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ABSTRACT: Biodegradable films based on poly(vinyl alcohol) (PVA) and
bioactive substances have been receiving great attention in the food
industry, as they offer an eco-friendly alternative to conventional packaging.
In this context, we synthesized PVA (PVAF) films containing silk fibroin (SF)
formulations functionalized with copaiba oleoresin (CO) for use as bioactive
packaging. Four different formulations were prepared using the casting
method, varying the SF-CO concentrations from 0 to 15% (v/v) in the PVA
matrix. The samples were characterized regarding morphology, nanotexture,
physicochemical, and barrier properties. SEM images revealed the uniform
morphology of the films, and AFM data allowed the quantification of surface
characteristics such as uniformity and homogeneity, confirming the uniform
distribution of SF-OC in the PVA matrix. All films showed high water
absorption power (more than twice their mass weight), and the incorporation
of SF-CO did not change the water vapor permeability rate of PVAF. In
contrast, the solubility of PVAF decreases with SF-CO content. FTIR and UV-
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vis spectra confirmed the presence of SF-CO in PVAF and indicated possible
intermolecular interactions between PVA and SF-CO. Finally, our findings
suggest that the incorporation of SF-CO into the PVA matrix is a viable
alternative for producing eco-friendly packaging.

KEYWORDS: PVA, copaiba oilresin, silk fibroin, polymeric films, bioactive
packaging.

RESUMO: Filmes biodegradaveis a base de poli(alcool vinilico) (PVA) e
substancias bioativas tém recebido grande atencdo na industria alimenticia,
pois oferecem uma alternativa ecoldégica as embalagens convencionais.
Nesse contexto, sintetizamos filmes de PVA (PVAF) contendo fibroina de seda
(SF) funcionalizada com oleorresina de copaiba (OC) para uso como
embalagem bioativa. Quatro formulagdes diferentes foram preparadas
utilizando o método de casting, variando as concentracdes de SF-OC de 0 a
15% (v/v) na matriz de PVA. As amostras foram caracterizadas quanto a
morfologia, nanotextura, propriedades fisico-quimicas e barreiras. Imagens
de MEV revelaram a morfologia uniforme dos filmes e dados de AFM
permitiram a quantificacdo das caracteristicas de superficie, como
uniformidade e homogeneidade, confirmando a distribuicao uniforme de SF-
OC na matriz de PVA. Todos os filmes mostraram alto poder de absorgao de
agua (mais de 2 vezes o0 seu peso em massa) € a incorporacao de SF-OC nao
alterou a taxa de permeabilidade ao vapor de agua do PVAF. Em contraste,
a solubilidade do PVAF diminui com o contetido de SF-OC. Espectros de FTIR
e UV-vis confirmaram a presenca de SF-OC no PVAF e indicaram possiveis
interagdes intermoleculares entre PVA e SF-OC. Finalmente, nossos achados
sugerem que a incorporacao de SF-OC na matriz de PVA é uma alternativa
viavel para a producdo de embalagens ecoldgicas.

PALAVRAS-CHAVE: PVA, oleorresina de copaiba, fibroina de seda, filmes
poliméricos, embalagem bioativa.

RESUMEN: Peliculas biodegradables a base de poli(alcool vinilico) (PVA) y
sustancias bioactivas han recibido gran atencién en la industria alimentaria,
ya que ofrecen una alternativa ecoldgica a los envases convencionales. En
este contexto, sintetizamos peliculas de PVA (PVAF) que contienen fibroina
de seda (FS) funcionalizada con oleorresina de copaiba (OC) para su uso
como envase bioactivo. Se prepararon cuatro formulaciones diferentes
utilizando el método de colada, variando las concentraciones de FS-OC de 0
a 15% (v/v) en la matriz de PVA. Las muestras fueron caracterizadas en
cuanto a morfologia, nanotextura, propiedades fisicoquimicas y de barrera.
Imagenes de SEM revelaron la morfologia uniforme de las peliculas, y los
datos de AFM permitieron la cuantificacién de las caracteristicas de la
superficie, como uniformidad y homogeneidad, confirmando la distribucién
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uniforme de SF-OC en la matriz de PVA. Todas las peliculas mostraron un
alto poder de absorcion de agua (mas de 2 veces su peso en masa), y la
incorporacion de FS-OC no alterd la tasa de permeabilidad al vapor de agua
del PVAF. En contraste, la solubilidad del PVAF disminuye con el contenido
de SF-OC. Espectros de FTIR y UV-vis confirmaron la presencia de SF-OC en
el PVAF y indicaron posibles interacciones intermoleculares entre PVA y FS-
OC. Finalmente, nuestros hallazgos sugieren que la incorporacion de SF-OC
en la matriz de PVA es una alternativa viable para la produccién de envases
ecoldgicos.

