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ABSTRACT

Recently, the demand for alternative therapies for tissue restoration based on biomaterials that
facilitate tissue restoration processes and avoid microbial infections has increased. In this work, we
have synthesized four composite formulations based on polyvinyl alcohol (PVA), chitosan (CS),
and zinc oxide nanoparticles (ZnO-NPs). The leading bands in the infrared spectrum of PVA and
CS were evident, as well as the incorporation of NPs-ZnO. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) demonstrated that the interaction of the ZnO-NPs with the
carbonyl group thermally destabilizes the composites. The morphological study using scanning
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electron microscopy (SEM) showed that the composites incorporated with ZnO-NPs present an
irregular and rough porous microstructure due to the evaporation of the solvent. Examination of
the implanted composites by histological analysis demonstrated their biocompatibility and
biodegradability 60 days after implantation. The simultaneous degradation and formation of type I
collagen fibers, with increased blood vessels and inflammation, indicate a highly biocompatible
and resorbable material, which could potentially revolutionize regenerative therapy.

Keywords: Compositos de quitosano; Alcohol polivinilico; Ingenieria de tejidos; Nanoparticulas
de oxido de zinc.

RESUMEN

Recientemente, ha aumentado la demanda por terapias alternativas para la restauracion de tejidos
basadas en biomateriales que faciliten los procesos de restauracion del tejido y eviten infecciones
microbianas. En este trabajo, se sintetizaron cuatro formulaciones de composites basados en
alcohol polivinilico (PVA), quitosano (CS) y nanoparticulas de 6xido de zinc (ZnO-NPs). Las
principales bandas en el espectro infrarrojo del PVA'y del CS fueron evidenciadas, asi como la
incorporacion de las NPs-ZnO. El andlisis termogravimétrico (TGA) y la calorimetria de barrido
diferencial (DSC) demostraron que la interaccién de las ZnO-NPs con el grupo carbonilo
desestabiliza térmicamente a los composites. El estudio morfolégico mediante microscopia
electronica de barrido (SEM) demostrd que los composites incorporados con ZnO-NPs presentan
una microestructura porosa irregular y rugosa, debido a la evaporacion del solvente. El examen de
los composites implantados mediante analisis histologico demostrdé su biocompatibilidad y
biodegradabilidad 60 dias después de la implantacion. La degradacion simultanea y la formacion
de fibras de colageno de tipo I, con el aumento de los vasos sanguineos y la inflamacion, indican
un material altamente biocompatible y reabsorbible, lo que podria potencialmente revolucionar la
terapia regenerativa.

Palabras clave: Chitosan composites; Polyvinyl alcohol; Tissue engineering; Zinc oxide
nanoparticles.

1. INTRODUCTION

Tissue regenerative therapy uses biological materials to repair damaged tissues, providing
promising solutions for injuries, diseases, and defects [1]. However, the constant need for devices
that can induce tissue restoration without rejection or inadequate immune responses has led
researchers to explore new ways to achieve tissue restoration. One emerging new therapy is tissue
regeneration using scaffolds made from a combination of biodegradable synthetic and natural
polymers [2]. These scaffolds improve cell adhesion and provide an ideal setting for regeneration

3].



Prospectiva, Vol. 23 N°1 2025.

Among the synthetic biodegradable polymers used for tissue regenerative therapy is polyvinyl
alcohol (PVA), a synthetic polymer with tremendous potential for tissue regeneration, which is
regularly used due to its biocompatibility, ability to tailor its mechanical properties, and high
hydrophilicity, making it a versatile material [4]. PVA can be applied in various forms, such as
hydrogels and scaffolds, and mixed with other polymers, such as chitosan, gelatin, and silk-fibroin,
to promote cell growth and facilitate tissue regeneration [5-9]Nonetheless, further research is
required to optimize its properties and examine its potential in regenerative medicine when mixed
with other biopolymers or nanomaterials.

Likewise, chitosan, a biopolymer derived from chitin present in fungi and crustaceans, boasts an
array of beneficial properties. Among them are biodegradability, biocompatibility, and
antimicrobial activity [10-12]. When acted upon by enzymes, chitosan can be broken down and
replaced by regenerated tissue. In regenerative therapy, chitosan is used for different purposes,
such as drug delivery, wound healing, and tissue regeneration [13]Although research is underway
to explore its full potential, thorough evaluations are essential to ensure its safety and efficacy in
clinical settings.

Among the most promising nanomaterials for tissue engineering are zinc oxide nanoparticles (ZnO-
NPs), a highly stable and cost-effective semiconductor that the FD A has approved for safe use [14].
They can be synthesized through various techniques, including precipitation, sol-gel, spray
pyrolysis, thermal decomposition, and forced solvolysis [15]. ZnO-NPs possess antimicrobial
properties and are utilized in multiple applications, including textiles, packaging, and medicine
[16]. Nanocomposites incorporating ZnO-NPs have demonstrated impressive effectiveness in
fighting bacteria and improving biocompatibility.

