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1.  Introduction

The search for the development of alternative materials with less impact on the
environment is urgent. For this, biodegradable materials have been widely studied, since they
can be decomposed in nature in a shorter period of time when compared to traditionally applied
materials [1]. In this context, one of the polymers with great potential in the development of
these products is starch. However, materials produced from native starch have characteristics
that hinder their application in various segments of the industry, such as low thermal stability,
inferior mechanical properties and low tolerance to moisture and aging [2]. Therefore,
modifications in native starch are desirable, not only to solve these deficiencies, but also to
develop other properties of interest.

Among the possible modifications are the addition of plasticizers [3], mixing with other
biopolymers, [4] and/or nano reinforcements, [5] that result in the formation of thermoplastic
starch, blends and polymeric nanocomposites, respectively. Usually two plasticizers are
combined and used with the native starch to promote the plastification of starch and produce
TPS. A volatile plasticizer (water) and a non-volatile plasticizer (such as: glycerol, sorbitol,
urea, citric acid, among others), generating a material with better processability [6,7].

The polyvinyl alcohol (PVA) is widely used polymer for the production of TPS blends
because it is a water-soluble polymer, excellent film former, viscosity modifier and adhesive
[8]. In addition, PVA is a non-toxic, non-carcinogenic, and biocompatible material,
characteristics that favor the controlled release of drugs [9]. It is transparent, biodegradable,
and offers protection against ultraviolet rays, [10] being chemically and thermally stable [11].
PVA contributes positively to properties related to water interactions, such as solubility and
materials. Several studies are reported in the literature describing the development of blends
and composites of starch and PVA, for various applications, including the form of foams, [10]
smart films, [8] nanofibers [11] and even as surface modifiers [12].

The incorporation of nanofillers to this TPS/PVA blend is a strategy, highlighting the
use of CNC. Reinforcing TPS/PVA films with cellulose nanocrystals (CNC) is a promising
strategy to enhance their physicochemical properties for biomedical applications. The
incorporation of CNC increases the rigidity and mechanical strength of the material, resulting
in more durable films that are ideal for transdermal dressings and controlled drug delivery
systems. Additionally, the CNC improve thermal stability and moisture barrier properties,
contributing to the integrity and functionality of the films in humid environments, such as
wounds [13]. The formation of this nanocomposite becomes attractive to the biomedical
industry due to the biocompatibility and biodegradability of the materials obtained and the
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versatility of presentation in the form of hydrogels, [14] films [15] and scaffolds [16]. Cellulose
nanocrystals are highly crystalline particles, with a diameter of 5 to 30 nm and the appearance
of needles, but their characteristics may vary according to the type of vegetable and the
extraction method [15,17,18]. These nanofillers have low density, high rigidity and mechanical
strength when compared to other fillers commonly used in polymeric matrices such as glass
fibers, for example [19,20]. Thus, the CNC are able to improve the properties of the material
or even confer new properties, acting as a structural mechanical reinforcement, in the capacity
and cell proliferation, [13] and in the biodegradability, [21] of starch-based materials.

The formed nanocomposites blend can be an alternative to the use of synthetic polymers
for biomedical applications, more specifically in the field of dressings, with the advantage of
being biocompatible and biodegradable, since the dressing material is used for a relatively short
period and then has to be discarded [22]. The treatment of wounds with a dressing consists of
using this physical resource or chemical-drugs as a transdermal possibility for accelerating
healing, encouraging the production of fibroblasts, promoting a proteolytic remodeling of the
extracellular matrix [9]. It is also important that the dressings are easy to remove so that they
do not generate secondary injuries or pain in the removal process.

The healing material can be also improved through the insertion of metallic
nanoparticles, conferring bactericidal, antimicrobial and antioxidant properties [14]. Among
the main nanoparticles used are those of metallic iron oxides, [23] copper, [24,25] titanium,
[26] zirconium, and silver [27-29]. Copper oxide nanoparticles were chosen in this study due
to their antimicrobial and antioxidant properties, which are highly interesting as a tool to be
explored against the antibiotic resistance crisis, attributed to the excessive and improper use of
these drugs [24]. In addition, another advantage is its non-toxicity, low cost and longer delivery
time [23].

Thus, the plastification of starch with glycerol and water allowed obtaining TPS which,
together with PVA and CNC, were used for the development of the nanocomposite. To the
optimized product, with better performance properties, NPCuO were added. Therefore, it was
important to establish adequate conditions to produce the nanocomposite, seeking the
optimization and standardization of the methodology to obtain reproducible results that allowed
the development of the curative material.

This study differs from others reported in the literature because it is focused on the
development of a transdermal dressing from the conception of the idea. Therefore, all the
analyses carried out were extremely focused on the application. Even so, there was a concern

with the choice of biopolymers, the optimization of the proportions used. In addition to the

3



O©CO~NOOOA~AWNPE

study of the ideal amount of nanofillers used and the incorporation of copper oxide
nanoparticles. The work sought to cover the physical-chemical characterization of the
developed material, as well as to carry out specific tests for the application. Being the focus of
the research is the development of the transdermal bandage with desirable properties for the

application, low cost, biocompatible and biodegradable.
2. Experimental
2.1 Materials

Soluble potato starch and glycerin (glycerol) by Dinamica. Polyvinyl alcohol and
copper sulfate pentahydrate, by NEON. Nanocrystalline vegetable cellulose (Sodium sulfate
cellulose (salt), CAS number: 9005-22-5) by CelluForce. Phosphoric acid, by Synth. Ascorbic
acid by Glasslab. Sodium hydroxide in lentils by Merck and ultrapure water (Sartorius
Weighing Technology, Germany).

2.2 Methods

2.2.1 Films preparation

Film-forming solutions of 3% m/V potato starch were prepared in water, with a
starch:glycerol ratio of 3:1 m/m. It is prepared by constant stirring and heating up to
approximately 80°C, to obtain the gelatinization of the material. PVA solubilization solution
(concentration of 3% m/m) was carried out under constant stirring and heating at approximately

80°C, until it was completely solubilized.

2.2.2 Films formulations optimization
After preparing the solutions, the TPS and PVA were mixed under stirring for 5 min in

the proportions of 60:40, 70:30, 80:20 and 90:10% (m/m), at 80°C. And then, transferred to
Petri dishes and taken to the oven for 24 h at 35°C to drying of the films. Based on the
methodology used for the preparation of T/P blends (2.2.1), the same procedure was used to
produce T/P/CNC films with 2.5; 5.0 and 10.0% (m/m) of CNC by starch mass. In this case,
the CNC were previously dispersed in water under sonication for 10 min and then the other

components were added during the preparation of the film-forming starch solution.

