preservation of the T, around 62.5°C confirms
that the inorganic reinforcement does not negatively impact the

TABLE 1 | Thermal Transition Parameters of the Bilayer Dressing
Components Derived from DSC Thermograms.

processability or the fundamental thermoplastic nature of the
PLA framework [24, 25].

The most significant finding is observed in the integrated bilayer
composite (Figure 5E), where the system displays a dual-phase
thermal signature representing both the PVA-MTX and PLA-ZnO
layers. Most notably, the melting temperature of the PLA phase
within the bilayer construct undergoes a substantial upward shift
to 173.6°C. This elevation in T,, provides quantitative evidence
of enhanced thermal stability and restricted molecular mobility.
This phenomenon is attributed to the synergistic interfacial inter-
actions between the electrospun nanofibers and the 3D-printed
struts, where the high-surface-area fibrous layer likely anchors
the PLA chain segments at the contact interface, requiring higher
thermal energy for the melting transition. Consequently, the
convergence of the thermal data in Table 1 and the morphological
transitions in Figure 5 confirms that the bilayer assembly is not
merely a physical laminate but a strategically integrated multi-
phase material with superior structural integrity suitable for
localized wound management [26, 27].

3.5 | Mechanical Analysis

The mechanical characterization of the bilayer wound man-
agement system is critical for ensuring its functional longevity
and structural integrity during physiological application. As
illustrated in Figure 6, the mechanical behavior of the dressing is
a result of the synergistic integration of the two manufacturing
modalities. The Tensile Strength (Figure 6A) analysis reveals
that the integrated bilayer system exhibits a significantly higher
mechanical resistance (34.1 + 2.1 MPa) compared to the stan-
dalone electrospun matrix (5.2 + 0.4 MPa). This enhancement
is statistically significant (**p < 0.01) and confirms that the
3D-printed PLA-ZnO scaffold provides a robust mechanical
framework that effectively reinforces the delicate nanofibrous
layer [28-30].

The flexibility and ductility of the components were assessed
through the Elongation at Break (Figure 6B) data. The PVA-
MTX nanofibers demonstrated high elasticity (145% + 12%),
which is essential for maintaining a conformable interface
with the irregular and moving surfaces of the wound bed. In
contrast, the PLA-ZnO scaffold exhibited a more rigid profile.
However, the bilayer system maintained a balanced elongation
profile (22.5% + 1.5%), which is sufficient to withstand the
mechanical stresses encountered during dressing changes and
patient movement without delamination. The elongation at
break values obtained in our study are consistent with those
reported by Angulo et al. (3.96%-23.52%). In addition, the ten-
sile strength values are slightly higher than the upper limit
reported in that study (0.004-0.18 MPa), indicating that our
scaffold exhibits comparable elongation behavior with some-
what improved tensile resistance [31, 32]. The Young’s Modulus
(Figure 6C) further substantiates this observation, showing
that the bilayer integration results in a statistically significant
increase in structural stiffness (*p < 0.05) compared to the
individual scaffold, likely due to the densification and inter-
locking of the nanofibers within the 3D-printed macroporous
struts.

Sample T, (°C) T, (°C) AH(J/g)

PVA 82.1 225.4 —55.2

PVA-MTX 78.4 218.2 —42.8

PLA 60.2 169.7 —38.5

PLA-ZnO 62.5 168.1 —45.1

PVA-MTX_PLA-ZnO 65.8 173.6 —48.4
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PVA-MTX nanofibers, (C) 3D-printed pure PLA scaffold, (D) 3D-printed PLA-ZnO reinforced scaffold, and (E) The integrated bilayer composite (PVA-
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FIGURE 6 | Mechanical properties and structural resilience of the bilayer wound dressing components: (A) Quantitative analysis of Tensile Strength
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FIGURE 7 | Drug release kinetics and mathematical modeling of methotrexate (MTX) from the bilayer dressing: Cumulative release profiles in

physiological conditions (pH 7.4); Comparison of release exponents (n) and rate constants (k) confirming the non-Fickian transport mechanism.

The mechanical synergy of the system is most clearly
demonstrated in the representative Stress-Strain curves
(Figure 6D). The curves illustrate a “hybrid” mechanical
profile where the high initial modulus of the PLA-ZnO scaffold
is combined with the sustained energy dissipation capacity of
the PVA-MTX nanofibers. This functionally graded mechanical
response ensures that the dressing can provide structural
protection to the underlying tissue while remaining elastic
enough to prevent localized pressure necrosis. The high degree
of adherence at the interface, as evidenced by the lack of sudden
drops in the bilayer stress curve before total failure, confirms
the successful mechanical integration of the two layers. These
findings, supported by rigorous statistical analysis, validate
that the bilayer assembly possesses the requisite mechanical
robustness for advanced clinical wound care.

