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Abstract

In the present study, we aimed to produce CGP/PVA films containing entrapped anti-inflammatory drugs for wound dressing
applications. Using a 3*~! fractional factorial design, the effect of each component was evaluated on the physicochemical and
morphological properties of the produced materials. The best formulation for entrapment of diclofenac sodium and ketopro-
fen was also determined. The produced films presented high swelling capacity, with some formulations showing o porous
structure. CGP/PVA films showed a maximum retention of 75.6% for diclofenac sodium and 32.2% for ketoprofen, and both
drugs were released in a controlled manner for up to 7 h. The drug release kinetic was studied, and the data were fitted using
a Korsmeyer—Peppas model, which suggested that the release mechanism is controlled by diffusion. These results indicate
that CGP/PVA-based matrices have great potential to be used as drug—delivery systems for wound dressing applications,
contributing to prolonging the drug’s action time and then improving their anti-inflammatory efficacy.

Keywords Natural polymers - Drug delivery - Controlled release - Wound care - Wound healing

Introduction

Chronic wounds affect patients’ quality of life and have
considerable economic and social impacts. In general,
chronic wounds are a result of a failure in the regulation
of the natural healing process, with a prolonged or exces-
sive inflammatory phase, persistent infection and delayed
wound contraction being observed (Kaolaor et al. 2019;
Katiyar et al. 2022). Chronic wound healing is a complex
process that might last over 12 weeks (Shitole et al. 2019).
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In this case, appropriate wound care is crucial to improving
the healing process and protecting the wound from infec-
tions and contamination. Wound dressings are critical for
wound care, providing a physical barrier that protects the
open wound from further trauma or infection. Along with
protection and isolation, wound dressings can also provide
a controlled release of drugs to alleviate pain and accelerate
healing (Sharma et al. 2020; Nissi et al. 2023).

Polymeric wound dressing materials based on natural
polymers have been intensively studied in recent years, help-
ing combat bacterial infection, stimulating wound healing,
acting as powerful absorbents of the excess fluids released
in the wound, and also providing a bio-mimic microenviron-
ment that fastens the wound repair process (Sharma et al.
2020; Abdel-Mageed et al. 2022; Chandika et al. 2021; Feng
et al. 2021). Among the different natural polymers currently
studied in wound dressing applications, cashew gum poly-
saccharides (CGP) have gained attention due to their excel-
lent biocompatibility, biodegradability, inertness and film-
forming ability (Moreira et al. 2015; Silva et al. 2016; Lima
et al. 2018; Cruz et al. 2019a).

However, bioactive wound dressing films composed
only of CGP are limited by their high water solubility, poor
mechanical strength and low stability (Moreira et al. 2020).
To overcome these limitations, in the last decade, we have
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studied the effect of blending CGP with polyvinyl alcohol
(PVA), a widely explored synthetic polymer for wound
dressing and wound management, which presents desirable
features such as biocompatibility, biodegradability, bio-
adhesiveness, non-toxicity, film-forming ability and ease of
processing (Kaolaor et al. 2019; Shitole et al. 2019). Differ-
ent formulations of CGP/PVA films were studied as matrices
for several purposes, especially in the preparation of bioac-
tive and biodegradable materials to be used in biomedicine
(Moreira et al. 2015; Silva et al. 2016; Cruz et al. 2019a;
Chagas et al. 2022).

The combination of CGP and PVA enabled the produc-
tion of biocompatible and biodegradable films with excellent
mechanical properties and a high capacity to encapsulate
and release molecules in a controlled manner (Moreira et al.
2015; Silva et al. 2016; Cruz et al. 2019a). The bioactive
potential associated with the good properties of stability of
the matrix and the possibility of storing CGP/PVA films
dried or in solution over time without losing their mechani-
cal, physicochemical, and biological properties are advanced
characteristics that enable the purposing CGP/PVA as an
efficient bio-based material to be used as a bifunctional
agent helping the healing process while protects the wound
from injuries and contaminations (Moreira et al. 2015; Silva
et al. 2016; Chagas et al. 2022).

We have recently demonstrated that CGP/PVA films have
shown a slow in vivo biodegradability and a biocompat-
ibility pattern classified as non-irritating material (Chagas
et al. 2022). Altogether, these chemical and biological prop-
erties of CGP/PVA films make them promising materials to
be explored as matrices for developing membranes for skin
wound healing.

The ability of CGP/PVA films to efficiently entrap bioac-
tive molecules might be an essential characteristic of devel-
oping membranes acting as drug delivery systems. Consider-
ing that pharmacological treatments are often recommended
to improve healing and suppress the pain associated with
the wound healing process, the design of multifunctional
dressings containing anti-inflammatory/analgesic molecules
could enhance the effectiveness of wound management. In
this scenario, it would be interesting the development of
dressings containing medicine like non-steroidal anti-inflam-
matory drugs (NSAIDs), which present important effects
in alleviating pain and inflammation (Shehata et al. 2020),
by has some limitations regarding blood bioavailability and
undesired side effects when administered orally (Khan et al.
2018; Al-Lawati et al. 2019).