Gutha et al. studied the antimicrobial and wound-healing capacity of CS/PVA beads and ZnO
nanoparticles. The antibacterial activity (evaluated on Escherichia coli and Staphylococcus aureus)
was higher in the CS/PVA/ZnO mixture compared to the CS/PVA polymeric matrix. The wound
healing activity, evaluated on mouse skin, confirmed that the CS/PVA/ZnO dressing promotes
wound healing; furthermore, histological studies showed the formation of the dermis and
epidermis, demonstrating accelerating wound healing and control of bacterial growth [17].

Sirotkin et al. studied a composite for wound healing in mice based on PVA and chitosan by
incorporating nanoparticles or metal oxides (Ag NPs, ZnO NPs, Cu NPs). Patch coating of
chitosan/PVA composite with ZnO NPs positively affected wound healing and complete wound
closure. Histological examination showed cell proliferation at 9 and 10 days, demonstrating the
antioxidant and antibacterial capabilities of zinc oxide and a synergistic effect between polymers
and ZnO NPs [18].

The integration of PVA/CS/ZnO-NPs into composites may revolutionize tissue regeneration
therapy. Previous research has already demonstrated the potential of the PVA/CS polymer matrix.
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[19-23], but have not been studied with ZnO-NPs through the drop-casting methodology (Figure
1). This study aims to demonstrate that composites of PVA/CS/ZnO-NPs improve subdermal tissue
in male Wistar rats and accelerate cell adhesion and wound closure without the formation of a
fibrous capsule. We believe that the results of this investigation present a significant opportunity
for advancements in the fields of tissue engineering and therapeutic medicine.
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Figure 1. Drop-casting methodology for the fabrication of PVA/CS/ZnO-NPs composites.

2. Materials and Methods
2.1. Materials

The reagents used in this investigation were not purified. Chitosan had a low molecular weight (1
x 10° Da), over 80% deacetylation, and a 20-300 cP viscosity. Polyvinyl alcohol had 90%
hydrolysis and 95,000 g/mol. ZnO-NPs were synthesized from Merck using ZnClI2 (80%), 99%
NaOH, and 99.8% 2-propanol.

2.2. Synthesis of ZnO-NPs

ZnO-NPs were synthesized by mixing 0.2M ZnCl2 and 5M NaOH solution and stirring at 90°C
[24]. The residue was washed with water and ethanol to remove NaCl. Purification was done using
centrifugation and washing with 2-propanol in triplicate. The ZnO-NPs were calcined at 250°C for
five hours.

2.3. Preparation of the PVA/CS/ZnO-NPs composites

We synthesized PVA/CS/ZnO-NPscomposites using a drop-casting technique with 4% total solids
content, as previously reported [21]. ZnO-NPs were ultrasonicated in water at 300 mg/ml for 2
hours. Components were dissolved in 1% acetic acid and mixed according to Table 1. The mixture
was degassed in an ultrasonic bath, poured onto glass molds, and then baked at 40°C + 0.2 to obtain
PVA/CS/ZnO-NPs membranes.

Tabla 1. Formulacion de las membranas de PVA/CS/ZnO-NPs



Prospectiva, Vol. 23 N°1 2025.

Table 1. Formulation of PVA/CS/ZnO-NPs composites.

Components PVA (%) CS (%) ZnO-NPs (%)

F1 70 30 0

F2 70 29.5 0.5
F3 70 29.0 1.0
F4 70 28.0 2.0

2.4. Characterization of the ZnO-NPs

The synthesis and characterization of ZnO-NPs was followed according to previous reports[24].

2.5. Characterization of PVA/CS/ZnO-NPs composites
2.5.1 X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).

XRD analysis was performed using a PANalytical X0OPert PRO diffractometer (Malvern
Panalytical, Jarman Way, Royston, UK) with a Cu anode at a wavelength of Kal (1.540598 A).
Diffractograms were taken in the 5-80° range with a scan speed of 2.63 s, scan rate of 2
degrees/min, and a step size of 0.01°. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) acquired information about functional groups and molecular
interactions in the 500-4000 cm-! range using an FT-IR-8400 instrument (Shimadzu, Kyoto, Japan)
with a spectral resolution of 4 cm® and 32 scans.

2.5.2 Thermal Analysis of the PVA/CS/ZnO-NPs composites

The thermogravimetric analysis (TGA) was performed using a NETZSCH TG 209 F1 Libra
instrument from Mettler Toledo (Schwerzenbach, Switzerland). The samples were heated from 25-
800°C at a rate of 10°C/min under nitrogen, using an Al2Os crucible.

Thermodynamic properties were obtained using differential scanning calorimetry (DSC) with a
DSC1/500 instrument (Mettler Toledo, Schwerzenbach, Switzer-land) in a nitrogen atmosphere.
The first heating was performed from 0°C to 250°C with a ramp of 10°C/min and nitrogen flow of
60 mL/min. There, it was maintained at 250°C for 2 minutes. Then, the cooling was performed
from 250°C to 0°C with a ramp of -10°C/min and nitrogen flow of 60 mL/min, where it was kept
at 0°C for 2 minutes. Then, the second heating was performed from 0°C to 350°C with a ramp of
10°C/min and nitrogen flow of 60 mL/min. In this way, properties such as glass transition
temperature (Tg) calculated with the midpoint of the transition and melting temperature (Tm) were
obtained from the endothermic peaks. Finally, the crystallization temperature (Tc) was calculated
from the exothermic peak. TA Instruments' Universal Analysis Software 2000 version 4.5A was
utilized to determine the properties above.