PALABRAS CLAVE: PVA, oleorresina de copaiba, fibroina de seda, peliculas
poliméricas, envase bioactivo.

@ @ Artigo estd licenciado sob forma de uma licenca
~mmgm Creative Commons Atribui¢do 4.0 Internacional.

1. Introduction

The use of eco-friendly materials for manufacturing packaging has
become a necessity due to the enormous damage to the environment caused
over the years. Poly (vinyl alcohol) (PVA) is one of the best-known polymers
that has been presented as a viable alternative in the manufacture of
packaging due to its excellent physical-chemical properties, such as
viscosity, film formation, emulsification, dispersion power, tensile strength,
flexibility, and gas barrier properties (Godovsky, 2000; Halima, 2016;
Sathidevi, 2020). Furthermore, it is a biocompatible, thermostable, water-
soluble, non-toxic, and biodegradable material in both aerobic and anaerobic
conditions (Abdullah et al., 2017; Halima, 2016; Aslam et al., 2018).

In this context, biocomposites are highly promising for various
applications in the food industry and in the production of active packaging as
they present innovative characteristics and biofunctional properties
(Azeredo, 2009; Tao et al., 2017). The formation of active packaging is

characterized by the incorporation of additives into the polymeric matrix with
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the aim of maintaining or extending the quality and shelf life of t'h\e food

product. Antioxidant, flavoring, antimicrobial, oxygen, and ethylene-
absorbing substances are examples of active agents that, when present in
the packaging, can interact with the food in order to delay the rate of
deterioration of the product (Appendini; Hotchkiss, 2002; Mane, 2016;
Wyrwa; Barska, 2017; Firouz et al., 2021).

The incorporation of antimicrobial agents in food packaging, for
example, is one of the most promising alternatives for increasing the safety,
stability, functionality, and shelf life of food products (Zhen et al., 2022; Var;
Uzunlu, 2019; Ahmed et al., 2018).

In fact, the literature has been reporting the use of natural products as
important bioactive agents that enhance the functional properties of PVA-
based films for application as active and intelligent food packaging (Mustafa
etal., 2021; Tanwar et al., 2021; Varghese et al., 2023; Kanatt et al., 2012).
Given this, we can highlight the use of vegetable oils as a promising route
for incorporating bioactivity into polymeric films (Pinto et al., 2023; Rehman
et al., 2020; Ju et al., 2019; Anis et al., 2021; Ghani et al., 2018; Bof et al.,
2021).

Additionally, several biological properties have been attributed to
copaiba oil, thus enabling pharmacological applications such as antimicrobial,
antinociceptive, antineoplastic, anti-inflammatory, and healing, with
potential for the treatment of skin diseases such as psoriasis, eczema,
dermatitis, and leishmaniasis, among others (Veiga; Pinto, 2002;
Yamaguchi; Garcia, 2014; Masson, 2011; Quemel et al. 2021).

However, the incorporation of vegetable oils into film-forming solutions
presents some challenges due to the following characteristics of these oils:
hydrophobicity, volatility of some components, and sensitivity to
environmental factors such as UV radiation, temperature, oxygen, pH, and

humidity (Atarés; Chiralt, 2016). Therefore, to overcome these limitations,
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vegetable oils are normally emulsified for subsequent dispersion in the film-
forming solution.

Emulsification methods generally use copolymers and proteins as a
viable alternative route to increase oil dispersion in aqueous vehicles
(Echeverria; Albuquerque, 2019). In view of this, it is noteworthy that silk
fibroin has been recommended in the literature as an alternative dispersing
agent for various types of surfactants used in the formulation of emulsions,
mainly due to its low production cost, low cellular and environmental toxicity,
high biodegradability, and being a protein-based biomaterial (Ferreira et al.,
2017).