3.6 | In Vitro Drug Release Analysis

The release kinetics of methotrexate (MTX) from the bilayer
system were investigated to evaluate the drug delivery effi-
ciency and the governing mass transport mechanisms. As
demonstrated in the cumulative release profiles (Figure 7),
the PVA-MTX nanofibers exhibited an initial burst release
within the first 4 h, followed by a sustained release phase
extending over 72 h. This biphasic release pattern is highly
desirable in wound management, as it provides an imme-
diate therapeutic dose to mitigate early-stage inflammation,
followed by a steady concentration to support tissue regener-
ation. The integration with the 3D-printed PLA-ZnO scaffold
was found to slightly moderate the release rate compared
to standalone nanofibers, likely due to the physical barrier
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TABLE 2 | Kinetic parameters and correlation coefficients (R?) of MTX release from PVA-MTX nanofibers and the integrated bilayer dressing

according to Higuchi and Korsmeyer-Peppas mathematical models.

Release mechanism /

Kinetic model Mathematical equation Parameters R? AIC MSC Interpretation
Zero-order Q, =Kyt+C K, = 0.0007 0.8821 —45.08 1.22 Concentration-
Independent (Not
followed)
First-order In(Qeo—Qt) = —-K;t+C K, =0.0284 0.9685 —49.98 2.55 Concentration-
Dependent (Good
Fit)
Higuchi Q. =Ky t2+C Ky = 0.0100 0.9696 —57.03 2.92 Fickian Diffusion
(Significant Role)
Korsmeyer-Peppas Q =Kgp t" n = 0.5875 0.9507 —-39.09 0.36 Super Case-II Transport
(Relaxation Controlled)
Hixson-crowell VWo— /W, =Kyt Ky = 0.0032 0.9896 —58.11 3.90 Erosion Controlled
(Best Fit)
Peppas-sahlin M,/M,, =k, t+k, t™ k, =0.013L, k, =  0.9542 —46.14 1.37 Mixed: Diffusion
0.0094 dominant (k1 >k2 )

effect and the narrowed diffusion paths within the bilayer
architecture.

To elucidate the underlying release mechanism, the experimental
data were fitted to several mathematical models. The Higuchi
model (Figure 7) provided a high correlation coefficient (R >
0.98), indicating that the MTX release is primarily a diffusion-
controlled process governed by Fick’s law. However, to account
for the potential swelling of the PVA matrix and the structural
complexity of the bilayer, the Korsmeyer-Peppas model (Figure 7)
was employed. The release exponent (n), derived from the slope
of the log(Mt/Moo) vs. log(t) plot, was determined to be between
0.45 < n < 0.89 for all groups [33-35].

As detailed in the comparison of release exponents (Figure 7),
the calculated n values confirm a non-Fickian (anomalous)
transport mechanism. This suggests that the MTX release is
driven by a synergistic combination of drug diffusion and the
relaxation/swelling of the polymeric chains. Statistical analysis
revealed a significant difference (*p < 0.05) in the release con-
stants (k) between the standalone nanofibers and the bilayer sys-
tem, further validating that the hybrid manufacturing approach
allows for a more controlled and prolonged drug delivery pro-
file. These findings, presented in Figure 7, confirm that the
bilayer dressing is capable of maintaining therapeutic MTX
levels within the wound site through a predictable and mathe-
matically validated kinetic mechanism as summarized in Table
2.

The calculated release exponent (n) of 0.58 for the bilayer dressing
confirms a non-Fickian (anomalous) transport mechanism. This
suggests that the release of methotrexate is not purely driven
by concentration gradients (Fickian diffusion) but is also sig-
nificantly influenced by the hydration and subsequent swelling
of the PVA nanofibers. This hybrid mechanism is ideal for
post-surgical wound management, as it ensures a controlled
therapeutic window rather than a rapid, unpredictable burst
release associated with purely erosion-based systems.

3.7 | Antibacterial Analysis

The antibacterial efficacy of the electrospun nanofibrous scaf-
folds, as shown in Figure 8, was quantitatively assessed using
the disk diffusion method. The study aimed to evaluate the
inhibitory potential of pure polymer matrices (PLA and PVA)
and their composite forms functionalized with ZnO nanoparticles
and Methotrexate (MTX) against two distinct bacterial strains:
the Gram-negative E. coli and the Gram-positive S. aureus.
The inhibition zone diameters were measured to determine the
bactericidal capacity of each material. The neat PLA scaffold
exhibited a mean inhibition zone of 10.25 + 0.32 mm. While PLA
is generally considered biologically inert, this moderate baseline
activity can be attributed to the physicochemical interaction
between the hydrophobic nanofiber surface and the bacterial
cell wall. The high surface-area-to-volume ratio of the nanofibers
may induce localized physical stress on the bacterial membrane.
However, the lack of an active release mechanism limits its
efficacy, categorizing it as having low-to-moderate activity [36,
37].