2.5.3 Scanning Electron Microscopy Analysis
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The PVA/CS/ZnO-NPs composite morphologies were collected using a JEOL JSM-6490LA
equipment (Musashino, Tokyo, Japan) in the secondary electron mode at 20 kV. The samples were
coated with a gold layer.

2.6 Surgical preparation of biomodels

PVA/CS/ZnO-NPs composites were implanted in the subdermal tissue of three adult male Wistar
rats, six months old and weighing an average of 380 grams. The number of animals, sites to be
implanted, and sample size were determined according to ISO 10993-6 [25]. The biomodels were
supplied by the LABBIO laboratory of the Universidad del Valle, Cali, Colombia. They remained
under their care during the 90 days of implantation with food and water available at will.

The authorization and ethical supervision were carried out by the animal ethics committee CEAS
of the Universidad del Valle, Cali, Colombia, using the "ACTA DE AVAL A PROYECTOS DEL
AREA BIOMEDICA N° (006) ANO (2022)". The recommendations of the "Animal Research:
Reporting of In Vivo Experiments" (The ARRIVE guidelines) were also taken into account [26].
This study took into account the three Rs principle of Rusell and Burch, especially the replacement
principle when determining the number of animals by ISO 10993-6 [25], and refinement by using
protocols already established in the scientific literature.

During the animal surgeries, a sedative was administered consisting of a combination of Ketamine
(Blaskov Laboratory, Bogota, Colombia) and Xylazine (ERMA Laboratories, Celta, Colombia) in
a 70/30 ratio. Once the sedative took effect, the dorsal surface of the right side of the skin was
shaved and disinfected using an Isodine solution (Laboratory Sanfer, Bogota, Colombia). The area
to be operated on was then anesthetized with Lidocaine 2% with Epinephrine 1:80000 (New Stetic,
Guarne, Antioquia) using an infiltrative technique. To prepare for the operation, four 5S-millimeter
incisions were made, and four pockets measuring 20 mm in depth and 5 mm in width were created
in each animal using a blunt cylindrical instrument with a diameter of 5 millimeters.

Once the pockets were ready, we inserted small 10mm % 15mm sheets and closed them using a
basic stitch technique utilizing four zeros resorbable sutures. Topical gentamicin was applied to the
wounds, and intramuscular diclofenac 75mg was administered (Genfar Laboratory Bogota,
Colombia). Control material was not used as these products are typically biocompatible and
bioresorbable, providing no additional information beyond the normal healing process during
sample recovery and minimizing the number of affected areas. During the time the experiment
lasted, there were no intraoperative or postoperative complications nor deaths of biomodels; after
three months, the sacrifice was performed using a euthanasic drug in the intraperitoneal application
(Euthanex, INVE Laboratory, Cota, Colombia).

The samples were recovered and fixed for 48 hours in buffered formalin. Then, they were washed
with buffer solution, and the histological preparation of the samples was performed. The
preparation of the samples consisted of dehydration with alcohols, clarification with xylol, and
inclusion with kerosene using the Leca TP 120 (Leica Microsystems, Mannheim, Germany).

2.6.1 Histological Analysis
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Subsequently, paraffin blocks were created with the tissue included using the Thermo Scientific ™
Histoplast Paraffin™ kit (Fisher Scientific, Waltham, Massachusetts, USA), and 6-micrometer
slices were made using a Leica RM2135 microtome.

For visualization of histological structures, staining was performed with Hematoxylin-Eosin (HE),
Gomori trichrome (GT), and Masson trichrome (MT) techniques using standardized protocols.
Images were analyzed using a Leica DM750 optical microscope with a built-in Leica DFC 295
camera and Leica Application Suite version 4.12.0 software (Leica Microsystem, Mannheim,
Germany).

3. Results and Discussion
3.1. Characterization of ZnO-NPs

Zinc oxide nanoparticles (ZnO-NPs) were produced and analyzed using established procedures
[24].