Based on the disadvantages associated with oral ther-
apy of NSAIDs, wound dressings acting as transdermal
drug delivery systems could be an efficient alternative to
improve patient compliance, enhance drug efficacy, avoid
adverse side effects, and accelerate the wound healing pro-
cess. Therefore, in the context of designing multifunctional
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wound dressings, this study aimed to produce polymer-based
dressings based on CGP and PVA functionalized with two
different NSAIDs, ketoprofen and diclofenac sodium. The
CGP/PVA films were prepared using a 3*~! fractional facto-
rial design and characterized regarding their morphological
and swelling properties. Furthermore, the entrapment effi-
ciencies of ketoprofen and diclofenac sodium were evalu-
ated, and the drug release profile was investigated.

Materials and methods
Chemical and reagents

Ethanol (95%) was purchased from Dinidmica Quimica
Contemporanea Ltda. (Sdo Paulo, SP, Brazil). Polyvinyl
alcohol (product number 363138), Mannitol (98% purity),
diclofenac sodium salt (98% purity) and ketoprofen (98%
purity) were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA). All other chemicals used were of
analytical grade, obtained from accredited companies and
were used as received.

Isolation of CGP

Samples of cashew gum were obtained from Anacardium
occidentale trees in Aquiras, Ceara, Brazil. Polysaccharide
isolation was then performed according to the methodology
described by Silva et al. (2016). Briefly, the nodules were
milled, immersed in distilled water in a proportion of 1:5
(w/v) and kept at room temperature (25 °C), for 24 h, under
stirring. The suspension was filtered to remove bark frag-
ments and then precipitated with cold ethanol at a 1:3 con-
centration (v/v). The precipitated polysaccharide (CGP) was
separated by centrifugation, washed with cold ethanol and
dried at room temperature. The white pellets were milled
and stored at room temperature in airtight vials.

Production of the CGP/PVA films
Experimental design

The CGP/PVA films were prepared using a solvent-casting
technique from their film-forming dispersions. The effects
of polymer concentration and oxidizing agent content on
the film's properties and drug entrapment efficiency were
evaluated using a 3>~! fractional factorial design. The experi-
ments were performed using the following setting values
(independent factors):

e CGP concentration: 1% (w/v) (low level); 2% (w/v) (cen-
tral point) and 3% (w/v) (high level);
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e PVA concentration: 3% (w/v) (low level); 4.5% (w/v)
(central point) and 6% (w/v) (high level); and

e NalO, concentration: 0.5 mol L~! (low level); 0.75 mol
L=! (w/v) (central point) and 1.0 mol L~! (w/v) (high
level).

The arrangement of variables and levels used in the
film-forming dispersions are shown in Table 1.

Results from the 3*! fractional factorial design were
analyzed using the software Statistica (Statistica 10.0 Stat-
Soft Inc., Tulsa, OK, USA). The adjustment of the experi-
mental data for the independent variables in the RSM was
represented by the second-order polynomial equation:

k k k
SRS S LTS 3
i=1 i=1

i<j

where y is the measured variable; f,, §; and f; are regres-
sion coefficients, and x; /xj are the independent variables.
The model was simplified by dropping terms that were not
statistically significant (p > 0.01) by ANOVA.

Film production

The film-forming dispersions were prepared by mixing
100 mL PVA solution with 100 mL of CGP solution,
10 mL of sodium metaperiodate solution (NalO,) as an
oxidizing agent, 20 mL of 1.0 mol L~! phosphoric acid
solution (H;PO,) as the catalyst, and 30 mg of mannitol
as a plasticizer. This film-forming dispersion was cast onto
acrylic molds and the solvent evaporation was left to occur
at room temperature (25 °C +2 °C). The dried films were
peeled from the casting molds, washed with distilled water
to completely remove unreacted materials, dried at room
temperature and stored in plastic vials.

Table 1 Independent variables and levels established by the 3>~ frac-
tional factorial design for producing the CGP/PVA films

Formulation CGP (%) PVA (%) NalO, (mol L)
Xl Xz X3

F1 1.0 3.0(-) 0.5(-)
F2 2.0 (0) 3.0 () 1.0 (+)
F3 3.0 (+) 3.0 () 0.75 (0)
F4 1.0 (2 4.5 (0) 1.0 (+)
F5 2.0 (0) 4.5 (0) 0.75 (0)
F6 3.0 (+) 4.5 (0) 0.5 ()
F7 1.0 (2 6.0 (+) 0.75 (0)
F8 2.0 (0) 6.0 (+) 0.5 ()
F9 3.0(4) 6.0 (+) 1.0 (+)

Characterization of the CGP/PVA films
Swelling behavior

The swelling behavior of the CGP/PVA films was deter-
mined according to Sabbagh et al. (2018), with minor
modifications. For the test, strips of 1 cm* were weighted,
immersed in 5 mL of distilled water and allowed to soak for
60 min at room temperature. The swollen films were taken
out of the solution at regular intervals, weighed and replaced
in the same solution to ensure a state of equilibrium. The
swelling capacity of CGP/PVA films was calculated using
the following equation:

Swelling capacity(%) = ([W, — W,]/W,) x 100, )

where W, represents the weight of the swollen CGP/PVA
film at time ¢, and W, represents the dried weight of the
sample.