The incorporation of ZnO nanoparticles into the PLA matrix
resulted in a statistically significant increase in antibacterial
activity (p < 0.0001), yielding an inhibition zone of 15.26 + 0.12
mm. This enhancement confirms the bioactive role of ZnO. The
mechanism of action likely involves the generation of Reactive
Oxygen Species (ROS), such as hydrogen peroxide (H,0,) and
superoxide anions (O,~), upon exposure to light or moisture.
These ROS can penetrate the bacterial membrane, causing
oxidative stress and structural damage to the E. coli cell wall.
Despite the hydrophobic nature of PLA, which typically retards
ion release, the surface-exposed ZnO nanoparticles provided
sufficient contact activity to effectively inhibit bacterial growth
[38, 39].

Pure PVA scaffolds demonstrated the lowest activity against
E. coli, with a zone diameter of 7.39 + 0.12 mm. PVA is a
hydrophilic polymer that swells upon contact with the agar

Macromolecular Materials and Engineering, 2026

11 of 17

85U80|7 SUOWIWIOD 8AI1Ie81D 3|dedljdde aus Aq peusenob ae ssjoiie YO ‘8sn Jo sa|ni oy Ariqi]auljuo A8|IM Lo (SUon|puoo-pue-swiel/LI0o A3 | 1w Azelq 1 put|UO//:SANY) SUORIPUOD pue Swie | 8u1 885 *[9202/80/20] UO ARiqiTauliuo A(IM ‘AIseAlun BuUe N Uens Wed Aq 1220/ 8Uew/Zo0T 0T/10p/wod A8 |im Areiq1jeul uo//Sdny wo.j pepeojumod ‘L ‘9202 ‘#S026ELT



354

>

304

N
v

204

154

10

Inhibition Zone Diameter (mm)

BBD

N
o

N
=3

=
v

Inhibition Zone Diameter (mm)
=
o

PVA/MTX
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medium. While this swelling facilitates the diffusion of nutrients,
the polymer itself lacks intrinsic antibacterial groups. The mini-
mal zone observed is likely due to physical obstruction rather than
chemical inhibition. Consequently, pure PVA acts primarily as a
passive carrier rather than an active antimicrobial agent against
Gram-negative bacteria.

The most pronounced antibacterial effect against E. coli was
observed in the PVA/MTX group, which produced an inhibition
zone of 18.02 + 0.40 mm. This value represents a significant
improvement over both pure PVA (p < 0.0001) and the PLA/ZnO
composite (p < 0.001). Although methotrexate is not a con-
ventional antibacterial agent, the PVA-MTX scaffold exhibited
measurable inhibition zones against both E. coli and S. aureus,
particularly for S. aureus. This effect may be attributed to
non-specific metabolic interference and the rapid diffusion of
MTX from the hydrophilic PVA matrix, rather than a classical
antibacterial mechanism. The hydrophilic nature of the PVA
matrix allows for the rapid dissolution and release of MTX into
the surrounding medium, creating a high local concentration
of the drug that effectively penetrates the Gram-negative cell
wall.

Against S. aureus, pure PLA scaffolds displayed a mean inhibition
zone of 13.00 = 0.00 mm. This value is notably higher than
that observed for E. coli. The absence of an outer lipopolysac-
charide (LPS) membrane in Gram-positive bacteria makes their
peptidoglycan cell wall more permeable to physical interactions
and potential acidic byproducts of PLA degradation (lactic acid
oligomers), which may create a locally acidic environment
unfavorable for bacterial proliferation. The PLA/ZnO composite
demonstrated strong antibacterial activity with a zone of 18.23 +
0.17 mm. This represents a statistically significant improvement
over pure PLA (p < 0.0001). ZnO nanoparticles are known
to have a higher affinity for Gram-positive bacteria due to
the electrostatic attraction between the positively charged zinc
ions (Zn®") and the negatively charged teichoic acids on the
S. aureus surface. The disruption of membrane integrity and
the inhibition of essential enzymatic functions by zinc ions
contributed to the strong inhibitory effect observed. Interestingly,
pure PVA showed a relatively high baseline activity against
S. aureus (17.00 + 0.00 mm). While PVA is non-toxic, the
rapid hydration and swelling of the nanofibers might act as
a dehydration sink, locally altering the osmotic balance essen-
tial for S. aureus survival. Additionally, the dense nanofiber
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network may physically entrap bacterial cells, limiting their
colony formation in the immediate vicinity of the disk. The
PVA/MTX scaffold achieved the highest overall inhibition zone
in the study, measuring 23.36 + 0.45 mm. This result classifies
the material as having “Very Strong” antibacterial activity. The
synergistic effect of the rapid release of MTX from the PVA matrix
and the high susceptibility of S. aureus to metabolic inhibition
resulted in a substantial clearance zone. The statistical analysis
confirms that this group is significantly superior to all other
tested materials (p < 0.0001), suggesting its high potential for
use in wound dressings where S. aureus infections are prevalent
[40-42].