3.2. FT-IR Spectroscopy

Figure 2 illustrates the analysis of the different functional groups found in the composites. For
example, the C-O bond stretching vibrations in CS and PV A contribute to the bands appearing in
the 900-1100 cm! range [27]. The peak observed at 1560 cm! is attributed to the NH bending
(amide 1II), while the small peak at 1650 cm™! is assigned to C=O stretching (amide I) [28]. The
bands observed at 1250, 1320, and 1410 cm™! are associated with the pyranose ring [28]. Symmetric
tension bands at 3331 cm™! were observed, related to the -OH groups in PVA and CS and the
intermolecular hydrogen bonds between O-H groups of both polymers [29,30]. This O-H band
could overlap with the N-H stretching peaks of amines [31]. Likewise, the symmetric and
asymmetric tension band of the alkyl groups CH and CH2 at 2939 cm™! was observed. In addition,
the tension band of the carbonyl group (C=0) at 1726 cm™! was related to the stretching of the C=0O
from the acetate group of PVA that was not wholly hydrolyzed [32,33]Finally, the symmetric tension
band of the aliphatic C-O-C ester group at 1035 cm™!. Likewise, the corresponding -C-O stretching
vibrations occurat 1085 cm™', belonging to the polymer blend. On the other hand, adding ZnO-NPs
to CS and PVA bonds (F3 and F4) did not alter the spectra, indicating a homogeneous dispersion
within the polymeric matrix.

Figura 2. Espectro FT-IR de los compositos de PVA/CS/ZnO-NPs. F1, 70%PVA/30%CS; F2,
70%PVA/29.5%CS/0.5%Zn0O-NPs; F3, 70%PVA/29.0%CS/1.0%Zn0O-NPs; F4,
70%PVA/28.0%CS/2.0%Zn0O-NPs.

Figure 2. FT-IR spectrum of PVA/CS/ZnO-NPs composites. F1, 70%PVA/30%CS; F2,
70%PVA/29.5%CS/0.5%Zn0O-NPs; F3, 70%PVA/29.0%CS/1.0%Zn0O-NPs; F4,
70%PVA/28.0%CS/2.0%Zn0O-NPs.
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3.4. X-ray Diffraction

X-ray diffraction analysis provides information on the composites’ amorphous and crystalline
physical forms. Figure 3 shows characteristic peaks of the CS/PV A polymer matrix: a low-intensity
peak at 26=11.3°, a prominent peak at 26= 19.3°, and two intense peaks at 26=16.6° and 22.2°
[31,34]. The latter peak is evidence of the semi-crystalline nature of the CS/PVA polymer blend,
which could be attributed to intermolecular and intramolecular interactions through hydrogen
bridges between the polymer chains [35,36].

On the other hand, it was observed that by reducing the concentration of chitosan in formulations
F2, F3, and F4, there was a decrease in the intensity of the peak at 26=19.3°. Formulation F2 was
the one that presented the most significant decrease. In F3, the reduction was less pronounced. This
decrease suggests a disorder in the chitosan chains, retaining the crystalline phase of the polymer.
This change in intensity could be dueto the breaking of intermolecular hydrogen bondsby inserting
the PV A chains between the chitosan chains [37].
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For formulation F4, no decrease in the intensity of the 20=19.3° peak was observed; however,
increasing the concentration of ZnO-NPs to 2% may have increased the crystallinity of the
composite by generating possible electrostatic interactions and hydrogen bonds with the polymer
matrix. Additionally, an increase in ZnO-NPs content (2%) in F4 leads to an increased peak at
206=16.6°, indicating a rise in crystallinity [38].

Figura 3. Anélisis DRX de las membranas PVA/CS/ZnO-NPs.

Figure 3. XRD analysis of PVA/CS/ZnO-NPs composites.
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3.5. Thermal Analysis of PVA/CS/ZnO-NPs composites.

TGA allows the analyst to provide information about the formulation performed to the material's
thermal properties. For this purpose, the thermal degradation by weight caused by increasing
temperature is evaluated. Figure 4A shows PVA/CS/ZnO composite thermograms, and Figure 4B
their derivatives. The formulations exhibit three degradation stages but with apparent differences.
The first degradation stage between 50-100°C is attributed to water evaporation physically
adsorbed. For F1, there is a higher loss of approximately 17% at lower temperatures than the other
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three formulations, with F3 as the most stable formulation. The second degradation stage is
between 200-300°C, attributed to the PVA side chain degradation, with a maximum temperature
degradation of around 297 °C for F1, F2, and F3, but F4 decreased the maximum temperature to
253°C. Finally, the third degradation is between 300-500°C, with the maximum degradation
temperature AT 477°C (Figure 4B) corresponding to the degradation of the glycosidic linkages of
the CS and the degradation of residual polyenes from PVA. Adding ZnO-NPs introduces thermal
stability, especially for F3, which increases the temperature for the mass loss for the second and
third degradation stages by approximately 5% and 17%, respectively, compared to F1. This stability
1s possible due to the interaction of the hydrogen bonds of the PVA/CS polymeric matrix and the
oxygen bonds of the O-Zn-O [39,40]. When ZnO-NPs are homogeneously dispersed, they create a
barrier against degradative gases and improve the mechanical behavior of the composite because
the polymeric components interfere with heat transfer and better support the charge transfer
[41,42]. Studies have found that ZnO acts as a thermal insulator that restricts the movement of
polymer chains and decreases the permeability of volatile products through the material [43,44].

Figura 4. Analisis termogravimetrico de los compositos de PVA/CS/ZnO-NPs F1, F2, F3 'y F4.