2.2.3 Preparation of films additive with NPCuO
The same methodology for preparing the T/P/CNC films was used in the production of
the films with 0.5% NPCuO (m/m of starch). The choice of a concentration of 0.5% w/w of
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NPCuO in the films is based on evidence from the literature demonstrating the effectiveness of
different concentrations nanoparticles in similar applications. Manyasree et al. (2017) analyzed
concentrations ranging from 0.2% to 0.8%, finding the best results at a concentration of 0.4%
[24]. Similarly, Ahmed et al. (2021) identified that the concentration of 0.5% provided the best
characteristics in their investigations compared to the use of 0.1% NPCuO [30]. These findings
suggest that concentrations between 0.4% and 0.5% of copper oxide nanoparticles are effective
in enhancing the desired properties of T/P/CNC films, allowing for the optimization of
functional characteristics and potential biomedical applications. Thus, the choice of 0.5%
aligns with existing data and can be considered a promising approach to ensure the
effectiveness of the films. In this case, the NPCuO were previously dispersed in water under
sonication until the solution acquired a greenish and transparent appearance, then the other
components were added to prepare the filmogenic solution.

2.2.4 Synthesis and characterization of copper oxide nanoparticles (NPCuO)
2.2.4.1 Synthesis of NPCuO

The synthesis of NPCuO was doing according to the method adapted from Falconi et.al,
[31], where 20 mL of copper sulfate pentahydrate (7.86 g L™) were used as metallic precursor.
To this solution, 20 mL of ascorbic acid solution (88.1 g L) were added dropwise under
stirring at 150 rpm, used as stabilizing agent for oxidation and agglomeration, and as reducing
agent to the precursor solution, Fig.1.

Then the pH was adjusted to 11 using a sodium hydroxide solution (10.0 g mL™),
dropwise under stirring. After reaching the desired pH, the mixture was heated to 80 + 1°C,

stirring at 150 rpm, for 1 h.

20 mL CuS0, 5H,0 20 mL C¢H30 64 mL NaOH NPCuD
7.86g/L 8s.1g/L 10.0 g/L

Fig. 1. Representative scheme of the synthesis process of copper oxide nanoparticles (NPCuO).
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As an indication of NPCuO formation, it was observed the change in color of the
solution to a dark brown color. After reaching room temperature, the solution was centrifuged
at 4000 rpm min’t for 15 min. The precipitate formed with NPCuO was collected. For some
characterizations, the precipitate was dried for 24 h in an oven at 60°C, to obtain a greenish-

black powdery solid.

2.2.4.2 NPCuO characterization

The produced nanoparticles were characterized by UV-Vis, using a Thermo Scientific
spectrophotometer, Genesys brand, in aliquots of the final solution containing NPCuO. For
measurements, a wavelength range between 500 and 700 nm was used. X-ray diffraction
analyzes (XRD) were performed using an Ultima IV - Rigaku model diffractometer, with CuKa
radiation (A=1.54056 A), Ni filter, 40 kV and 30 mA. X-ray diffractogram was obtained by
drying the suspension containing the nanoparticles at 60°C for 24 h until a powder was obtained
and analyzed with a 20 scan from 20 to 80°, with variation of 0.02° and speed of 2° min™t. FTIR
measurements were performed using Nicolet Summit equipment, model IR 200, in
transmittance mode, using 126.0 scans, nominal resolution of 4.0 cm™, in the range of 4000 to
400 cm™. The morphological characterization by scanning electron microscopy (SEM) was
carried out in a microscope model TM3000, with an applied acceleration voltage of 20 kV.
Peaks > 0.4 cps/eV were considered across the spectrum from 0 to 10 keV. The DLS technique
was used to measure the particle size distribution, polydispersity index (PDI) and zeta potential
of the particles in suspension. The measurements were carried out on the Zen 1600 Malvern
Instruments equipment, with water as the dispersant (Rl = 1.330), a viscosity of 0.88 cP, a
dielectric constant of 78.5 and a temperature of 25 °C. The analyses were carried out in
triplicate. Approximately 10 - 15 measurement cycles of 10 s each were taken and the data
obtained was averaged from the respective instrument's pre-loaded software (DTS, version 5.00

from Malvern). The NPCuO were suspended in water at a concentration of 0.01% m/v.

2.3 Films Characterizations

The thickness of the films obtained was determined by using a Mitutoyo digital
micrometer (£ 0.001 mm) at 10 different points, with the appropriate standard deviation, among
all readings. The swelling capacity of the films in the buffer was verified according to the
method adapted from Pal & Pal [32]. The films were cut into squares (2.0 cm), dried for 2
hours at 70°C and previously weighed, then immersed in 20 mL of phosphate buffer solution
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(PBS) at pH 7.0. After each interval (20, 40, 60, 80, 100, 160, 220, 280 e 340 min), the films
were dried with absorbent paper and weighed, obtaining wet weight, at 36°C. The procedure
and swelling calculation were performed using data in triplicate, through Eq. 1, where: S =
Swelling (%), Ww = Wet weight (g), and Dw = Dry weight (g).

Ww-Dw

S(%) = Dw

x100% (Eq.1)

The tensile tests were performed in an INSTRON mechanical testing machine, model
4443. The films were cut into strips 15 mm wide and 100 mm long and submitted to a tensile
and deformation test at a tensile speed of 10 mm min™, 250 N load, based on the standard
method adapted from ASTM D 882-97 [33]. The results of elongation at break (%) and stress
at break (MPa) were obtained. Samples thermal characterization by TGA were carried out in
a Perkin Elmer equipment, model Pyrisl1 TGA. Measurements were performed at a constant
heating rate of 10 °C min~! to 700°C, in an inert atmosphere with a flow of 20 mL min™! of
nitrogen. The FTIR analysis was performed to verify the composition of the films, in
absorbance mode, using 126.0 scans, nominal resolution of 4.0 cm™, in the range of 4000 to
400 cm™®. The wettability of the films was measured by the sessile drop technique in a Ramé
Hart goniometer, model 100-00, with deionized water. For each sample, three drops of water
were deposited at different points on the surface, each with 10 contact angle measurements.
The results corresponded to the average of the 30 measurements with the standard deviation.

2.4 Qualitative assessment of the optimized films

The films solubility in PBS (pH 7.0) was determined according to the method described
by Gontard et al.[34], with some modifications. Initially, the films were cut into squares (2.0
cm), the dry matter percentage of the films was determined by weighing, after being kept in an
oven at 70°C for 2 h. The films were weighed and immersed in 50 mL of PBS solution and
kept under slow stirring at 38°C for 24 h. After this period, each solution was filtered and the
retained material was dried in oven at 70°C for 2 h and weighed until constant mass was
obtained, thus determining the amount of non-solubilized dry material (Eqg. 2). Where: S =
Solubility (%), M = Initial mass of dry material (g) and Mt = Final mass of non-solubilized dry
material (g).