Based on the above, the objective of this work was to prepare PVA
(PVAF) films containing in their matrix a formulation of silk fibroin (SF)
functionalized with copaiba oleoresin (CO) for a possible application as active
packaging. Thus, the influence of SF-CO content on the morphological
properties, nanotexture, physicochemical, and barrier properties of PVAF was

investigated.
2. Methodology
2.1 Materials

Silkworm cocoons, species Bombix mori L., and poly(vinyl alcohol)
(PVA) with a degree of hydrolysis of 89-98 were purchased from Sigma
Aldrich (Brazil). Copaiba oleoresin (CO) was purchased from local commerce
(Macapa, Amapa, Brazil). Isopropyl alcohol and ethanol were purchased from
Synth (Brazil). All the products mentioned were used without further
purification. The aqueous solutions used in the experiments were produced
with distilled or deionized water, and all other chemicals were of analytical

grade.
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2.2 Fibroin Extraction

The silk fibroin solution was prepared based on the method developed
by Ferreira et al. (2017). Initially, 3 g of silkworm cocoon was chopped and
transferred to a solution of 500 mL of 2% Na>COs. Then, the solution was
heated to a temperature of 100 °C and maintained under magnetic stirring
for 30 min, until fibrous material resulted. After this step, the fibers were
washed with distilled water (3 x 1000 mL) and dried in an oven at 70 °C for
24 h. Subsequently, the fibroin fibers were solubilized by adding 50 mL of a
three-part solution of H>O:EtOH:CaCl> (proportion 8:2:1 M). This solution
was maintained at 80 °C for 6 hours with magnetic stirring. Finally, the
solution was then dialyzed for 3 days at room temperature, with the dialysis
water being changed every 24 hours. To remove larger particles or
impurities, the fibroin solution was centrifuged at 75 xg for 10 min and stored

at 10 °C at a concentration of 2% (v/v).

2.3 Preparation of the Bioactivated Fibroin Formulation with Copaiba
Oleoresin (CO)

A formulation was prepared according to the methodology proposed by
Tavares-Dias et al. (2021), with a final volume of 10 mL and containing the
following constituents: 25% silk fibroin solution, 5% CO, 25% isopropanol,
and 45% distilled water. Initially, an organic phase was prepared by adding
the compounds CO and isopropanol in a glass bottle (15 mL). Then, the
mixture was stirred using a magnetic stirrer (35 x g) for 3 minutes. The
aqueous phase (silk fibroin and H20) was then added, with a flow rate of
approximately 0.5 mL/min and continuous stirring for 60 min. The resulting
product was stored at 18 °C and named the fibroin-copaiba oil (SF-CO)

formulation.
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2.4 Film Production

Poly(vinyl alcohol) (PVA) was solubilized in 200 mL of deionized water
with the aid of a mechanical stirrer at 300 rpm in a water bath at 90 °C for
1 hour at a concentration of 5% (m/v). When the aqueous medium showed
homogeneous gelatinization, the film-forming solution was removed from the
water bath and stirred until it reached 40 °C. Then, the SF-CO formulations
were added to the medium at concentrations of 5%, 10%, and 15% in
relation to the mass of PVA (Board 1) under magnetic stirring for 30 min until
the solution was completely homogeneous. Subsequently, 20 g of the
mixture was poured onto petri dishes (9.5 cm in diameter) in a standardized
way for drying and subsequent film formation (Guimaraes JR et al. 2018).
Drying took place over 24 hours in a digital air circulation oven at 40 °C
(SOLAB Ar).

Board 1. Formulations of the synthesized films.

Formulation PVA (% m/v de H20) SF/CO (% m/m de PVA)
PVA 5 0
PVA1 5 5
PVA2 5 10
PVA3 5 15

Source: Prepared by the authors, 2024.

2.5 Characterization of the Films
2.5.1 Thickness

The thickness of the films was measured using a digital micrometer
MDC-25SX (Mitutoyo, Japan) with a resolution of 0.001 mm and defined by
the average of five random measurements in different parts of the same

sample.
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2.?5.2 Hygroscopicity and water solubility

Hygroscopicity and water solubility were calculated according to the
methodology proposed by Sun et al. (2022) with adaptations, where pieces
of the films obtained were cut (20 x 20 mm in area) and weighed to obtain
the dry mass of the film (W1). Next, the weighed samples were submerged
in 20 mL of deionized water, remaining in this condition for 24 hours at room
temperature. Subsequently, the samples were removed from the water, and
absorbent paper was used to remove surface water. The wet films were
weighed, and the wet mass was called W2. Then, the samples were dried at
45 °C for another 24 hours and weighed, with their final mass recorded as
W3. Each sample was evaluated in triplicate, and the average value was
calculated. The water absorption rate (A) was calculated using Equation 1.