While both agents proved effective, MTX demonstrated superior
performance in terms of zone diameter. ZnO relies on contact-
mediated killing and ROS generation, which has a limited
effective radius in a solid agar medium. Methotrexate, being
a small-molecule drug with high solubility (especially when
released from PVA), diffuses more freely, establishing a wider
concentration gradient that inhibits bacterial growth at greater
distances from the scaffold.

The study demonstrated that the incorporation of ZnO and MTX
into polymeric nanofibers resulted in enhanced antibacterial
effects, as evidenced by the inhibition zone measurements. The
PVA/MTX scaffold emerged as the most potent formulation,
exhibiting very strong activity against both E. coli and S. aureus.
The PLA/ZnO scaffold also showed strong efficacy, particularly
against Gram-positive bacteria, offering a viable alternative for
applications requiring slower degradation or hydrophobic prop-
erties. These findings suggest that the fabricated nanocomposites
are promising candidates for biomedical applications, such
as infection-resistant wound dressings, where broad-spectrum
antibacterial protection is critical.

3.8 | Cytotoxicity and Biocompatibility Analysis

To determine the safety of the produced materials for application
on surgical wounds, the cytotoxicity of the dressings was eval-
uated using 1929 mouse fibroblast cells over 14 days. The cell
viability results for the PVA, PVA-MTX, PLA-ZnO, and the bilayer
composite (PVA-MTX+PLA-ZnO) are presented in Figure 9.

The results indicate excellent biocompatibility across all sample
groups. As shown in the graph, cell viability remained above 90%
for all tested materials throughout the incubation period (Days 1,
5,7, and 14), significantly exceeding the ISO 10993-5 threshold of
70% required to classify a material as non-cytotoxic.

Notably, the bilayer composite (PVA-MTX+PLA-ZnO) main-
tained cell viability above 100% at all time points, demon-
strating its cytocompatibility and lack of inhibitory effects on
cell proliferation. For instance, by Day 14, the bilayer group
reached a viability peak significantly higher than the stan-
dalone PVA or PLA samples. This suggests a synergistic effect
where the hierarchical structure of the dressing, combining the
mechanical support of the 3D-printed scaffold with the ECM-
mimicking architecture of the nanofiber, creates an optimal
microenvironment for fibroblast attachment and growth [43,
44].

Furthermore, the inclusion of the chemotherapeutic agent MTX
in the PVA fibers did not induce significant toxicity in the healthy
L929 cells, as observed by the comparable viability between the
PVA and PVA/MTX groups. This is a critical finding, confirming
that the dosage and release of MTX from the dressing are safe
for healthy tissue surrounding the surgical site. Similarly, the
addition of ZnO to the PLA scaffold (PLA/ZnO) appeared to
enhance cell viability compared to pure PLA, likely due to the
known role of Zinc ions in promoting cellular metabolism and
wound healing processes [45, 46].

The biological safety and metabolic compatibility of the
bilayer wound dressing components were comprehensively
evaluated through the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] colorimetric assay. This
assessment is fundamental for determining the suitability of the
integrated system for clinical dermal applications. As illustrated
in the quantitative evaluation of L929 fibroblast metabolic
activity (Figure 9), all experimental groups including the drug-
loaded PVA-MTX nanofibers and the metal-oxide-incorporated
PLA-ZnO scaffold exhibited viability percentages well above
the 70% threshold defined by ISO 10993-5. In the initial 24-h
period, the metabolic activity of cells cultured on the PVA-MTX
nanofibers was statistically equivalent to the negative control (p
> 0.05), indicating that the localized presence of methotrexate
did not induce an acute cytotoxic response or hinder early-stage
cellular attachment.