Mi-Mf

S(%) ==

x100% (Eq. 2)
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The permeability was determined gravimetrically according to method E96/E96M-05
[35]. The films were applied in permeation cells (4.5 cm in diameter and 9.0 cm in height)
using a silicone ring for fixation. The inside of the cell was partially filled with silica gel
(approximately 4 cm high) previously activated in an oven at 200°C. The cells were placed in
a desiccator at 25°C and relative humidity of 75% containing distilled water, in which the water
vapor permeated through the film was absorbed by the silica. The cell mass was determined
daily on analytical balance, making a total of 7 weigh-ins. WVP was calculated according to
Eq. 3. Where: WVP = Water Vapor Permeability (g.mm.m2kPa™.dia?l), Ma = Mass of
absorbed moisture (g), t = Total test time (day), L = Film thickness (mm), A = Film permeation

area (m?).

Mab L

2.4.1 Release study of copper oxide nanoparticles

Briefly, the dressings were cut into 2 cm squares with similar masses and placed in PBS
buffer solution at 38°C at different time intervals (1-8 h). Then, 3 mL of the solution were
removed and placed in a cuvette for measurements at the wavelength of 500 to 750 nm. To
quantify the concentration of released nanoparticles, a calibration curve had to be drawn with
concentrations of copper nanoparticles from 0.001 to 0.003 g/g of water. The release was

evaluated at intervals of 1 h with a maximum duration of 8 h.
2.4.2 Cytotoxicity evaluation

The cytotoxicity of nanocomposites blend (T/P, T/P/10CNC e T/P/10CNC/0,5NPCuO)
was studied using 3T3 fibroblast cells. Briefly, cells were grown in adherent culture flasks with
Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 0.25 pg ml™
fungizone and 1% penicillin-streptomycin and maintained at 37°C in a humidified chamber
(95% air; 5% CO3) until reaching confluence. To perform the experiments, cells were detached
using a trypsin-EDTA solution, stained with trypan blue and counted by a Neubauer camera.
To assess cell viability, 2x10* cells were added on top of each sample with 0.5 mL of cell
culture medium and maintained at 37°C in a humidified chamber (95% air; 5% CO3). Cell
viability was studied after 24, 48 and 72 hours using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) colorimetric assay. The medium was removed and a 5
mg ml* MTT solution was added. After incubation for 3 h at 37°C, the MTT solution was
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removed, the samples were washed three times with PBS and absolute ethanol was added.

Absorbance values were measured at 570 nm and results are expressed as mean = SD.
2.4.3 Antioxidant Capacity

The DPPH colorimetric assay was conducted to assess the antioxidant capacity of the
films. This method relies on measuring the scavenging activity of the 2,2-diphenyl-1-
picrylhydrazyl free radical (DPPHe) [36]. In summary, 0.15 g of T/P/I0CNC and
T/P/10CNC/0.5NPCuO samples were incubated in 3 mL of a methanolic DPPHe solution (25
mg/L) at room temperature. The antioxidant activity was evaluated at 2 hours. Subsequently,
the same T/P/L0CNC and T/P/10CNC/0.5NPCuO samples were incubated again with a fresh
methanolic DPPHe solution, and antioxidant activity was measured at additional intervals of
24, 48, 72, and 96 h, refreshing the DPPHe solution every 24 h. The antioxidant capacity was
calculated as a percentage of inhibition using the following equation:

% inhibition = [1 — (Abs sample/Abs DPPH solution)] x 100 (Eq. 4)
2.5 Statistical Analyses

Based on the data obtained from some analyses, statistical analysis of the numerical
results was performed to compare sets of results and verify statistical differences between the
studied populations. A one-way ANOVA test, a technique based on variance analysis used to
compare the means of several independent populations, was applied. Among the results
obtained from the test, the p-value was the parameter used to check for statistically significant
differences between the sample sets, with significance established at 5% (p<0.05). When values
lower than 0.05 were observed for this parameter, a t-test was subsequently performed to verify

significant differences between the values for pairs of sample sets.
3. Results and discussions

3.1 Optimization of films formulations

Aiming to improve the properties related to TPS, such as solubility and swelling, PVA
was the polymer chosen, based on a review of works in the literature that showed a good
synergy between the components [8,10-12,37,38]. Thus, a study of mechanical properties,
swelling and thickness was carried out to define the best TPS/PVA ratio. Table 1 shows the
results of the study for the different proportions of TPS/PVA.
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Table 1. Results of mechanical behavior, in terms of stress and elongation at break, thickness
evaluation and swelling in PBS (pH 7.0) for the different TPS/PVA ratios (w/w).

Compositions Stress at Elongation at Thickness Swelling in
(TPS/PVA) break (MPa) break (%0) (mm) PBS (%)
0/100 134+1.2 212+ 25 0.061 + 0.011 #
60/40 4+12 32+ 14* 0.087 £ 0.001 #
70/30 25+0.2* 23 £ 9* 0.075 £ 0.005 239+3
80/20 2.1£05* 13.11+0.02  0.089 £ 0.004 230+ 2
90/10 1.5+0.9 75+22 0.070 £ 0.017 361+4
100/0 0.8+£0.1 21.9+2.8 0.078 £ 0.011 39+3

*Samples statistically similar. # Unable to measure (total solubilization). Swelling test conditions: ambient
temperature 24.7°C; relative air humidity 46%; samples size 2x2cm; buffer temperature during assay 37.0°C +
1.0°C.

The results showed significant difference in the values of stress (0.8 MPa) and
elongation at break (22%), for the film composed of 100% TPS compared to the other films
content TPS, being 13.4 MPa and 212% respectively, close to those found in the literature of
13.5 MPa and 216% for similar films composed exclusively of PVA [39]. For intermediate
compositions, the greater the amount of PVA added to the TPS, the greater the toughness of
the blends [40]. A material for application as a transdermal dressing needs to be able to adjust
to the movements of the region where it will be applied, allowing movement with enough
flexibility to not break easily [38].Previous work studying films with potential application in
dressings has reported average stress values of 1.71 MPa and average deformation of 27.56%
[41] and 1.81 MPa average stress with an average deformation of 26.46% [42], so we can
consider the films produced to be within the range observed in the literature for the proposed
application. Thickness values were very close to each other, for all films with thicknesses
ranging between 0.061 and 0.089 mm. When evaluating the thickness of the films for the
intended application, all values obtained were within the range for application as a dressing,

which ranges from 0.05 to 0.1 mm [38].

When evaluating the swelling capacity, it was possible to observe that the addition of
PVA to TPS improves the swelling capacity of the material. PVA can form hydrogen bonds
with the TPS chains, due to the presence of hydroxyl groups in both polymers. These
interactions increase the flexibility of the starch matrix by disrupting the strong interactions
between the starch chains themselves, making the structure more malleable. In addition, PVA's
ability to form hydrogen bonds also facilitates the penetration of water into the matrix, even in
small amounts, due to the hydrophilic nature of PVA. For films with higher percentages of
PVA in its composition (0/100 and 60/40), it was not possible to calculate a swelling value.

10
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The film composed exclusively of PVA dissolved completely before the first weighing, which
was carried out 20 minutes into the test. The 60/40 sample, on the other hand, although not
completely solubilized, broke up into small fragments, making the first weighing impossible.
Samples 70/30 and 80/20 showed swelling values close to 239 and 230%, respectively, with
capacity to absorb more than twice its mass. The best result was obtained with the addition of
only 10% PVA, which led to a swelling percentage of 361%, which is a positive result for use

in dressings, since it indicates a greater possibility of absorbing the exuded liquid by injuries.