Wo—Ws

%A = [*22| x 100 (1)

3
Similarly, water solubility (S) was calculated using Equation 2.

%S = [“22] x 100 (2)

1

2.5.3 Water vapor permeability rate

The water vapor permeability (WVP) property was calculated
gravimetrically at 25 °C, according to the ASTM E96/E96M-13 standard with
minor modifications and with the methodology proposed by Scatolino et al.
(2022). The films were fixed to the opening of amber glass bottles (18 mm
diameter opening) for vapor permeability, containing 10 mL of distilled
water. These sets were weighed, placed inside a desiccator containing blue

silica gel, and stored at 25 °C and 50% RH in an incubator. The masses were
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weighed at 24-hour intervals over 9 days. Variations in the mass of each

permeation set were plotted as a function of time and evaluated using linear
regression. From the straight line obtained, the angular coefficient (g/t) was
determined, and the water vapor transmission rate (WVTR) was calculated,

according to Equation (3).
WVTR = (g/t)/A (3)
where A is the sample permeation area (m?2).

2.5.4 Fourier transform infrared (FTIR) spectroscopy

To obtain FTIR spectra, an FTIR spectrometer (excitation wavelength
1064 nm) with a diamond plate attenuated total reflection sampling
accessory (Spectrum Two FT PerkinElmer, Inc., Waltham, MA, USA) and a
deuterated triglycine sulfate detector were used. The spectral range was set

between 450 and 4000 cm~! and the resolution was set at 0.5 cm™1.
2.5.5 UV-Vis spectroscopy

The ultraviolet-visible (UV-Vis) spectra of the films were recorded using
a UV-Vis spectrophotometer (VARIAN, Cary 100). The range for scans was
in the spectral range of 200-800 nm. The test was repeated three times for

each sample.
2.5.6 Scanning electron microscopy

The morphology of the films was evaluated using a scanning electron
microscope (SEM) (TM3030Plus Tabletop Microscope, Hitachi, Japan). The
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scans were carried out under ambient conditions using a voltage of 5 kV to

avoid damaging the sample.

2.5.7 Atomic force microscopy

The topography of the films was evaluated using an atomic force
microscope (AFM) (model EasyScan 2, Nanosurf, Switzerland) in tapping
mode and under environmental conditions (25 °C and 51% RH). The scans
were performed with a silicon probe (Tap190AL-G, Nanosurf, Switzerland)
and a cantilever made of the same material, with an elastic constant and
resonance frequency of 48 N. m~! and 190 kHz, respectively. The tapping
mode was programmed with an amplitude of 30.39 nm, a setpoint of 21.05
nm, and a scan rate of 1 Hz. The resolution was 256 pixels per line in an
image formed by 256 lines. The films were cut into 1 cm? sizes and fixed to
the sample holder with double-sided adhesive tape. Three randomly chosen

areas (40 ym?2) of each film were scanned.
2.5.8 Moran global index and topographic entropy
The analysis of the spatial autocorrelation of heights on the surface of

the films was carried out by calculating the Moran global index (I) (Equation

4), according to the methodology proposed by Pinto et al. (2021).

. N XiXjWij(zi-pw).(zj—p) 4
XYWy Yi(zi—w)? (4)

I
where N is the total humber of areas analyzed, Wj; is the connectivity matrix
(queen type) between the areas, Z; and Z; are the heights in areas i and j,

and p is the average height of the real image. Moran correlograms were
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generated using the sp.correlogram function from the spdep package written

in the R programming language.

To evaluate the global surface uniformity, we compute the topographic
entropy (Et) using Equations 5 and 6, as previously described in the literature
(Pinto et al., 2023b).

A@ -0 ()

Er = @ (5)

Amax(z)_/lmin

A@ = — 2, 2 pij - log(pi)) (6)

where A® is the Shannon-based entropy, pj; is the probability of each matrix
element not being an outlier of the height distribution and N is the total

number of pixels.
2.5.9 Fractal dimension
The fractal dimension of the AFM image was estimated using the box-

counting algorithm through the Gwyddion software

(http://gwyddion.net/download.php), according to Equation 7.