Figure 4. Thermogravimetric analysis of the PVA/CS/ZnO-NPs composites F1, F2, F3, and F4.
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The different thermograms obtained by differential scanning calorimetry (DSC) were analyzed to
evaluate the thermal stability of the PVC/CS polymer matrix and ZnO composites in each
formulation. Endothermic peaks with temperature shifts were found. The first endothermic peak,
recorded between 70 °C and 90° C in each formulation, is attributed to the initial loss of adsorbed
water from each formulation, reflecting differences in the water holding capacity of each
formulation, with the decrease in formulation F4 being notable.

Different studies have reported that the melting temperature of PVA is approximately 230 °C;
however, in the blending of the polymers, changes in temperature may occur [36,45]The
endothermic peak corresponding to the melting temperature was found between 150 °C and 165
°C, with formulations F3 and F4 showing the most significant decreases. This could be due to the
increase in NPs-ZnO in these formulations, which generates possible interactions between NPs-
Zn0O and the polymeric matrix. Regarding the endothermic peaks between 290 °C and 320 °C,
related to polymer degradation, formulations F3 and F4 showed a decrease at temperatures 297 °C
and 293 °C, respectively.

Figura 5. Curvas DSC de los composites de PVA/CS/ZnO-NPs.

Figure 5. DSC curves of the PVA/CS/ZnO-NPs composites.
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3.6 Scanning Electron Microscopy (SEM) of PVA/CS/ZnO-NPs composites.
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Figure 6 depicts the morphological microstructure of the PVA/CS/ZnO-NPs composites. All the
composites exhibit a notable roughness and porosity conducive to cell adhesion and proliferation.
Notably, an increase in the amount of ZnO-NPs results in a more homogeneous surface, indicating
successful dispersion of the nanoparticles within the polymer chains. Additionally, incorporating
ZnO-NPs leads to a smoother surface, whereas phase separation between the polymers with small
microdomains is observed in FI1-F3. These observations indicate the potential utility of
PV A/CS/ZnO-NPs composites for biomedical applications.

Figura 6. Morfologia de los composites de PVA/CS/ZnO-NPs. F1, 70%PVA/30%CS a 200x; F2, F2,
70%PVA/29.5%CS/0.5%ZnO-NPs a 200x; F3, 70%PVA/29.0%CS/1.0%ZnO-NPs a 200x; F4,
70%PVA/28.0%CS/2.0%ZnO-NPs a 200x.

Figure 6. Morphology of PVA/CS/ZnO-NPs composites. F1, 70%PVA/30%CS at 200x; F2, F2,
70%PVA/29.5%CS/0.5%ZnO-NPs at 200x; F3, 70%PVA/29.0%CS/1.0%ZnO-NPs at 200x; F4,
70%PVA/28.0%CS/2.0%ZnO-NPs at 200x.

3.7. In Vivo Biocompatibility Tests of the PVA/CS/ZnO-NPs composites
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Once euthanasia was performed, a macroscopic inspection of the implanted areas was performed;
Figure 7 corresponds to the macroscopic view of the intervened areas. In Figure 7A, after 90 days,
complete hair growth is observed in the dorsal area. In Figure 7B, after shaving, the area is
completely healed. In Figure 7C, corresponding to the subcutaneous surface in positions F1, F2,
and F3, the areas where the materials were implanted with a slight induration and color change can
be appreciated; in position F4, there is no induration or color change, the tissue that is observed
corresponds to an adhesion of tissue that remained when separating the skin, the tissue that is
observed corresponds to an adhesion of tissue that was left when separating the skin.

The macroscopic images of the four intervened areas indicate a normal healing process in which
hair recovers, complete removal of the sutures, complete healing of the skin, and the absence of
fistulas and necrotic tissue on the internal surface occurs. Histological studies made it possible to
visualize how healing happened in the intervened areas in the presence of the four formulation

types.

Figura 6. Aspectomacroscopico delas zonas implantadas. A:Recuperacionde vello. B: Superficie después
de realzar tricotomia. C: superficie interna de la piel. F1: Zona implantacion formulacion 1. F2: Zona de
implantacion formulacion 2. F3: Zona de implantacion formulacion 3 y F4: Zona de implantacion
formulacion 4.

Figure 6. Macroscopic aspect of the implanted areas. A: Hair regrowth. B: Surface after trichotomy
enhancement. C: the inner surface of the skin. F1: Implantation zone formulation 1. F2: Implantation zone
formulation 2. F3: Implantation zone formulation 3 and F4: Implantation zone formulation 4.

3.7.1 Biocompatibility of formulation F1 (PVA 70%/CS 30%)

Sample F1 corresponds to a film of the material composed of 30% CS and 70% PVA; Figure 8
corresponds to the microscopic images. At 90 days after implantation, the implanted material is
observed in the process of fragmentation and with minor resorption (Figure 8A, 8B, and 8C); the
material is surrounded by a fibrous capsule composed of type III collagen fibers, green in Figure
8B, evidenced by Gomori's trichrome technique, and by type I collagen fibers, blue in Figure 8C,
evidenced by Masson's trichrome technique. The collagen fibers that form the capsule appear to
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come from both the dermis and the muscular epimysium, as indicated by the purple arrows in
Figure 8C.