With the addition of small amounts of PVA (10%), hydrogen bonding interactions
between the TPS and PVA chains increase the flexibility of the starch matrix, creating
sufficient spaces for water penetration. This occurs because PVA helps to disrupt the strong
interactions between starch chains, making the structure more malleable and favoring water
absorption [43]. As the amount of PVA increases (20% and 30%), interactions between PVA
molecules become predominant, resulting in a more compact structure. This compaction
reduces the space available for water entry, which in turn decreases the swelling capacity.
Furthermore, the high concentration of PVA can lead to a more hydrophilic and unstable
matrix, as observed in films with 40% or more PVA, which fragmented or dissolved during the
test. Therefore, the 10% PV A proportion represents an ideal balance between matrix flexibility
and structural stability, allowing maximum water absorption without compromising the
integrity of the film. In the literature, swelling degrees of 100 to 900% have been reported,
depending on the material studied [42,44,45], so the value obtained from 361% for the 90/10

sample proved to be suitable for the application.

Thus, the 90/10 (TPS/PVA) composition was chosen to be reinforced with CNC in the
subsequent stages, as the optimal ratio for the films due to its high swelling capacity compared
to the other compositions analyzed. This behavior is attributed to the higher starch
concentration, which is the primary material of interest in this study, given its promising
properties such as biocompatibility and biodegradability, as well as its low cost. The elevated
swelling capacity makes this formulation particularly attractive for use in transdermal wound
dressings, especially for treating wounds that release large amounts of exudate, such as venous
ulcers, surgical wounds, and burns [46]. This characteristic allows for greater fluid absorption,
maintaining a moist wound environment and promoting the healing process. Furthermore, the
predominant use of starch enhances the material's sustainability, aligning with low

environmental impact proposals [47]. The results demonstrated the great influence of PVA,
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since in addition to its affinity for water, PVA forms hydrogen bonds with the TPS chains,
increasing flexibility and facilitating the penetration of water even when added in small

amounts [38].

3.1.1 Study of cellulose nanocrystals percentages

Based on the review of literature papers on starch nanocomposites reinforced with
cellulose nanocrystals, compositions ranging from 0.25 to 15% of incorporated nanocrystals
were reported [48-54]. Thus, the proportions of 2.5, 5.0 and 10.0% of -CNC to be added to
90/10 (TPS/PVA), resulting in nanocomposite blend films. As in the previous stages, studies
were carried out regarding mechanical properties, swelling in PBS and thickness, seeking to

define which would be the best proportion of CNC to be incorporated, Table 2.

Table 2. Results of the mechanical behavior, in terms of stress and elongation at break,
thickness evaluation and swelling in PBS buffer solution (pH 7.0) for the different proportions
of CNC (0.0; 2.5; 5.0, 10.0% wi/w) incorporated in the 90/10 (T/P) blends.

Compositions Stress at Elongation at Thickness (mm) Swelling in
(TPS/PVA)  break (MPa) break (%) PBS (%)
T/P 1.5+£0.9 75122 0.070 £ 0.017 361+5
T/P/2,5CNC 59+15 39+16* 0.093 £ 0.017 295+ 3.4
T/P/SCNC 8.9+ 1.4* 3.7£0.7* 0.096 + 0.006* 265+5
T/P/10CNC 9.1+24* 16.5+5.3 0.097 + 0.016* 249+ 5

*Samples statistically similar. Swelling test conditions: Ambient temperature 24.7°C. Relative air humidity 46%.
Samples size 2x2cm. Buffer temperature during assay 37.0°C + 1.0°C.

As for the mechanical properties, the results obtained for the stress at break showed that
the greater the percentage of reinforcements added, the greater the stress required for film
rupture. With the addition of 2.5% CNC (T/P/2.5CNC), the stress at break was approximately
5 times higher compared to the film without reinforcement (T/P), and approximately 10 times
higher for the films with 5 and 10% CNC. Statistical analysis showed that there is no
statistically significant difference between the T/P/SNCC and T/P/IONCC samples sets in
terms of stress measurements at break, indicating that the concentration may be close to the
threshold content for this property. The samples with 2.5 and 5.0% (w/w) of CNC, presented a
lower percentage of elongation in relation to the 90/10 (T/P) without CNC, and showed no
statistically significant difference between them. However the elongation at break doubled for
T/P/I0CNC, which showed higher elongation values than the other samples with the
additivated CNC (16.5 £ 5.3%).

Coelho and his colleagues evaluated the addition of 1, 2, 5, 10 and 15% NCC to TPS

matrices in terms of the same mechanical properties investigated in this study. They observed
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that the addition of 1 and 2% NCC to the matrix was able to decrease the elongation value in
relation to the control starch film, attributing this to the fact that the incorporation of NCC
restricts the movement of the starch matrix due to the similarities in chemical structure between
the polymeric chains of cellulose and starch which promote strong interactions between their
chain segments. However, for the films with the highest incorporation of CNC (5, 10 and 15%),
there was a significant increase in tensile strength, because as the amount of NCC increases
(5%, 10%, 15%), the material benefits from the reinforcing properties of the cellulose
nanocrystals, resulting in a considerable improvement in tensile strength, while the stiffness of

the matrix also increases. [52].

The addition of CNC led to an increase in thickness, relative to T/P, which was expected
since the nano reinforcements were added at mass percentages of 2.5 to 10% and this greater
thickness is due to greater number of solids present in the nanocomposites. The same thickness

range was reported in the literature for films with similar compositions [38,52,55].

The addition of 2.5; 5.0 and 10.0% CNC decreased the swelling capacity of the films
to 295, 265 and 249%, respectively, The reduction observed in the swelling capacity of all
films in relation to the control (T/P — 361%) was attributed to the fact that the introduction of
well-dispersed nanocrystals in the hydrophilic T/P matrix induces the formation of
intermolecular hydrogen bonds between the components, resulting in the reduced water
absorption capacity of the nanocomposite. Similar results have been reported in the literature.
Nessi and his collaborators studied TPS/CNC nanocomposites with 1.5, 2.5, 5.0 and 10.0 %
nano reinforcements. The swelling capacity for the samples with 1.5 and 2.5% NCC was
approximately 130% of the initial mass, while the control sample swelled 150% in relation to
the initial mass (NESSI et al., 2019), which supports this hypothesis. However, this effect was
lost at a higher NCC content [56,57].

Thus, among the NCC-reinforced samples, the T/P/I0CNC composition was chosen to
be added to the NPCuO in the next stage of the project. The stress at break increased sixfold
with the addition of 10% CNC compared to the unreinforced film. When evaluating the
thickness, there was an increase in thickness for this composition compared to the T/P sample,
which had the highest value, although this was within the desired range (0.05 to 0.1 mm) for
application as a dressing. In addition, all the samples showed the ability of the films to swell,
within the desired range for the intended application.