N(s) = a-sPrF (7)

where N(s) is the minimum number of squares of side s needed to completely
cover the set of black pixels in the binarized image, Dr is the fractal

dimension, and a is a proportionality constant.
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2.5.10 Lacunarity spectrum

The lacunarity exponent (B) of the AFM image was estimated by
combining the glinding-box algorithm with the OTSU algorithm through a
script implemented in R language by Pinto et al. (2021), according to
Equations 8, 9, and 10.

=2 (8)
_ ZpZQ(p,T)

L) = [Zp-Q@r)]? (9)

Lipr)=a-r7# (10)

where n, os?, and o7? are the Otsu separability, the variance between classes
(separated by the selected threshold), and the variance of the heights in real
image, respectively; L(p,r) is the fractal lacunarity; p is the number of
lacunar pixels identified by Otsu binarization using the threshold that
maximizes n; Q(p,r) is the probability distribution of lacunar pixels inside a

box of side length r; and a is a proportionality constant.
2.5.11 Fractal succolarity

Fractal succolarity (Sf) was estimated using the box-counting
algorithm, choosing a box of size 1 pixel, similar to the methodology
proposed by Melo and Conci (2011) and later implemented in the R language
by Pinto et al. (2018), according to Equation 11.

_ Zk=1Pr(k)-Po (k) 11
Sk = Po(n).X}_, Pr(K) (11)
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where Po(n) corresponds to the total number of boxes per lineg, while Pr(k)‘
represents the abscissa of the pressure centroid, referring to each box that
can be occupied in the binarized image, and Po(k) is the nhumber of boxes

occupied per line. The SF was calculated in the top-down direction.
2.5.12 Statistical analysis

The results obtained were expressed as means and standard
deviations, organized, according to relevance, in tables, graphs, charts, and
figures. Significant differences between results were evaluated using one-
way ANOVA and Tukey's test (p < 0.05) in Jamovi software version 1.8

(https://softradar.com/jamovi/).

3. Results and Discussions

3.1 Physical Characterization of the Films

Macroscopically, all films presented a transparent and continuous
appearance, no rips, and easy handling, indicating a uniform dispersion of
the SF-CO formulation in the PVA matrix.

The thicknesses of the films containing SF-CO (PVA1, PVA2 and PVA3)
were significantly greater in relation to the formulation containing only PVA
(Table 1). In general, films synthesized by the casting method have

heterogeneous thicknesses as a characteristic (Pinto, et al. 2018).

Table 1. Thickness, hygroscopicity (A), solubility (S) and water vapor permeability rate
(WVTR) of the films.

Samples
Propriety PVA PVA1 PVA2 PVA3
Thickness (pm) 93.6 + 16.0° 203.6 + 2.4 193.2 + 2.1¢ 185.0 + 3.0¢
A (%) 244.1680 + 239.3313 + 224.2307 + 213.8643 +
° 1.61082 1.2106P 1.0174¢ 0.9238d
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S (%) 16.3053 + 13.1713 + 12.2177 + 11.7908 +
° 0.15262 0.1107° 0.0961¢ 0.0887¢
0,1158 + 0,1111 0,1100 + 0,1189 +
2 ! 1 ! ’
WVTR (g/h.m?) 0,0045° 0,00502 0,00482 0,0054°

Source: Prepared by the authors, 2024. Different letters on the same line indicate a
significant difference between the means by ANOVA and Tukey's test (p < 0.05).

Hygroscopicity is related to the ability of materials to absorb water,
while solubility is related to their ability to dissolve in water. It was observed
that both hygroscopicity and solubility decreased as the concentration of SF-
CO increased (Table 1).

The decrease in these properties may be related to the presence of SF-
CO in the films, which may add a more hydrophobic character due to the
characteristics of the oil. Another factor that may have influenced the
decrease in hygroscopicity and solubility of the films is the reduction of free
OH groups due to the formation of hydrogen interactions between the layers
of the PVA polymer matrix and the silk fibroin structure (Kuchaiyaphum et
al., 2014).