A fibrous capsule surrounding the implanted material is a common and widely reported finding. It
corresponds to a foreign body reaction in which, as inflammation persists, the body may attempt
to isolate the biomaterial from the surrounding tissue by forming a fibrous capsule. Connective
tissue cells (fibroblasts) deposit collagen around the biomaterial, forming an encapsulating
structure. This capsule limits the interaction between the biomaterial and the surrounding tissues
while the degradation/resorption process of the implanted material takes place [46—48].

Figura 8. Muestra F1 a 90 dias de implantacion. A: imagen a 4x; técnica HE; D: dermis; IZ: Zona de
implantacion; Ovalo negro: zona de implantacion; M: Musculo; Fe: Capsula fibrosa, Estrellas amarillas:
Fragmentos del material implantado. B: Imagen a 4x; técnica GT; D: dermis; M: Musculo; Fc: Capsula
fibrosa, Estrellas amarillas: Fragmentos del material implantado. C: Imagen a 4x; técnica MT; D: dermis;
M: Musculo; Fc: Cépsula fibrosa, Flechas moradas: Fibras de Colageno tipo 1. Estrellas amarillas:
Fragmentos del material implantado.

Figure 8. F1 specimen 90 days after implantation. A: 4x image; HE technique; D: dermis; IZ: implantation
zone; Black oval: implantation zone; M: muscle; Fc: fibrous capsule; Yellow stars: fragments of implanted
material. B: 4x image; GT technique; D: dermis; M: muscle; Fc: fibrous capsule; Yellow stars: fragments
of the implanted material. C: 4x image; MT technique; D: dermis; M: muscle; Fc: fibrous capsule, Purple
arrows: Collagen type I fibers. Yellow stars: Fragments of the implanted material.

3.7.2 Biocompatibility of formulation F2 (PVA 70%/CS 29.5%/ZnO-NPs 0.5%)

Formulation F2 presents lower chitosan than F1, and 0.5% ZnO-NPs were incorporated. These
changes were reflected histologically with an increase in the degradation/resorption of the material
(Figure 9). Figure 9A shows the changes in the material degradation. The samples are fragmented
and surrounded by an inflammatory infiltrate (Figure 9A). In the middle of the inflammatory
infiltrate, with moderate coloration in the HE staining technique, tiny fragments of the material and
areas where the material has disappeared through the phagocytic action of the inflammatory cells
are observed. Figures 9B and 9C show the persistence of a fibrous capsule composed of type I and
III collagen fibers, like those reported for the F1 formulation; these fibers appear to come from
both the dermis and the epimysium (Figure 9C).
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After 90 days of implantation, the foreign body reaction-type inflammatory response is still present
due to the fragments of the implanted material. Even though a significant part of the material has
undergone fragmentation, resorption, and degradation, the continued presence of these fragments
can explain the presence of the fibrous capsule.

Chitosan (CS) and polyvinyl alcohol (PVA) are two materials that are both compatible with living
tissues and can be naturally broken down by the body. While CS has excellent biological properties
that make it an ideal material for creating scaffolds for tissue regeneration [49], its poor mechanical
properties pose a challenge. To address this issue, researchers in this study combined CS with PVA.
The F2 formulation also includes ZnO-NPs, which are biocompatible, biodegradable, and known
to stimulate angiogenesis - the growth of new blood vessels [50].

It appears that the modifications implemented in the formulation have impacted the biological
behavior of the implanted material. The heightened inflammatory response observed has
accelerated the degradation of the material, which was also accompanied by a more significant
cellular response, leading to faster reabsorption than the F1 formulation.

Figura 9. Muestra F2 a 90 dias de implantacién. A: imagen a 4Xx; técnica HE; IZ: Zona de
implantacién; Ovalo negro: zona de implantacién; M: Musculo; Fc: Céapsula fibrosa, Estrellas
amarillas: Fragmentos del material implantado; Estrellas rojas: infiltrado inflamatorio. B: imagen
a 4x; técnica GT; D: dermis; M: Musculo; Fc: Cépsula fibrosa, Estrellas amarillas: Fragmentos del
material implantado. C: imagen a 4x; técnica MT; D: dermis; M: Musculo; Fc: Cépsula fibrosa,
Flechas moradas: Fibras de Colageno tipo I. Estrellas amarillas: Fragmentos del material
implantado.

Figure 9. F2 specimen at 90 days after implantation. A: 4x image; HE technique; IZ: implantation zone;
black oval: implantation zone; M: muscle; Fc: fibrous capsule, yellow stars: fragments of implanted
material; red stars: inflammatory infiltrate. B: 4x image; GT technique; D: dermis; M: muscle; Fc: fibrous
capsule; Yellow stars: fragments of the implanted material. C: 4% image; MT technique; D: dermis; M:
muscle; Fc: fibrous capsule. Purplearrows: Collagentype I fibers. Yellowstars: Fragments of the implanted
material.