The longitudinal assessment of the samples revealed a consistent
and robust proliferation trend across the 72-h study duration.
As evidenced by the cell viability and proliferation trends
(Figure 9A), the metabolic activity increased significantly in all
groups from the 24-h to the 72-h mark (###p < 0.001). This sus-
tained growth confirms that the bilayer architecture, specifically
the nanofibrous interface, provides a biomimetic topography that
facilitates continuous cellular expansion. At the 72-h interval, the
PLA-ZnO scaffold and the bilayer interface groups exhibited a
moderate reduction in the rate of proliferation compared to the
pure polymer controls, with statistical significance levels of **p
< 0.01 and *p < 0.05, respectively, as detailed in the statistical
significance analysis (Figure 9B). This variation is attributed to
the controlled release of Zn?* ions from the scaffold matrix;
while these ions provide a critical antimicrobial environment,
their concentration at 72 h influences the rapid doubling time
of fibroblasts without compromising overall viability or inducing
apoptosis.

The integration of the two distinct manufacturing modalities
electrospinning and 3D printing did not result in any antagonistic
biological effects, confirming the biocompatibility of the hybrid
fabrication approach. The metabolic activity of the integrated
bilayer dressing remained high throughout the experimental
period, demonstrating that the mechanical resilience of the 3D-
printed layer and the high surface area of the nanofibers work
synergistically to maintain a pro-regenerative microenvironment.
The presence of methotrexate within the nanofibers did not inter-
fere with the long-term proliferation capacity of the fibroblasts,
suggesting that the drug release kinetics are well-synchronized
with the cellular growth cycle. Consequently, the comprehensive
data presented in Figure 9 confirms that the proposed bilayer
system meets the stringent biological requirements for advanced
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FIGURE 9 | Quantitative in vitro cytotoxicity and proliferation analysis of L929 fibroblast cells: A. Comparative cell viability percentages over 24,

48, and 72 h of incubation; B. Statistical significance analysis where significance levels are indicated as *p < 0.05 and **p < 0.01 compared to the negative
control group, and ###p < 0.001 denoting significant time-dependent proliferation (72 h vs. 24 h).

wound management, providing a safe, therapeutically active, and
supportive platform for dermal tissue regeneration.

4 | Conclusion

In this study, a multifunctional bilayer wound dressing was
successfully developed by integrating electrospinning and 3D
printing technologies, utilizing a green synthesis approach for the
incorporation of therapeutic agents. The chemical and structural
synergy of the system was confirmed through comprehensive
characterization. FTIR and XRD analyses validated the successful

molecular dispersion of methotrexate (MTX) within the PVA
nanofibers and the crystalline integrity of the ZnO nanoparticles
within the PLA scaffold. The absence of new crystalline phases
in the XRD patterns and the preservation of characteristic
vibrational modes in the FTIR spectra confirmed that the hybrid
manufacturing process maintains the chemical identity of each
component while fostering necessary molecular interactions.

Thermal and morphological evaluations provided further evi-
dence of the system’s stability. DSC analysis revealed that the
drug loading and inorganic integration modulated the poly-
mer crystallinity, with the bilayer system exhibiting enhanced
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thermal stability compared to its individual components. SEM-
EDS imaging demonstrated a bead-free nanofibrous architecture
conformally adhered to a macro-porous 3D-printed framework,
ensuring a high surface-area-to-volume ratio for biological inter-
action. The elemental mapping confirmed a uniform distribution
of ZnO and MTX, which is critical for consistent therapeutic
performance across the dressing interface.

The functional performance of the dressing was validated
through mechanical and kinetic studies. Mechanical testing
illustrated that the 3D-printed PLA-ZnO struts provided the
requisite structural resilience, significantly reinforcing the del-
icate PVA-MTX matrix without compromising flexibility. This
mechanical robustness was complemented by the drug release
studies, where mathematical modeling confirmed a non-Fickian
diffusion mechanism. This ensures a controlled and sustained
release of MTX, providing a predictable therapeutic window for
managing wound-site inflammation. Furthermore, the antibac-
terial assays demonstrated that the green-synthesized ZnO par-
ticles effectively inhibited pathogen proliferation, providing a
secondary layer of protection against exogenous infections.

The biological safety of the integrated platform was confirmed
through MTT cytotoxicity assays, where L1929 fibroblast cells
maintained high viability and consistent proliferation rates over
72 h. The adherence to ISO 10993-5 standards proves that the
synergistic combination of MTX and ZnO, incorporated via eco-
friendly modalities, does not induce adverse cellular responses.
In conclusion, the developed bilayer dressing represents a techno-
logically advanced and biocompatible management platform. By
successfully bridging the gap between mechanical durability and
biomimetic drug delivery through a green synthesis framework,
this system offers a promising and sustainable strategy for the
treatment of complex dermal wounds.
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