The average water vapor permeability rates (WVTR), according to
ANOVA and Tukey's test (p<00.5), did not show statistically significant

differences between the samples.
3.2 Fourier Transform Infrared (FTIR) and UV-vis Spectroscopies

FTIR analysis (Figure 1) was used to identify the presence of functional
groups OH-, C-O, and C-H in the chemical structure of the films, as these
peaks indicate the existence of compounds such as phenolic acids,
terpenoids, or flavonoids (Barbalata-Méandru et al., 2022). The FTIR spectra
of the samples are very similar; however, the intensities and widths of the
peaks showed differences, suggesting possible intermolecular interactions
between the PVA polymeric matrix and the SF-CO formulation. The band

between 3500 and 3200 cm~!, with maximum intensity recorded at 3277
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cm~!, was attributed to v(O-H) stretching vibrations and the vibration of
intermolecular hydrogen bonds, existing in the hydroxyl bonds of silk fibroin
and PVA (Tao et al., 2017).

Figure 1. FTIR spectrum of PVA, PVA1, PVA2, and PVA3 films.

115 + PVA
PVA1

110

PVA2

— PVA3

105

100 4 N

Intensity (a.u)
o
[é)]
|

-1
3277 cm

-1
5 1"1 916 cm
1087 cm™' |

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Source: Prepared by the authors, 2024.

The peaks at 2937 cm™t and 2911 cm™! correspond to asymmetric and
symmetric v(C-H) stretching vibrations of -CH1 and -CH> groups, respectively
(Pavia et al., 2010). In films PVA1l, PVA2, and PVA3, the changes in the
stretching frequencies v(C-H) are evident, from 2937 cm to 2911 cm’,
causing an elongation of the peaks. Recent research indicates that the
increase in intensity and change in the shape of the characteristic peaks for
this vibration mode may be related to the presence of terpenoids
incorporated into the polymeric matrix (Das et al., 2021).

Additionally, similar peaks were observed in all films at 1652 cm,
corresponding to stretching vibrations v(C=C), as well as at 1418 cm! and
1330 cm! attributed to bending vibrations 8(0-H) and d(C-H), respectively.
The peak in the region of 1087 cm is due to stretching vibrations v(C-0)
which may be related to the presence of secondary alcohols. The peak at 916

cm-1 corresponds to the stretching vibration of the v(C-O and C-C) groups,
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while the characteristic peak at 834 cm™! refers to C-C bonds (Lima, et al.

2016; Olewnik-Kruszkowska et al., 2019) . Some of the bands present in the
FTIR spectrum of the pure PVA film show greater intensity in the PVA1, PVA2
and PVA3 films. This may be related to the presence of copaiba oil in the
films, as its bands present characteristic frequencies for the functional groups
at 2922 cm!, v(-CH); 2854 cm, v(-CH2); 1743 cm!, v(-C=0); 1415 cm},
0(-CH), corroborating the hypothesis that there were intermolecular
interactions in the composite film synthesis process (Pinheiro et al., 2017).

The results from the analysis of the UV-vis spectra are presented in
Figure 2. The research data covers peaks in the range of 250-350 nm, which
are characteristic of phenolic compounds and functional groups such as
carbonyls that are present in those containing copaiba oil, confirming the
effectiveness of impregnating the films with the oil. The literature reports
that these natural compounds typically present certain absorption peaks in
the ultraviolet light range (Parlinska-Wojtan et al., 2016; Wyrostek et al.,
2020; Mastowski et al., 2021).

Figure 2. UV-VIS spectra characterization of the films.
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Source: Prepared by the authors, 2024.
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Thus, theﬁformation recorded from the UV-VIS spectra of the PVA,‘
PVA1, PVA2, and PVAS3 films refers to the absorbance peaks observed at 285

and 348 nm and suggests the presence of phenolic compounds such as
terpenoids, flavonoids, phenolic acids, or tannins present in the polymeric
matrices of the PVA1, PVA2, and PVA3 film samples (Pavia et al., 2010).

Furthermore, it can be noted that the light absorption intensity
gradually decreases for longer wavelengths, indicating that the samples are
transparent in the visible region. Based on these results, it can be inferred
that the films exhibit good optical transparency in the visible region, which
is a desirable property for food packaging applications as it indicates good
UV light stability of the material and can potentially extend the shelf life of
the packaged product.