3.2 Synthesis and characterization of copper oxide nanoparticles (NPCuO)
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To prove the formation of NPCuO, UV-Vis measurements were performed (Fig.2A),
since at the surface of nanometric metallic particles absorbing visible electromagnetic waves,
a phenomenon explained through the collective electrons oscillations [58]. UV-Vis spectra
revealed absorption at the wavelength of 590 nm for the suspension of nanoparticles, indicating
the formation of NPCuO [59].
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Fig. 2. Analysis of the obtained copper oxide nanoparticles: (A) UV-Vis spectrum; (B) FTIR
spectrum; (C) Diffractogram obtained by XRD and (D) Micrograph showing the dispersion of

nanoparticles at 2000x magnification.

The FTIR spectrum (Fig.2B) of the dry powder containing NPCuO showed vibrational
modes with more expressive signals, characteristic of this type of nanoparticle, as previously
reported in the literature. The band centered at 542 cm™ was assigned to the Cu-O stretching
vibration [23,24]. Residues of the precursor solution were observed as sulfate ion impurities at
1078 cm™* indicative of the triple degenerative mode, v3, of the SO42 ion [24]. At 1439 cm'?
the band observed was attributed to a covalent bond between O-H on the surface of CuO [23].
The 2884 cm™ region is characteristic of C-H stretching [60] and the 3395 cm™ is attributed
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to the stretching vibration of the water molecule [24], a residue from the drying of the
suspension obtained in the synthesis. X-Rays diffractogram (Fig.2C) showed the crystalline
nature of the nanoparticles, with the existence of 5 reflection peaks, at 20 values of 36, 43, 50,
61 and 74°. The characteristic peaks of copper in the metallic form were observed at values of
43°, 50° and 74° and represent, respectively, the Bragg reflections (111), (200) and (220) of
the cubic structure of copper [23]. Some of it is copper that has not been oxidized and may be
stuck to the particles due to drying. The presented peaks added to 36° and 61°, which represent
the reflections (110) and (113), respectively, were similar to those reported in the literature for
copper composed nanoparticles and indicate that the crystallites have a face-centered cubic
structure [23,24,61].

Micrograph (Fig.2D) obtained from the suspension resulting from the synthesis applied
to a silicon wafer by drop-casting, shows a good dispersion of the agglomerates, with
heterogeneous distribution, and of different sizes [62]. The average size distribution, PDI and
Zeta potential of the NPCuO in suspension were analyzed by DLS. The average size
distribution measured for the nanoparticles was 122 + 3 nm and the value found for the PDI
was 0.5 £ 0.2. The average particle size and PDI revealed a high variation in hydrodynamic
diameter between the NPCuO in solution. The value found for the average nanoparticle size
(122 nm) was slightly smaller than that reported in literature studies, while the PDI of 0.5 was
higher than that observed in other studies. The studies reported in the literature resulted in an
average size for NPCuO of 148.3 nm with a PDI value of 0.2 [61], 2020), and in another work
the average size of NPCuO was 167.1 nm and a polydispersity index of 0.3 [63]. The zeta
potential () of the nanoparticles in suspension was evaluated in triplicate, the result for the
NPCuO suspension was -32.8 + 3.6 mV. The studies also carried out this measurement and
found values of -35.3 and -21.00 mV, respectively [61,63]. The data obtained on the surface
charges acquired by NPCuO can be used to obtain more information on stability. If all the
suspended particles have a positive or negative zeta potential, then they will tend to repel each
other, i.e. they will have little tendency to stick together. Particles with zeta potential values
more positive than +30 mV or more negative than -30 mV are considered stable [64]. It is
important to note that materials with negative surface charges have a longer half-life under
biological conditions [65]. Thus, the zeta potential value presented by the NPCuO produced in
this work is adequate because it is negative and above the minimum value that guarantees its

stability in solution.
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3.2.1 Characterizations of NPCuO-additivated films

Based on the review of literature papers, which studied metallic nanoparticles, it was
possible to define the concentration of 0.5% [25,29,66—68], in mass of dry NPCuO in relation
to the mass of starch used, to be incorporated into the T/P/IOCNC composition. Additivated
films (T/P/I0CNC/0.5NPCuO) were also analyzed regarding the main characteristics for

applications. The results obtained in these analyzes were summarized in Table 3.

Table 3. Results of mechanical behavior, in terms of stress and elongation at break, thickness
evaluation and swelling in PBS (pH 7.0) for the nanocomposites blend
(T/P/2I0CNC/0.5NPCuO).

Evaluated parameters T/P/1I0CNC T/P/LI0CNC/0.5NPCuO
Thickness (mm) 0.09+0.01 0.09+0.01
Swelling in PBS (%0) 249 5 241 +3
Elongation at break (%0) 165 14+7

Stress at break (MPa) 9+2 9+3

Swelling test conditions: Ambient temperature 24.7°C. Relative air humidity 46%. Samples size 2x2cm. Buffer
temperature during assay 37.0°C + 1.0°C.

The nanocomposite blend showed thickness, swelling capacity in PBS, elongation, and
stress at break, as films without addition of nanoparticles (T/P/LI0CNC). This result was already
expected since the added mass was small in relation to the mass of the other components
[29,67]. It is worth noting that, regarding swelling, the sample with NPCuO showed a slight
reduction in its swelling capacity compared to the non-additivated sample. This can be
explained by the fact that the presence of these particles, even in small quantities, reduces the
size of the voids between the chains, directly affecting the swelling mechanism of the materials
[69].

3.3 Chemical, thermal, and wettability characterization of films

The FTIR spectra obtained for the TPS, PVA, T/P, CNC, T/P/10CNC and
T/P/10CNC/0.5NPCuO films are shown in Fig.3A. The 3600 — 3000 cm region is typically
assigned to hydroxyl bonds, characteristic of hydrogen bonds in the starch D-glucose molecule
[70]. With a band centered at 3254 cm™, characteristic of OH axial deformation, the presence
of this band is common to all samples, indicating the contribution of OH stretching, , at 3300
cm, which generates changes in the intensity of intermolecular hydrogen bonds in the

starch/glycerol system [71].
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The band centered at 2925 cm™ can be attributed to axial deformation of C-H [72].
There were no significant changes in the region of 2750 - 1750 cm™. The band centered at 1645
cm is characteristic of angular deformation of OH in water and appears only in samples with
TPS. The spectrum shows a band at 1540 cm?, referring to the COO- groups, and another at
1477 cm?, referring to the COH groups. The band at 1150 cm™ present in TPS spectra is
characteristic of the CO group, as well as the one present at 1100 cm™ [73]. At the wavelengths
between 1080 and 960 cm™, characteristic bands of C-O deformation were presented, a region
with increased intensity was observed in the TPS spectrum due to the interactions of the
plasticizer glycerol and starch. The OH band at 930 cm™ was also be observed, this region is
associated with bending or twisting vibrations of the O-H bonds, generally related to more
specific interactions between the hydroxyls and other parts of the polymer structure [74]. For
PVA, it was possible to observe the band at 1250 cm™ normally associated with CO stretching,
and the band near 1750 cm™ may indicate the presence of remaining acetate groups (C=0)

[75]. These two bands stand out because the others are very similar to TPS, and are therefore
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the most important for identifying PVA in this case. The spectra of the T/P and T/P/1I0CNC
films show no new bands, only overlaps of the characteristic bands of the isolated components.
For films with addition of NPCuO, bands were also observed that signal incorporation, one at
2851 and 1589 cm, which are characteristic of copper oxide nanoparticles due to a covalent
bond between O-H on the surface of CuO [61].