Morphological analysis

Aiming to investigate the effect of swelling on the micro-
structure of CGP/PVA films, the swollen films were frozen,
lyophilized and then examined through scanning electron
microscopy, (JEOL JSM 6610 microscope) using a second-
ary electron detector with 15 kV of acceleration. The pore
size was determined using the Fiji software (Schindelin et al.
2012). The average pore size was determined after at least
20 individual measures by an open field, with three differ-
ent areas evaluated during SEM analysis. Experiments and
analyses involving high-resolution microscopy were per-
formed in the Multi-user High Resolution Microscopy Lab/
Laboratério Multiusuario de Microscopia de Alta Resolugdo
(LabMic) at the Universidade Federal de Goias, GO, Brazil.

Entrapment of diclofenac sodium and ketoprofen
onto CGP/PVA films

The produced CGP/PVA films were tested for entrapment
of non-steroidal anti-inflammatory drugs (NSAIDs). This
study used diclofenac sodium and ketoprofen as model
drugs, at 10 mg mL~!. Samples of CGP/PVA films (1 cm?)
were immersed in 1 mL of drug solution for 24 h at room
temperature. The amount of unentrapped drug was quan-
tified spectrophotometrically in the remaining solution
(Agiciofenac = 280 nm; Aeioprofen =255 nm). The entrapment
efficiency (%EE) was calculated, as shown in the following
equation:

% EE = ([total drug — free drug] /total drug) X 100 (3)
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In vitro drug release

In vitro drug release was performed according to the meth-
odology described by Liu et al. (2016). The CGP/PVA films
containing ketoprofen (CGP/PVA-KET) or diclofenac
sodium (CGP/PVA-DIC) were immersed in sodium phos-
phate buffer solution (0.1 mol L', pH 7.4) and incubated
at 37 °C. Aliquots of 50 pL of the solution were withdrawn
periodically, and the initial volume of the release medium
was maintained by adding an equivalent amount of fresh
phosphate buffer solution after each sampling. For quan-
tification, 50 pL of the sample was diluted to 1 mL with
phosphate buffer (1:20 dilution v/v) and the amount of drug
present in the sample was determined using a UV-Vis spec-
trophotometer (4giciofenac = 280 NM; Ayeioprofen = 255 NM).

Drug release kinetics

To analyze the mechanism of drug release, several mod-
els were applied to adjust experimental data using KinetDS
3.0 software (Mendyk and Jachowicz 2007). The zero-
order model is expressed as the cumulative amount of
drug released vs time, being determined by the following
equation:

C = ko, “

where k) is the zero-order rate constant expressed in units of
concentration/time and ¢ is the time in minutes. A concentra-
tion vs. time graph would yield a straight line with a slope
equal to k, and intercept the origin of the axes.

The first order model is defined as the logarithm of the
cumulative percentage of drug remaining as function of time.
This model can be expressed by the following equation:

log C =log Cy — k X (¢/2.303), 3)

where C,, is the initial drug concentration, k is the first order
constant and ¢ is the time in minutes.

Higuchi's model can be defined as the cumulative per-
centage of drug released vs the square root of time, accord-
ing to the following equation:

Q,=kxt'/?, (6)

where Q, is the amount of drug released in time ¢, k is the
kinetic constant and 7 is the time in minutes.

The Korsmeyer—Peppas model can be defined as a log
cumulative percentage of drug released vs log time and the
release exponent n and k value were calculated using the
following equation:

M, /M =kxt", 7
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where M, is the amount of the released drug at time ¢,
M., is the total amount of drug released after an infinite time,
k is the diffusional characteristic of the drug/polymer system
constant and 7 is a diffusional exponent used to indicate the
drug release mechanism (Ritger and Peppas 1987). Consid-
ering polymeric materials, it has been reported that values
of n<0.45 describe a Fickian diffusion (case I transport)
release mechanism. If 0.45 <n <0.89 the releasing mecha-
nism corresponds to a non-Fickian transport. When n=0.89
the drug release mechanism occurs through polymer swell-
ing (case II transport) and if n> 0.89 the erosion of polymer
dictates the drug release (Kashani et al. 2021).

Statistical analysis

All analyses were performed at least in triplicate. Results
from the 3*! fractional factorial design were analyzed by
regression analysis coupled to response surface methodol-
ogy (RSM), using the software Statistica 10.0 (Statsoft Inc.,
Tulsa, USA). The model was simplified by dropping terms
that were not statistically significant (p =0.05) by ANOVA.

Results and discussion
Model establishment

It is well-known that the type and amount of each component
used for developing films and membranes for wound healing
applications will dictate the chemical, structural, and func-
tional properties of the produced biomaterial. In this study,
the effect of polymers and oxidizing agent concentrations
on the swelling behavior and efficiency of drug entrapment
were investigated through a 3°~! fractional factorial design,
and the significance of the model was evaluated by one-way
and two-way analysis of variance (ANOVA).