— 1z mm

3.7.3 Biocompatibility of formulation F3 (PVA 70%/CS 29.0%/ZnO-NPs 1.0%)
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The histological image of this formulation shows a more advanced degradation/resorption process
than the other two formulations (see Figure 10A). A fibrous capsule still surrounds the implantation
zone of collagen fibers (see Figure 10B), which appears to be of lesser thickness than the capsules
observed for the implantation of the other two formulations.

Observations have shown that in regions with larger particles, these particles are typically
surrounded by an inflammatory infiltrate that aids in their breakdown and absorption (Figure 10C).
As the larger particles are broken down, smaller particles remain and are eliminated through
phagocytosis by multinucleated cells. Consistent with previous findings, alterations in the
percentages of particles appear to influence the degree of material fragmentation and its subsequent
degradation and reabsorption by inflammatory cells. Notably, the participation of multinucleated
cells in this process is emphasized as they play a crucial role in phagocytosing the final fragments
of the material.

Figura 10. Muestra F3 a 90 dias de implantacion. A:imagen a 4x; técnica HE; D: dermis; 1Z: Zona
de implantacién; Ovalo negro: zona de implantacién; Fc: Céapsula fibrosa, Estrellas amarillas:
Fragmentos del material implantado. B: imagen a 4%; técnica MT; D: Dermis; M: Musculo; Fc:
Capsula fibrosa. C: Imagen a 4x; técnica HE; Estrellas amarillas: Fragmentos del material
implantado. Ovalo blanco zona de reabsorcién de un fragmento de material; Ovalos amarillos:
Zonas de reabsorcion de fragmentos muy pequefios con presencia de células multinucleares.

Figure 10. F3 specimen at 90 days after implantation. A: 4x image; HE technique; D: dermis; IZ:
implantation zone; black oval: implantation zone; Fc: fibrous capsule, yellow stars: fragments of implanted
material. B: 4% image; MT technique; D: Dermis; M: muscle; Fc: fibrous capsule. C: 4% image; HE
technique; Yellow stars: Fragments of the implanted material. White oval: resorption zone of a fragment of
material; Yellow ovals: resorption zones of tiny fragments with multinuclear cells.

3.7.4 Biocompatibility of formulation F4 (PVA 70%/CS 28.0%/ZnO-NPs 2.0%)

The F4 formulation displays notable changes in the behavior of its components. After subdermal
implantation for 90 days, histological images reveal near-complete degradation or resorption of the
material (see Figure 11A). Additionally, there is a marked reduction in capsule thickness, as
depicted in Figure 11B. Masson's trichrome staining was utilized to show remnants of the fibrous
capsule, including some type I collagen fibers. The implantation zone's material space is gradually
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replaced by connective tissue involving type III collagen, as evidenced by Gomori trichrome
staining (Figure 11C). This figure also shows fragments of the F4 film in the middle of a connective
tissue matrix, with no signs of the inflammatory infiltrate observed in the F2 and F3 formulations.

Figura 11. Muestra F4 a 90 dias de implantacion. A: imagen a 4%, técnica HE; D: dermis, 1Z: Zona
de implantacion. Ovalo negro: zona de implantacion. Estrella amarilla: Fragmentos del material
implantado. B: Imagen a 4x, técnica MT. D: Dermis; M: Musculo. Fc: Céapsula fibrosa. IZ: Zona
de implantacion. Estrella amarilla: Fragmento del material implantado. C: Imagen a 40%; técnica
GT. Estrellas amarillas: Fragmentos del material implantado. Estrellas moradas: tejido conectivo
con presencia de colageno tipo III.

Figure 11. F4 specimen 90 days after implantation. A: 4ximage, HE technique. D: dermis. IZ: implantation
zone. Black oval: implantation zone. Yellow star: fragments of implanted material. B: 4x image. MT
technique; D: Dermis; M: muscle; Fc: fibrous cap. 1Z: Implantation zone; Yellow star: Fragment of the
implanted material. C: 40x image, GT technique. Yellow stars: fragments of the implanted material. Purple
stars: connective tissue with the presence of type III collagen.

The composite films made of PVA/CS/ZnO-NPs were implanted subdermally, and the results
indicate that the degradation process occurred through a foreign body reaction. This was visible
through a fibrous capsule surrounding the implantation site and an inflammatory infiltrate with
multinuclear cells and giant cells.

When a foreign object is implanted into the body, the immune system interacts with it, and this
response can vary depending on the nature of the object and its properties. The process involves a
scarring process initiated by the surgical injury caused during the implantation. The exposure of
the biomaterial to body fluids like blood and interstitial fluid triggers the healing process.

After implantation, proteins in bodily fluids adhere to the surface of biomaterials. This protein
adsorption forms a layer that activates immune system cells such as macrophages and neutrophils.
These cells are responsible for defending the body against foreign agents. Upon recognizing the
biomaterial as a potential threat, they release cytokines and other inflammatory mediators, which
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recruit more immune cells to the site. This determines the initial biological response to the
biomaterial [S51].