The main films produced were also analyzed for wettability, Fig. 3B. For the TPS film,
the contact angle value found was 31.21° £ 0.07°, a result attributed to the hydrophilic character
of starch [76], whereas the PVA films showed higher contact angle values (79.1° + 0.9°). For
T/P blend, the angle was 75° £ 5, a result close to that reported in the literature, 77° + 2° [77].
The increase in the contact angle of the TPS with the formation of the blend with the PVA can
be explained by the combination of components in which more hydroxyl groups in the surface
layer, both in the TPS and in the PVA molecular chains, interact with each other in the blend,
so that there was a connection of the components, making these hydroxyl groups not so
available to water [76].With the CNC reinforcement, the angle was reduced to 65° + 1°
(T/P/10CNC), in relation to the T/P composition. It is known that cellulose has a high capacity
to interact with water, this is attributed to the high surface area associated with the hydrophilic
nature of these reinforcements [78]. For the additive films (T/P/LOCNC/0.5NPCuO), the angle
was 67° £ 1°, showing an almost inexpressive increase in hydrophobicity. The average value
for the contact angle of the studied materials was approximately 62°, showing that in general
the films are hydrophilic. This affinity with water is a desirable feature for application as

dressings [14].

Through thermogravimetric analysis it was possible to verify the characteristic thermal
decomposition of the films using a thermobalance. By analyzing the TPS TG (Fig.3C) and
DTG (Fig.3D) curves, it was possible to observe the occurrence of 3 events. The first being the
dehydration of the sample occurring from the beginning of the analysis at 30°C to 181°C, with
a loss of approximately 14% of water and/or volatile matter, which can also be attributed to the
loss of glycerol mass, which has a boiling point at that temperature. The second stage occurred
at 181°C and ended at 433°C, attributed to the degradation of potato starch, with a mass loss
of 63% [79]. The third stage occurred between approximately 433-700°C, with a mass loss of
8%, and residual formation of 13% of ash attributed to carbonaceous residues [80]. The DTG
curve showed two peaks at approximately 84 and 368°C, at these temperatures the rate of mass

change in the sample is maximum and were attributed to mass loss of glycerol and starch
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respectively. Thus, the TPS degradation stage occurs in two different stages, since the film is
composed of 3 parts of starch for one part of glycerol, the percentage of mass loss is compatible
in each stage.

When analyzing the PVA, TG and DTG curves (Fig. 3C and D), it was possible to
observe the presence of three regions of mass loss, as observed in previous studies [81,82]. The
first step between 130 and 239°C can be attributed to the loss of absorbed water molecules,
which correspond to a mass loss of approximately 2%, probably due to moisture absorbed by
the films. The second stage, occurring between 239 and 415°C, showed a more significant mass
loss of about 52%. Part of this loss can be attributed to the release of water more effectively
bound to the polymeric matrix [78], indicating a stronger interaction of water with the polymer
chains. However, the high value of this mass loss suggests the coexistence of another thermal
process. Studies on the thermal degradation of PVA indicate that, in this temperature range, the
elimination of side groups from the polymer chains, especially hydroxyl groups (-OH), may
occur through intramolecular dehydration reactions. This mechanism leads to the formation of
unsaturation (double bonds) in the main chain and the release of water [82]. Water is present
in PVA films in different ways, with absorbed molecules, linked by weak bonds, which prefer
to be on the external or internal surface without interacting with the matrix, and water
molecules strongly linked to hydroxyl groups [81]. The third step between 415 and 515°C was
associated with the concomitant degradation process, such as depolymerization, dehydration,
destruction of the crystalline part and subsequent formation of carbonized residues
decomposition and carbonization of the polymer [83], with a loss of 3% of mass. The residual
was approximately 6% by mass.

Analyzing the CNC, TG and DTG curves (Fig. 3C and D), it was possible to distinguish
3 regions of mass loss. The first stage, between 30°C and 106°C, is related to the loss of water
adsorbed on the surface of the CNCs, including physically bound water. Additionally, there
may be a loss of structural moisture associated with hydroxyl groups present in the cellulose
chains, which can interact with water molecules [84]. The mass loss at this stage was relatively
low, at 6%. In the second stage, the temperature ranged from 310°C to 383°C, with the main
peak on the DTG curve at 350°C. This stage corresponds to the thermal decomposition of the
crystalline structure of cellulose, mainly involving the breakdown of glycosidic bonds that link
D-glucopyranose units [83]. The decomposition proceeds via pyrolysis, generating
carbonaceous products without significant oxidation. This results in a more pronounced mass
loss of 65%, due to the decomposition of the polymer backbone, leading to the formation of
gaseous products and carbonaceous residues. In the third stage, the temperature ranged between
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383°C and approximately 488°C, with a smaller mass loss of around 14%. In this stage, the
carbonization of the residues occurs[85], resulting in a higher carbonaceous residue of 19%.

When analyzing the TG and DTG curves for NPCuO, two regions of mass loss can be
attributed. The first stage occurred between 30 and 266°C, with a mass loss of 25%. This stage
can be attributed to the loss of water adsorbed on the surface of the NPCuO and the
decomposition of volatile compounds or organic residues that may be present. Additionally,
possible hydroxyl groups bonded to the surface of CuO may be decomposing in this
temperature range, contributing to the mass loss. The second stage occurred from 266°C to the
final temperature, with a mass loss of 9%. This stage is generally associated with the
decomposition of more stable residual compounds formed during synthesis or storage, which
decompose, releasing carbon dioxide (CO2) and leaving CuO as residue. The final residue was
high, approximately 33%, and can be attributed to the stable formation of CuO, which is
resistant to high temperatures. CuO, being thermally stable, remains the major component of
the residue, which is consistent with metal oxide nanoparticles that do not undergo significant
decomposition at higher temperatures [86].

The final films were also evaluated, the thermogravimetric curves of the
T/P/10CNC/0.5NPCUO film, when analyzing the TG and DTG graphs (Fig.3C and D), it was
possible to distinguish two regions of mass loss, the first step between 30 and 126.25°C,
corresponding to 9.52% mass loss. Values within this region were observed for the TPS film
and the CNC sample, being attributed to the loss of water and/or volatile matter, and the loss
of glycerol mass, which has a boiling point at this temperature. The second stage occurred from
126.25 to 457.05 °C, within this region mass loss of TPS, PVA and CNC was observed, which
are the main constituents present in the final film, thus being the thermogram in agreement with
the thermal behavior of the materials evaluated separately.