The quality of fit of the mathematical model to the experi-
mental results was determined using the coefficient of deter-
mination values (Table 2), and a second-order polynomial
model was adopted as an appropriate mathematical func-
tion. This model has chosen since it presented the highest
values of 7 and adj-r* for all responses compared to the
other models (Table 2). The predicted * value indicates
how well the model could predict future data. However, a
large value of 72 only sometimes implies that the regression
mode is suitable since it assumes that all the independent
variables considered affect the result of the model, increas-
ing with each variable addition, regardless of whether it is
statistically significant. In this sense, the model accuracy is
better explained by analyzing the adjusted-r* value, which
considers only those independent variables that affect the
model’s performance. As can be observed in Table 2, all the
modeled variables presented 7* and adj-r* values very close,
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Table 2 Model adequacy by ANOVA for the swelling and entrapment
properties of the CGP/PVA films

Model Swelling behav-  Dependent variables
ior
Entrapment Entrapment
efficiency for efficiency for
diclofenac ketoprofen
No interaction  r>=0.824 ?=0.991 2=0.759
adj-*=0.771 adj-r*=0.989 adj-r?=0.687
Two-way inter- r?=0. 849 »=0.992 #=0.773
action (linear adj-r>=0.794 adj-*=0.989  adj-r*=0.689
x linear)
Two-way inter- 72=0.962 r*=0.999 r?=0.999
action (linear adj-r’=0.945  adj-r*=0.999  adj-r’>=0.999

x quadratic)

Bold values indicate p = 0.05

indicating that insignificant terms have not been included
in the model. Furthermore, the r* and adj-r2 values con-
clude that the applied statistical model effectively predicts
the response.

After the model establishment, it was necessary to evalu-
ate the significance of the effect estimates for each independ-
ent variable. It should be noted that the linear and quadratic
terms for the oxidizing agent concentration were the fac-
tors that did not affect the swelling behavior of the CGP/
PVA film. In addition, the entrapment efficiency, irrespec-
tive of the NSAID tested, was influenced by all independent
variables.

Characterization of the CGP/PVA films
Swelling behavior

The swelling ability is a fundamental property that could
influence drug release rates by controlling the diffusion
rate of a drug into the polymer matrix and its dissolution
and diffusion throughout the three-dimensional network of
the swollen matrix (Piacentini et al. 2020). Moreover, the
extent and rate of polymer swelling dictate the adsorption
of exudates in wound healing products (Shitole et al. 2019;
Abdel-Mageed et al. 2022). In this study, the swelling capac-
ity of CGP/PVA films with different amounts of polymers
and oxidizing agent was studied and the results are shown
in Fig. 1. As can be observed, the equilibrium of swelling
was reached after 20 min for all CGP/PVA films except for
the formulation containing the higher concentrations of
polymers and oxidizing agent (F9). For this formulation,
stabilization of the swelling only occurred after 50 min. In
addition, the swelling capacity ranged from 41.3 to 62.4%
for the CGP/PVA films, with the formulation F8 (62.4%)
and F9 (53.9%) showing the highest swelling values. The

70
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Fig.1 Swelling profile of the CGP/PVA films produced according
to the 3! fractional factorial design. Results were presented as per-
centages of absorbed water into each film, and the vertical bars cor-
respond to the standard deviation of the data

possibility of controlling the swelling behavior of CGP/PVA
films by changing their component composition makes them
very attractive for biomedical applications.

To evaluate the effect of the film constituents on the
swelling behavior of the produced materials, a multivari-
ate analysis was carried out using the swelling values after
60 min of incubation (Table 4). According to the signifi-
cance degree of the terms extracted from the ANOVA results
(Table 3), the data from swelling capacity were converted
into a second-order polynomial equation describing the cor-
relation between the response and the variables. The math-
ematical model is represented in the following equation:

swelling capacity(%) =167.94 — 87.02X; +20.36X> — 35.09X, + 1.97X2
+22.52X, X, — 5.27X°X, (r* = 0.96)
(®)
where X, denotes de concentration of CGP (%, w/v) and X,
denotes de concentration of PVA (% w/v). The value of adj-
7 (Table 2) indicates that 95.0% of the experimental data
agreed with the predicted values, assuring that the experi-
mental model can successfully explain this response.
Results from multivariate analysis also revealed that
the most pronounced positive effect on the swelling capac-
ity was obtained for the linear term of PVA concentration
(Table 3). In addition, the linear and quadratic terms of CGP
concentration and the interaction factors of CGP and PVA
also positively affected the response. This result is expected
considering the hydrophilic nature of these polymers since
increasing the concentration of polymers will increase the
number of polar groups in the polymer network available to
interact with water. The branched structure of CGP (Fig. 2)
significantly contributes to the polymeric matrix's relaxation
ability. For this reason, the higher the amount of CGP, the
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Table 3 Effect estimates

: : Factor Swelling Entrapment efficiency for ~ Entrapment efficiency for

coefficients for swelhpg and diclofenac ketoprofen

drug entrapment efficiency of

the CGP/PVA films Coefficient p value* Coefficient p value Coefficient p value
Mean/Intercept 48.21 <0.001 31.85 <0.001 18.82 <0.001
(X;) CGP (L**) 1.88 <0.001 —11.65 <0.001 20.00 <0.001
CGP (Q*#%) 3.34 <0.001 -5.97 <0.001 8.47 <0.001
(X,) PVA (L) 9.44 <0.001 -26.18 <0.001 9.47 <0.001
PVAL (Q) —4.45 <0.001 -8.12 <0.001 7.56 <0.001
(X3) NalO,4 (L) -1.66 1.02 30.44 <0.001 15.30 <0.001
NalO, (Q) -1.83 0.89 —33.68 <0.001 2.68 <0.001
X, by X, 4.36 <0.001 3.16 <0.001 593 <0.001
X2 by X, 7.89 <0.001 -8.24 <0.001 21.10 <0.001