3.3 Scanning Electron Microscopy

The images obtained by SEM are presented in Figure 3 and show that
all the films obtained presented a uniform texture with a continuous and
smooth surface and did not present the presence of large pores or fissures,
in addition to demonstrating few apparent flaws, in accordance with what

was observed by Carvalho et al. (2019).

REVISTA 18
AR

CONTEMPORANEA Revista Contemporéanea, vol. 4, n°. 7, 2024. ISSN: 2447-0961




t&;%(; : o

Figure 3. SEM images of the films: (a) PVA, (b) PVA1, (¢) PVA2, and (d) PVA3.
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Source: Prepared by the authors, 2024.

Compared to the other samples, the PVA, PVA1l, and PVA2 films
exhibited the fewest surface irregularities, showing the most homogeneous
surface. The PVA3 film presented more surface alterations due to interactions
between the SF/OC and the poly(vinyl alcohol) polymer matrix, causing more
pronounced micro-deformations and roughness on its surface.

Similarly, Li et al. (2019) reported that the encapsulation of turmeric
essential oil in chitosan films caused heterogeneity and roughness in the
films. Finally, it can be observed that the films presented a homogeneous
structure in their polymeric matrix, which, according to the literature,
represents a good indicator of the film's structural integrity and contributes

to achieving good mechanical properties (Galdeano et al., 2013).
3.4 Nanoscale Morphology Analysis

Figure 4 presents the AFM images obtained from the films. The image
data enabled the study of nanoscale topography, allowing for the evaluation
of the height distribution of the pixels that spatially compose the microscopic

texture of the surface (Figure 4).
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Figure. 5. AFM topography of the composite films: (a) PVA, (b) PVA1, (c) PVA2 and (d)
PVA3.

Source: Prepared by the authors, 2024.

From the analysis of the AFM images, it was evident that the
concentration of SF-OC influenced the topographic characteristics of the
surface of the films. In fact, it is possible to see that as the concentration of
SF-OC in the polymer matrix of the film increases, its topography undergoes
transformations in the physical surface parameters (Table 4). Furthermore,
the height histogram (Figure 5) shows that the films have different height

distributions.
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Figure 5. Histogram of the topography of the composite films: (a) PVA, (b) PVAi, (c)
PVA2, and (d) PVA3.
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Table 4. Surface parameters of the films composition.

Paramters Symbol (unidade) PVA PVA1 PVA2 PVA3
Root mean 4.676 + 5.289 = 6.416 + 12.096 +
square Rrms (nm) 0.0972 0.1542 0.285b 0.263¢

height ' : : :
Moran index 0702+  0.325+  0.671%  0.854 +
for first ILagt () 0.0552°¢ 0.014b 0.035¢ 0.0142

neighborhood
Source: Prepared by the authors. Different letters on the same line indicate a significant
difference between the means by ANOVA and Tukey's test (p < 0.05).

The roughness Rrms, which numerically is the standard deviation of
the heights on the surface of the PVA film, increases proportionally with the
concentration of SF-OC. In fact, the PVA3 film was the roughest (Rrms~12.1
nm), while the control film (PVA) presented the lowest roughness value
(Rrms~4.7 nm).

The uniformity of the set of height values recorded by the AFM can be
evaluated through the topographic entropy (ET), which in practice is the
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normalized Shannon entropy (TALU et al., 2020) of the data. The values of

Et vary from zero to one, with Et = 1 representing a perfectly uniform set.
Thus, the results showed that the PVA3 film has the least uniform surface
area (Et~0.93); however, all films presented ET > 0.9.

The ILagl of the correlograms in Figure 6, which represents a
guantitative measure of short-range correlation, suggests that the PVA
(ILagl = 0.702), PVA2 (Ilagl = 0.671), and PVA3 (ILagl = 0.854) films have
similar, more clustered heights. That is, they have a positive correlation in
the spatial distribution of heights on the surface. This type of behavior is

characteristic of self-affine fractal structures (Pinto et al., 2023).
3.5 Fractal analysis