The success of biomaterial integration into the body depends on its compatibility and interaction
with tissues and immune cells. Biocompatible materials promoting connective tissue formation are
more likely to integrate successfully and form a stable fibrous capsule. However, rejection may
occur if the biomaterial elicits a persistent inflammatory response or triggers a robust immune
reaction [52].

When it comes to degradable or resorbable materials, the initial process is akin to the one outlined
in the preceding paragraph. For certain materials, exposure to bodily fluids abundant in water can
trigger hydrolytic degradation, resulting in the fragmentation of the structure. However, in some
instances, cells play a crucial role in the enzymatic breakdown of implanted structures, leading to
surface erosion and subsequent fragmentation that can be phagocytosed by inflammatory cells. The
latter is the mechanism responsible for the degradation/resorption of this study's PVA/CS/ZnO-
NPs films.

We began with a film made of PVA 70% and CS 30%, where PV A stabilizes the CS. Figure 8
shows that the material remained stable during the 90-day implantation period, but some
fragmentation was observed. Figure 12A (F1) illustrates how inflammatory cells attempted to erode
and fragment the material, with the white arrow showing a region where the inflammatory infiltrate
penetrated the implantation zone and surrounded fragments of the material. The white oval
highlights the accumulation of inflammatory cells. Figure 12B shows the same region at a
magnification of40x, where the accumulation of inflammatory cells can be seen, likely recognizing
the material within the foreign body reaction process. Finally, Figure 12C shows formulation F2,
where inflammatory cells erode some material particles, leading to further fragmentation.

Figura 12. Fragmentacion de peliculas por actividad celular a 90 dias de implantacion. A: imagen
a 4%, técnica HE. B: Imagen a 40x, técnica HE. C: Imagen a 4x, técnica HE. M: Musculo. II:
Infiltrado inflamatorio. Flechas rojas: Células inflamatorias. Estrellas amarillas: Fragmentos del
material implantado. Circulo blanco: Acumulo de células inflamatorias. Ovalo blanco: Acumulo
celular a una magnificacion de 40x. Flechas blancas: indican la zona correspondiente al infiltrado
inflamatorio

Figure 12. Fragmentation of films by cellular activity 90 days after implantation. A:image at 4x;
HE technique. B: 40x image, HE technique. C: 4% image, HE technique. M: muscle. II:
inflammatory infiltrate. Red arrows: inflammatory cells. Yellow stars: fragments of implanted
material. White circle: accumulation of inflammatory cells. White oval: Cellular accumulation at
40x magnification. White arrows indicate the area corresponding to the inflammatory infiltrate.
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Regenerative therapy necessitates the use of biocompatible, non-cytotoxic, and biodegradable
systems with similarities to the target tissue. While the combination of polymers is commonly
employed for tissue regeneration, there are inherent disadvantages associated with polymers. This
often requires the addition of other components to enhance their physicochemical and mechanical
properties. Incorporating nanoparticles can improve these properties by providing a greater loading
capacity, which is beneficial for cell proliferation, cell adhesion, and wound healing. Future
research should focus on developing Zinc nanoparticles (Zn-NPs) using the drop-casting
methodology, as well as exploring the application of these systems in clinical studies for wound
treatment.

4. CONCLUSIONS

The FTIR analysis showed the characteristic groups of the PVA/CS mixture, and the addition of
the NPs-ZnO did not generate alteration in the spectrum, confirming the homogeneity with the
polymer matrix, as shown in F2, F3, and F4. X-ray diffraction analysis confirmed the
semicrystalline nature of PVA/CS due to the interactions present between the PVA/CS mixture.
The increase in NPs-ZnO content conferred an increase in crystallinity to the polymer matrix, as
evidenced in F4. Thermogravimetry analysis demonstrated the thermal stability of the
PVA/CS/ZnO composite by increasing the amount of NPs-ZnO and how these play an important
role in the stability of the PVA/CS polymer matrix. The study by DSC showed the changes in the
maximum temperature values in the endothermic melting peaks and maximum degradation in each
of the formulations. SEM morphological analysis showed how the addition of NPs-ZnO produced
smooth surfaces in F3 and F4 compared to the porous morphology of PVA/CS, revealing the
uniform distribution in the polymer matrix.

The histological studies revealed that all four formulations facilitated continuous tissue healing, as
demonstrated by skin and hair recovery. However, during the healing process, a foreign body
reaction occurred. F1 was the most stable material among the four formulations, with minimal
resorption after 90 days. However, superficial erosion, fragmentation, and partial resorption were
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observed. F2 and F3 exhibited an accelerated degradation and reabsorption process due to the
inclusion of ZnO-NPs and reduced chitosan, which led to an inflammatory infiltrate responsible
for the material degradation process. On the other hand, F4 was almost completely reabsorbed, and
connective tissue replacement was observed. The foreign body reaction mechanism mediated by
cells facilitated the degradation and resorption process of the PVA/CS/ZnO-NPs films. These
findings suggest that ZnO-NP-based scaffolds have significant potential in soft tissue regeneration.
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