*The values given in bold are not statistically significant

**Linear component (L)

***Quadratic component (Q)

-

Fig.2 Scheme representing the chemical interactions possibly occur- cashew gum polysaccharide, PVA polyvinyl alcohol, NalO, sodium
ring between the components of the CGP/PVA films during produc- metaperiodate, the oxidizing agent
tion and entrapment of diclofenac sodium and ketoprofen. CGP
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Table 4 Results for the swelling capacity of the CGP/PVA films pro-
duced as established by the 3*~! fractional factorial design

Formulation CGP (%) PVA (%) NalO, (mol Swelling
X, X, L™ capacity
X3 (%)*
F1 1.0 (-) 3.0() 0.5(-) 47.8+5.65
F2 2.0 (0) 3.0() 1.0 (+) 41.3+1.82
F3 30(+) 3.0(¢) 0.75 (0) 45.9+1.01
F4 1.0(-) 4.5 (0) 1.0 (+) 43.4+1.36
F5 2.0 (0) 4.5 (0) 0.75 (0) 46.2+0.14
F6 30(+) 450 0.5(-) 46.2+1.45
F7 1.0 (-) 6.0(+) 0.75(0) 46.7+1.65
F8 2.0 (0) 60(+) 05() 62.4+4.09
F9 30(+) 60(+) 1.0(+) 53.9+1.13

#The values are presented as means and standard deviations (n=6)

higher the swelling capacity of the produced CGP/PVA films
(Table 4). This increased fluid absorption capacity observed
in the CGP/PVA film formulations constitutes an advantage
for wound healing applications since they can provide con-
trolled moisture in the injured microenvironment, avoiding
infection and maceration in the wound bed (Enache et al.
2022; Paranhos et al. 2022).

On the other hand, while the quadratic term of PVA con-
centration negatively affected the swelling capacity, the con-
tent of NalO, did not interfere with this response (Table 3).
A large increase in the concentration of PVA may favor the
occurrence of interactions between the liner chains of PVA
(Fig. 2), which can result in a more cohesive matrix with a
lower ability to relax in the presence of water.

The total of interactions between the CGP/PVA films and
the solvent molecules is proportional to the number of avail-
able polar groups as well as the relaxation capacity of the
polymer network (Fig. 2). In this sense, increasing the con-
centration of CGP and PVA in the formulations will increase
the number of hydrophilic groups in the structure of the
films, which will favor water molecules entering the three-
dimensional network of the CGP/PVA films (Fig. 3). Fur-
thermore, the presence of negatively charged centers along
the chains of CGP might favor the relaxation of the film
matrix as a result of a reorganization of the polymer chain
entanglements due to the charge repulsion, which improves
the swelling capacity of the CGP/PVA films (Fig. 2).

The high swelling power demonstrated by the CGP/PVA
films contributes to: (1) increasing the adhesion of the film
to the injured skin when it contacts the moist wound surface;
(2) adsorbing the excess of wound exudates; (3) dictating
the release of the therapeutic molecules entrapped in the
matrix; and (4) the maintenance of a moist microenviron-
ment on the wound surface. Considering that the commer-
cially available medicated plaster could hinder the healing
process because of some drawbacks related to their adhesion

& /
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Fig. 3 Response surface plot obtained in the 33! fractional factorial
design for the swelling capacity of the CGP/PVA films as a function
of the variables that significantly affected the response (p<0.05).
CGP cashew gum polysaccharide, PVA polyvinyl alcohol

properties and inhibition of the hydration of the wounds
(Gudin and Nalamachu 2020; Enache et al. 2022), the swell-
ing properties of CGP/PVA films together with the previ-
ously reported features of adhesion (Moreira et al. 2015)
constitute and advance in the production of polymer-based
plasters. Together with these properties, CGP/PVA films
also provide physical protection that prevents the wound
from further injuries, which contributes to accelerating the
healing process.

Microstructural morphology of the swollen CGP/PVA films

SEM was used to verify if changes in the film formulations
would influence their microstructure after swelling. SEM is
a technique widely used to evaluate the microstructure of
materials, allowing a better understanding of the properties
and potentialities of a product. Before swelling, the CGP/
PVA films showed a general uniform and smooth structure,
without pores, bubbles, or cracks, being not possible to ver-
ify microstructural differences among the produced formula-
tions (Fig. 4a). However, the freeze-dried swollen CGP/PVA
films evidenced a different pattern of microstructure organi-
zation, probably related to the film composition. The con-
centration of oxidizing agent (NalO,) and polymers (CGP
and PVA) affected the microstructural morphology of the
swollen films, with a group containing a varied content of
interconnected pores with different sizes and morphologies
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Fig.4 Scanning electron micrographs of CGP/PVA films: a typical
microstructure of a non-swollen CGP/PVA film; b surface micro-
structure of CGP/PVA film from formulation F1 (1% CGP; 3%
PVA; and 0.5 mol L™! NalO,) after swelling and lyophilization; and
¢ surface microstructure of CGP/PVA film from formulation F8 (2%
CGP; 6% PVA; and 0.5 mol L™ NalQ,) after swelling and lyophiliza-
tion. Inserts were added to the micrographs (b, ¢) to provide a better
understanding of the structural changes caused by the swelling pro-
cess
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Fig.5 Scanning electron micrographs showing the surface microstructure of
swollen CGP/PVA films: a formulation F3 (3% CGP; 3% PVA; and 0.75 mol
L! NalO,); b formulation F4 (1% CGP; 4.5% PVA; and 1.0 mol L! NalO,);
and ¢ formulation F7 (1% CGP; 6% PVA; and 0.75 mol L™ NalO,). Inserts
were added to the micrographs to understand better the structural changes
caused by the swelling process
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Fig.6 Scanning electron micrographs showing the surface micro-
structure of swollen CGP/PVA films: a formulation F2 (2% CGP;
3% PVA; and 1.0 mol L™! NalO,); b Formulation F5 (2% CGP; 4.5%
PVA; and 0.75 mol L™ NalO,); ¢ formulation F6 (3% CGP; 4.5%