3.4 Evaluation of the films for wound dressing applications

The solubility of the films in PBS was evaluated. The results showed that the T/P
sample had the lowest solubility, with values close to 11 + 1%. With the reinforcement of 10%
CNC, the solubility of the material increased significantly, jumping to 25 + 3%, and with the
addition of NPCuO to 28 + 1%, and were considered statistically similar based on the T-Test.
An interesting comparative result was observed for the T/P sample, where the swelling content

(361%), Table 2, was inversely proportional to the solubility (11%). Indicating that this sample
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suffers less solubilization of its components in the medium, which implies a structure capable

of swelling more, retaining water in its structure [87].

Reinforcement with 10.0% CNC decreased the swelling capacity of the film (249%)
and solubility increased (25%), showing a behavior contrary to the T/P blend. The increase in
solubility with the insertion of cellulose reinforcements was attributed to the fact that the
introduction of hydrophilic nanocrystals, when well dispersed in the hydrophilic TPS/PVA
matrix, led to an increase in hydrophilicity of the material. This result was previously shown
in the analysis of the contact angle (Fig. 3C), where the behavior was attributed to the fact that
the components used have OH groups in their structures, which allow the formation of
hydrogen bonds [87]. This affinity with water is a desirable feature for application as dressings
[14].

WVP at an optimized value is a vital parameter to study in a dressing, as it is an
indispensable property for wound healing, providing a microenvironment with an ideal
moisture level [70]. The results of permeation tests for the different films are shown in Fig.4A.
The films show different average WVP values, which were 0.09 g.mm2.kPa*.day* for T/P.
With the addition of CNC, the WVP of the films increased to 1.75 g.mm2kPa™.day* for
T/P/10CNC. This behavior was like that previously observed for solubility, which also
increased with the addition of nano reinforcements. Probably related to the reduction of
intermolecular association via hydrogen and electrostatic interaction in the matrix with the

reinforcements that generates a more permeable film [88].

When adding the NPCuO in the film, there was a slight increase in WVP to 1.88 g.mm"
2 kPat.day?, showing that the nanoparticles could make the films slightly more permeable.
Previous works have reported that for normal skin WVP is 0.204 g.mm2.day* and for injured
skin it is approximately 0.279 to 5.138 g.mm2.day-1, depending on the type of wound [89]. If
WVP is too high, complete dehydration of the wound surface can occur, leading to adhesion
of the dressing material to the wound surface, decreased body temperature and increased
metabolism. In contrast, extremely low permeation values were correlated with exudate
accumulation, impaired healing, and increased risk of infection [88]. The literature reports
WVP results for commercial dressings, with values from 0.090 to 9.360 g.mm2.day [88,90].
Thus, the result of 1.88 g.mm=2.kPa*.day? is within the expected range, which shows the

potential for application in commercial dressings.
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Fig. 4. Results for T/P, T/P/10CNC, and T/P/10CNC/0.5NPCuO films. (A) Water vapor
permeation values, monitored for 7 days, expressed in g.mm=2.kPa™.day™. (B) Results obtained
for the release of copper oxide nanoparticles by the nanocomposites, T/P/L0CNC/0.5NPCuO
at different time intervals, analyzed by UV-Vis spectroscopy. (C) Results of cell viability assay.
(D) Antioxidant activity of T/P/IONCC and T/P/LIONCC/0.5NPCuO samples, calculated as the
% inhibition of DPPH. Results are expressed as mean + SD from triplicate experiments.

To quantify the concentration of NPCuO released by the film, it was necessary to draw
the calibration curve (Absorbance x Concentration) for solutions with known concentrations
of NPCuO (0.001 to 0.003 g/g of water). These concentrations were adopted based on the
calculated concentration of nanoparticles per gram of film. The release of NPCuO in PBS was
monitored to assess the influence of contact time on the release behavior of NPCuO from the
film T/P/10CNC/0.5NPCuO. The release measurements were carried out at intervals of 1 hour,
up to a maximum of 8 hours, Fig.4B. Based on the measurements, it was possible to observe
that the release of NPCuO occurred in a sustained manner [91]. For the T/P/I0CNC/0.5NPCuO
sample, the first two hours of release were inexpressive (), but after 3 hours (b) it was possible
to observe an increase in the absorption intensity at 590 nm, the wavelength where the
maximum absorbance of the nanoparticles occurs [58,59]. In the following hours, the release
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occurred progressively until 7 h of study and stagnated at 8 h (c). This behavior was attributed
to the film's ability to solubilize in the buffer, which allowed the particles to be released
gradually and sustainably [92], and after 8 hours the film was more swollen and solubilized in
the medium. The maximum amount of NPCuO released was very low, the calculated
concentration of NPCuO present per gram of film was 2 mg and the amount released was 0.7
mg. The retention of the NPCuO can be primarily attributed to the strong chemical affinity
between the NPCuO and the hydroxyl groups present in the polymer chains of the film. This
interaction can occur through hydrogen bonds and other electrostatic interactions, which keep
the nanoparticles firmly bound to the polymeric matrix. As a result, this strong association
prevents the release of NPCuO in agueous media, such as PBS at pH 7, limiting their mobility
and increasing retention within the films.[93]

Cell compatibility is a crucial factor to be considered when developing materials for
application as transdermal dressings, with the aim of helping wounds to heal without any
negative response to the individual who meets this material. For this reason, the cytotoxicity of
the samples developed (T/P, T/P/10CNC and T/P/1I0CNC/0.5NPCuO) and a standard control
sample were studied on Madin-Darby Canine Kidney (MDCK) epithelial cells and evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide colorimetric
assay (MTT assay). The absorbance values obtained in the MTT test for 24, 48 and 72 hours
of the experiment were used to measure the percentage of cell viability of the materials as a
function of time, Fig. 4C. The absorbance values obtained in the tests are an indicator of the
number of live cells, i.e. the higher the absorbance value, the greater the cell viability of the
material. The absorbance values obtained for the control sample were taken as 100% for each
test interval. For the T/P sample, a cell viability of approximately 63% was observed during
the first 24 hours of the test and approximately 57% after 48 hours, considering the error in the
measurements, the viability was maintained (*). After 72 hours there was a slight reduction in
cell viability, with values of approximately 45%.

With the addition of CNC (T/P/10CNC), the percentage of viability for 24 and 48 hours
of testing was close to 53% (#), which is considered statistically similar, however, after 72
hours there was a significant reduction to 31%. When evaluating the additive sample
(T/P/10CNC/0.5NPCuO), cell viability in the first 24 hours was approximately 49%, reduced
to 30 and 15% after 48 and 72 hours of testing, respectively. It can thus be concluded that for
the T/P and T/P/1I0CNC samples, cell viability is maintained in the first 48 hours of testing and
is reduced after 72 hours. For the T/P/L0CNC/0.5NPCuQO sample, it is possible to observe a
greater reduction in viability between the intervals evaluated, varying from approximately 50%
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to 15% between 24 and 72 hours of testing, respectively. However, compared to the control,
the cell viability obtained for the developed samples was significantly lower, being less than
70% in all cases, a value considered to be the baseline for cell viability.