The Moran correlograms (Figure 6a) confirmed the fractal behavior of
the surface of the films on some length scales, which allows the evaluation
of self-affinity patterns in the spatial distribution of heights recorded by AFM.
A self-affine surface is one that presents statistical characteristics that are
maintained in different parts and length scales throughout the surface
structure (Mandelbrot, 1983; Pinto et al., 2021).
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Flgure 6' Autocorrelation AnaIyS|s and Lacunarlty Analysis: (a) Moran's Correlogram and ‘
(b) Lacunarity exponent.
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In this context, the fractal dimension (Df) values in Table 5 show that
the films have similar complexity in height distribution, since the analysis of
variance indicated a statistical difference in relation to the control only for
the PVA2 film (Dr ~ 2, 4). Df measures the degree of complexity of the height
distribution on the surface, and the higher the value, the more filled the
texture metric space is, as well as the fact that the surface has a domain of
higher spatial frequencies. Furthermore, a large value of Dr indicates that

surface features are more persistent at different length scales.

Table 5. Fractal Parameters of the Films

Parameters PVA PVA1l PVA2 PVA3
Dr 2.368 + 0.0272° 2.313 £ 0.011¢° 2.428 £ 0.018> 2.38 + 0.0113°P
Sr 0.431 £ 0.0232 0.466 + 0.0232 0.516 £ 0.021® 0.764 + 0.030°
B 0.127 £ 0.0142 0.222 + 0.020> 0.156 + 0.0172< 0.046 + 0.004¢

Source: Prepared by the authors, 2024. Different letters on the same line indicate a
significant difference between the means by ANOVA and Tukey's test (p < 0.05).

Fractal succolarity (Sf), on the other hand, is correlated with the
phenomenon of percolation (Talu et al., 2020; De melo; Conci, 2008). For

the measurements performed here, the connection between the upper and
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lower bands of the AFM image was evaluated. Thus, the higher the Sf value,

the greater the connection between the image bands. In view of this, the
results suggest that only the PVA3 film (Sr ~0.8) presents greater percolation
than the PVA control film (Sf ~0.4).

Another important fractal parameter to be considered is the lacunarity
exponent 3, the angular coefficient of the linear fit of the curves in Figure 6b.
According to Pinto et al. (2021), lacunarity is a measure that assesses the
heterogeneity of the distribution of vacancies on the film's surface, with B =
0 indicating that the lacunar distribution is exactly the same across the entire
surface. Therefore, the surface of the PVA3 film is the most homogeneous
(B~0.046), while that of the PVA1l film has greater heterogeneity (f ~
0.222).

In this context, regarding the feasibility of producing active packaging,
fractal analysis can be useful for evaluating the roughness and homogeneity
of the film surfaces. For example, a film with a more homogeneous and less
rough surface may be more suitable for application in active packaging.
Additionally, a low lacunarity exponent can be an interesting indicator to
ensure a uniform distribution of components on the film surface, which is
important to guarantee the effectiveness of the active compound in the

packaging.
4. Conclusion

PVA films functionalized with silk fibroin formulations combined with
copaiba oil-resin were successfully produced. The resulting films exhibited a
transparent appearance and a uniform surface. FTIR and UV-VIS analyses
indicated that the SF-OC formulation chemically interacted with the PVA
matrix and suggested the presence of natural compounds characteristic of

copaiba oil-resin within the film matrices.
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SEM analyses indicated a uniform morphology without significan\t flaws
or cracks in the films obtained, which can be a good indicator of the structural
integrity of the material. AFM analysis demonstrated that the films possess
self-affinity characteristics as well as uniformity and homogeneity,
corroborating the SEM images. Thus, based on the results obtained, it is
possible to conclude that the incorporation of SF-OC into PVA films
significantly affects the surface, correlation, and fractal properties of the
films. In particular, the average roughness value (Rrms) increases with the
increase in SF-OC concentration. Additionally, Dr presents higher values for
the PVA1l and PVA3 formulations, indicating a greater fractal complexity of
the surface of these films.

The autocorrelation and uniformity analysis showed that the
incorporation of SF-OC also affects the correlation between different regions
of the film surface, with lower values of I and ET observed for the PVA3
formulation compared to the other formulations. These results indicate that
the addition of SF-OC can produce PVA films with interesting surface and
fractal properties, which may be useful in the production of active packaging.

Finally, based on the data presented, the PVA2 sample would be the
most suitable for use in packaging, considering the fractal characteristics as
additional indicators. This is because the PVA2 sample shows higher Dr
values, reflecting a more uniform surface, indicating greater spatial filling

and persistence of surface characteristics across various scales.
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