(Fig. 4b, ¢) and another group without defined pores (Figs. 5
and 6).

Although the concentrations of CGP and PVA play an
important role in network formation, NalO, concentration is
a key factor determining the extension of three-dimensional
changes in the swollen films. For the CGP/PVA films from
formulations F1 and F8, produced with the lowest concentra-
tion of NalO, (0.5 mol L"), a porous tridimensional struc-
ture was observed due to the freeze-drying process. In this
case, the absorbed water has acted as a porogen. During the
freezing process, the ice crystals formed in the CGP/PVA
network caused an expansion in the film’s three-dimensional
structure, with a physical separation of the polymer chain

o e 7
x100 100pm

PVA; and 0.5 mol L™! NalO,); and d formulation F9 (3% CGP; 6%
PVA; and 1.0 mol L™! NalO,). Inserts were added to the micrographs
to understand better the structural changes caused by the swelling
process

entanglements and their concentration at the interface of the
ice crystals. Then, the ice crystals were sublimated during
lyophilization, forming a porous structure of interconnected
polymer chains (de Lacerda Bukzem et al. 2021).

Despite these two formulations presenting microporos-
ity, it is evident that the polymers' content influenced the
shape and size of the pores. SEM images showed an irregu-
lar incidence of porous structures in the CGP/PVA film from
formulation F1, apparently due to a rupture of structures like
vesicles in the film surface. Considering the highly branched
characteristic of CGP, the oxidation effect of NalO4 on the
vicinal hydroxyls (C2 and C3) on CGP may be mild, and
consequently, there is a lower number of interaction points
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available to react with PVA (Cruz et al. 2019b). In this case,
the resultant three-dimensional structure of CGP/PVA from
formulation F1 has regions more cohesive and resistant to
extension, corresponding to the interaction points between
CGP and PVA and other more flexible areas referred to the
polymer chain entanglements from CGP. These differences
in the film network organization can explain the vesicle-
like structures observed in film formulation F1 (Fig. 4b), in
which the regions containing CGP weakly crosslinked with
PVA will be more flexible and extensible than the regions
showing a large number of interconnections between CGP
and PVA.

On the other hand, for the formulation F2, the increase in
the content of each polymer contributed to organizing the
films in a more homogeneous network, reflecting in a three-
dimensional system with increased microporosity (Fig. 4c).
The porous structure of these two formulations of CGP/PVA
films can provide an interesting matrix for drug absorption
and release, as well as for cell growth (Nissi et al. 2023;
Enache et al. 2022). Generally, the number and size of pores
in a support can affect the number of molecules entrapped in
the film network (Bi et al. 2016). In this case, the differences
in pore incidence and morphology in the CGP/PVA films
might increase the diversity of biomolecules to be entrapped
into these matrices. In addition, polymer-based porous films
are reported to be excellent materials for wound dressing
applications since they can maintain the moist surface of the
wound, facilitate gas exchange, and remove excess exudates,
which favors tissue regeneration (Kaolaor et al. 2019; Shi-
tole et al. 2019; Agarwal et al. 2022).

The SEM micrographs for the other CGP/PVA films have
shown different surface microstructures without defined
pores. For film formulation F3, a vesicle-like structure was
also observed (Fig. 5a). However, there is no evidence of
pore formation. Similar to that was observed for CGP/PVA
formulation F1, it is possible that the content of oxidizing
agent (NalO,) used was insufficient to create reactive sites
in CGP and PVA to produce a homogeneous network, and
considering the branched structure of CGP, the non-linked
regions could present higher expansion during the formation
of the ice crystal, forming the spongy-form surface structure
observed in Fig. 5a.

For the CGP/PVA films from formulations F4 (Fig. 5b)
and F7 (Fig. 5¢), it was observed a homogeneous and cohe-
sive microstructure with slight differences compared to the
unswollen film (Fig. 4a). This result can be explained due to
the high concentration of NalO, and PVA in these formula-
tions, which leads to a higher extent of oxidation and an
increase in the number of cross-linkages between GCP and
PVA, resulting in a more compact matrix that did not expand
during the formation of ice crystals.

For the other film formulations (F2, F5, F6, and F9), it
was observed the presence of some cracks and disrupted
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bubbles, but without defined pores (Fig. 6). It is possible that
during swelling, some regions in which the polymers were
weakly connected had a more prominent water absorption
and during freezing, the expansion of ice crystals caused a
rupture of the formed bubbles.