Zerboni and his collaborators analyzed the effects of NPZnO and NPCuO on human
lung A549 cells and reported a strong cytotoxicity of NPCuO, observing that in 24 h of testing
there was a reduction in cell viability evident and that after 48 h almost all the cells evaluated
resulted as non-viable for doses of NPCuO >10 pg mL™ [94]. This indicates that the added
nanoparticles inhibit cell growth probably due to the amount of accumulated copper ions that
can be toxic to living epithelial cells, as has been observed in previous work for materials
additive with metallic nanoparticles [95,96]. Despite the decrease in cell viability, the number
of nanoparticles added can be adjusted to reduce this effect, or it may be convenient to add
some other components to increase the cell proliferation of the nanocomposites developed.

The antioxidant activity of the T/P/I0CNC and T/P/10CNC/0.5NPCuO films was
assessed by measuring the percentage of inhibition of DPPH radical, Fig. 4 D. When comparing
T/P/10CNC with T/P/10CNC/0.5NPCuQO, we observed that the latter exhibited a faster
antioxidant activity over time, achieving a 6.23 = 0.57% inhibition at 2 hours. These results
indicate that the T/P/LOCNC/0.5NPCuO film possesses notable antioxidant properties. To
further investigate the scavenging activity of both samples over an extended period, we
replaced the methanolic DPPHe solution every 24 hours to ensure a continuous supply of the
stable radical.

The T/P/1I0CNC exhibited antioxidant activities of 28.6 £ 1.3% at 24 hours, 43.0 =
2.3% at 48 hours, 28.8 + 1.7% at 72 hours, and 20.2 + 1.2% at 96 hours. In contrast, the
T/P/10CNC/0.5NPCuO demonstrated significantly higher antioxidant activities of 76.9 + 2.8%
at 24 hours, 67.4 + 2.8% at 48 hours, 43.5 + 1.1% at 72 hours, and 38.2 = 0.8% at 96 hours.
These findings suggest that the T/P/I0OCNC/0.5NPCuO exhibits superior antioxidant activity
compared to T/P/I0CNC across all evaluated time points.

In the present study, the amount of NPCuO present per gram of film is approximately
2 mg. For the assay, 0.15 g of film was used in 3 mL of methanolic DPPHe solution, resulting
in 0.05 g/mL of film, which corresponds to 0.001 g/mL of NPCuO, or a concentration of 1000
ug/mL of NPCuO. This allows for comparison with other studies in the literature mL [97-99].
The antioxidant activity of NPCuO, based on DPPH radical scavenging activity, has been
explored in various studies. Palani et al. reported that NPCuO exhibited a DPPH radical
scavenging effect of 84.8% at a concentration of 100 pg/mL [97]. Yasin et al. investigated the
DPPH free radical scavenging ability of NPCuO at varying concentrations. The percentage of
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scavenging activity for CuO nanoparticles at concentrations of 0.02, 0.1, 0.5, and 1 mg/mL
were 16.5%, 26.866%, 44.8%, and 64.2%, respectively [98]. Ssekataw et al. studied green-
synthesized copper oxide nanoparticles (CuUONPs) using Camellia sinensis extract (CSE) and
Prunus africana bark extract (PAE) at concentrations of 50, 100, 150, 200, 250, and 300 ug/mL.
The percentage scavenging activity of the green-synthesized CuONPs increased with
concentration and was in line with the plant extracts and the standard. The average values found
for CSE-CuONPs were 23.4%, and for PAE-CUONPs, 23.1% [99]. In these studies, there was
no variation in assay time, as only a single time point was evaluated.

In comparison to the literature, Palani et al. reported 84.83% DPPH radical scavenging
activity for NPCuO at 100 ug/mL, and Yasin et al. showed scavenging activity ranging from
16.5% to 64.2% depending on NPCuO concentration, the T/P/LI0CNC/0.5NPCuO films in this
study demonstrated consistently high antioxidant activity over an extended period. With 76.9%
activity at 24 hours and 38.2% at 96 hours, the T/P/LOCNC/0.5NPCuO film outperformed
many of the green-synthesized CuONPs, which showed lower values around 23% for CSE and
PAE extracts. This suggests that the incorporation of NPCuO into the T/P/I0CNC matrix
enhances its long-term antioxidant capacity compared to standard CuO-based systems.

4. Conclusion

The present study carried out the optimization of the developed film in terms of
composition, always focusing on the application. In the study of TPS/PVA proportions, the
90/10% m/m composition stood out among those studied, as it showed the highest swelling
capacity in PBS, with values 64% higher than the 80/20 sample, using half the mass of PVA.
The results obtained for the 90/10 blend are positive for use in dressings, as they show a greater
capacity to absorb exudate from lesions, added to the use of a lower percentage of PVA in its
composition, thus reducing the cost of the final material.

Regarding the blend nanocomposites prepared with the addition of CNC, it was possible to
observe that the T/P/LI0CNC composition presented the best results, since the rupture stress
was 9 MPa with the addition of 10% CNC, 6 times higher compared to the film without nano
reinforcement (1.5 MPa), being the sample with the highest value obtained. Furthermore, the
thickness (0.097 mm) and swelling capacity (249%) were within the desired range for the
intended application, making it the sample in this set with the greatest application potential.

The average contact angle of the film was approximately 62°, which is a desirable
characteristic for applications such as dressings. Regarding solubility in PBS, the samples
reinforced with 10% CNC showed a higher percentage of solubility. The WVP of
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T/P/10CNC/0.5NPCuO dressings was 1.88 g.mm2.kPa.day, which is within the range of
commercial dressings.

The nanoparticle release studies showed that the maximum amount of NPCuO released was
low in relation to the amount added, which can be attributed to the relatively low solubility of
the films, around 27%.  The T/P/10CNC/0.5NPCuO sample demonstrated significant
antioxidant activities with values close to 76% in 24 h, 67% in 48 h, 43% in 72 h and 38% in
96 h, with superior antioxidant activity compared to T/P/LI0CNC at all points evaluated.

The T/P/1I0CNC/0.5NPCuQO nanocomposite was therefore shown to be a promising
material for application as a transdermal dressing, due to its mechanical properties, elongation
and tensile strength, swelling capacity and permeability. However, more studies need to be
carried out to improve the release capacity of NPCuO and increase cell viability. There is also
a need for tests to evaluate the antimicrobial activity of these nanocomposites, which are

planned as future activities.
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Highlights

e Biodegradable nanocomposite films for transdermal dressings with active release.
e Starch-based films with PVA and CNC offer swelling, flexibility, and
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e Copper oxide nanoparticles ensure controlled release in optimized
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