Despite the absence of pores, these CGP/PVA films
remain attractive as wound-healing plasters due to their
potent properties of swelling. However, the lack of pores
is a disadvantage for the use of these films as plasters for
extended periods (Shalaby et al. 2022) because they can
restrict oxygen diffusion and do not effectively control water
loss, making necessary a frequent replacement of the plaster
to avoid delay in the wound healing. Nevertheless, consider-
ing that CGP/PVA films were previously characterized as
non-irritative skin materials (Chagas et al. 2022), this limita-
tion of use is not a drawback that highly interferes with the
potential of using these materials for wound healing applica-
tions. Additionally, considering the possibility of these films
acting as controlled drug delivery systems, they can be used
as medicated plaster for pain relief in non-injured skin.

Entrapment efficiency of the NSAIDs onto the CGP/
PVA films

The feasibility of functionalizing the CGP/PVA films with
NSAIDs was tested, and the entrapment efficiency results
of ketoprofen and diclofenac sodium are shown in Table 5.
The entrapment efficiency of diclofenac sodium in the dif-
ferent CGP/PVA formulations ranged from 0 to 75.6%, while
for ketoprofen entrapment these values varied from 0% to
32.2%.

Results from the multivariate analysis showed that the
composition of the CGP/PVA films affected each NSAID's
entrapment (Table 3). The evaluation of the relationship
between the film components and the entrapment efficiency

Table5 Results of entrapment efficiency (%EE) for diclofenac
sodium and ketoprofen onto the CGP/PVA films produced as estab-
lished by the fractional 3*! factorial design

Formulation Entrapment efficiency (%EE)*

Diclofenac sodium Ketoprofen
Fl 50.3+0.01 0.2+0.06
F2 75.6+0.12 9.9+0.07
F3 17.1+£0.21 24.6+0.24
F4 60.7+0.05 17.8+0.19
F5 0.0 31.3+0.74
F6 18.6+0.06 22.5+0.15
F7 8.0+0.71 0.0
F8 8.0+0.84 322+0.14
F9 48.4+0.16 30.9+0.06

*The values are presented as means and standard deviations (n=4)
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Fig.7 Response surface plot obtained in the 37! fractional factorial » (a)
design for the entrapment efficiency of diclofenac sodium in the CGP/
PVA films as a function of the variables significantly affecting the
response (p <0.05). a Three-dimensional plot showing the effect of
oxidizing agent (NalO,) and CGP content on the diclofenac entrap-
ment efficiency. This plot was drawn by setting the PVA concentra-
tion at 4.5% (w/v). b Three-dimensional plot showing the effect of
PVA and CGP content on the drug entrapment efficiency. This plot
was drawn by setting the NalO, concentration at 0.75 mol L.7%. ¢
Three-dimensional plot showing the effect of oxidizing agent (NalO,)
and PVA content on the response. The plot was drawn by setting the
GPC concentration at 2.0% (w/v)

] FauRnys waudenud

shows that the most pronounced effect was observed for the
quadratic term of oxidizing agent concentration, negatively
affecting the response. In addition, CPG and PVA concen-
trations and interaction between the quadratic term of CGP
and the linear term of PVA also negatively affected the drug
entrapment efficiency (Table 3). These overall negative
effects on the entrapment efficiency of diclofenac may be a
result of the film network organization since large increases
in the content of NalO, lead to increases in the number of
cross-linkages between CGP and PVA (Fig. 7a, b), resulting
in a more compact matrix with lower ability of drug load-
ing. Furthermore, the drug entrapment efficiency strongly
depends on the drug solubility in the film matrix, which
is related to the composition of polymers and drug—poly-
mers interaction (Silva et al. 2021). Considering the nega-
tive charge of diclofenac sodium, increases in CGP con-
centration will increase the overall negative charge of the
produced film, and therefore, the charge repulsion between
the drug and the polymer will result in a reduction in the
entrapment of diclofenac into the inner part of the produced
film (Fig. 7a, c). On the other hand, the simultaneous linear
increase in the content of CGP and PVA leads to a general
increase in the cross-linkage points, reducing the overall
negative charge of the produced film and therefore dimin-
ishing the drug—polymer charge repulsion and favoring the
drug entrapment into the film matrix (Fig. 7c).

The data from entrapment efficiency (EE) were fitted to
the second-order polynomial model, and the correlations
between the response and the variables were expressed by
the following equation:

(b)

o FouRnuR \um)dm\\la

EE giciofenac(%) = 332.46 + 64.37X, — 18.73X;
— 25.02X, + 3.61X; — 747.39X,
+538.85X; — 20.91X, X,
+5.49X7X, (r* = 0.99),

(©))

where X, denotes de concentration of CGP (%, w/v), X,
denotes de concentration of PVA (% w/v), and X; denotes
the concentration of oxidizing agent (mol L™"). The high
proportions of variability (r*=0.999) in the response model
can be explained successfully by the experimental model.
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Fig.8 Response surface plot obtained in the 3> fractional facto- »
rial design for the entrapment efficiency of ketoprofen in the CGP/
PVA films as a function of the variables that significantly affected the
response (p <0.05). a Three-dimensional plot showing the effect of
PVA and CGP content on the drug entrapment efficiency. This plot
was drawn by setting the NalO, concentration at 0.75 mol L.7!. b
Three-dimensional plot showing the effect of oxidizing agent (NalO,)
and PVA content on the response. The plot was drawn by setting the
GPC concentration at 2.0% (w/v). ¢ Three-dimensional plot show-
ing the effect of oxidizing agent (NalO,) and CGP content on the
diclofenac entrapment efficiency. This plot was drawn by setting the
PVA concentration at 4.5% (w/v)

(a)
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However, a large value of 7 is not enough to always assure
that the regression model is good since increases in the num-
ber of variables will increase de the r* value independent if
these variables are statically significant. For this reason, it
is better to evaluate the model’s adequacy using the adjusted
¥* value, which is a measure that indicates the fitness of
the model, and it should be over 90%. Considering that
and adj-r* values for the model are very close, it is possi-
ble to guarantee that the insignificant terms have not been
included in the model. In addition, the adj—r2 value indicated
that 99.99% of the experimental data from entrapment effi-
ciency of diclofenac were in agreement with the predicted
values, assuring that the experimental model can success-
fully explain this response.

Considering the data from ketoprofen entrapment, mul-
tivariate analysis (+* =0.99) showed that all variables posi-
tively influenced the response (Table 3). Considering the
hydrophobic nature of ketoprofen, the higher the content
of polymers, the higher the hydrophobic spots in the film
matrix (Fig. 2), increasing the amount of ketoprofen able
to penetrate deeply into the polymeric matrix (Fig. 8a).

The regression analysis showed a good fit of experi-
mental values to the second-order polynomial model as a )
function of significant factors. The mathematical model is
represented in the following equation:

(b)

1) Fouapip wande 3

EE,qioprofen(%) = 76.83 — 218.23X, + 54.83X;
— 17.42X, — 3.36X; + 95.00X;
—42.93X7 + 58.24X,X,
- 14.07X;X, (r* = 0.99)

10)

where X; denotes de concentration of CGP (%, w/v), X,
denotes de concentration of PVA (% w/v), and X; denotes
the concentration of oxidizing agent (mol L™!). The high
adj-r* value (0.99) confirmed the model's adequacy, which
indicates that 99.99% of the experimental data agreed with
the predicted values.

The correlation between the independent variables on
ketoprofen's entrapment efficiency was investigated using
response surface methodology. Despite the lower entrap-
ment efficiency for ketoprofen compared to diclofenac,

1o]o) FouRnie Wwamde
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Fig. 8 shows a well-defined region of maximum values
for ketoprofen entrapment onto CGP/PVA films. As can
be seen, higher percentages of entrapment were found in
the CGP/PVA films containing at least 4.5% of PVA and
2% of CGP in their formulation. Based on these results,
formulation F8 (32.2% entrapment) was chosen to evaluate
the ketoprofen release profile.

It is important to point out that the differences in the
magnitude of entrapment as well as the behavior of drug
retention on the CGP/PVA films can also be ascribed to
the intrinsic characteristics of each drug that will dictate
the intermolecular interactions with the polymeric matrix
(Fig. 2). The aromatic rings present in both ketoprofen
and diclofenac will probably interact with the CGP/PVA
structure through weak intermolecular bonding forces (i.e.,
hydrophobic interactions and Van der Waals force) (Silva
et al. 2021; Freitas et al. 2018). Considering the weakness
of these interactions, it is possible to infer that initially the
diffusion forces stimulate the migration of the drugs from
the solution to the swollen structure of the CGP/PVA films.
However, a prolonged reaction time can lead to a lixiviation
of the entrapped drug back to the solution. This effect can
explain the differences in the magnitude of entrapment for
ketoprofen and diclofenac. Probably the interaction forces
between the functional groups of ketoprofen and the CGP/
PVA structure were weaker than those between diclofenac
and CGP/PVA films leading to higher values of entrapment
efficiency for diclofenac (Fig. 2).

In vitro drug release

The in vitro drug release of diclofenac sodium and ketopro-
fen from CGP/PVA films in sodium phosphate buffer at pH
7.4 was investigated and their kinetics are shown in Fig. 9.

As can be seen, the drugs were released from CGP/PVA
films in a controlled manner with a burst effect within the
first hour followed by a slow and continuous release for the
next 6 h. This initial burst effect can be attributed to the
release of weakly bonded drug molecules (Lai et al. 2018;
Feng et al. 2020). On the other hand, the sustained release
of the drugs is likely related to the formation of host—guest
complexes between polymers and drug molecules (Orou-
jeni et al. 2018). The formation of host—guest complexes
can contribute to enhancing the intermolecular associa-
tion between the CGP/PVA matrix and drug molecules
leading to a delay in the release of both, ketoprofen and
diclofenac (Fig. 2). Considering the application of the CGP/
PVA films as wound-care dressing materials, it is possible
that the wound exudate or blood would increase the rate of
drug release due to the improvement of swelling of the film
matrix or even because of the concentration gradient that
favor the release of the drug from the inner sites in the CGP/
PVA films to the interstitial space of the injured tissue.

It is interesting to point out that the speed of ketoprofen
release was lower than that observed for diclofenac sodium.
These differences in the release profile can be due to the
intrinsic characteristics of the CGP/PVA films as well as the
hydrophilicity/hydrophobicity of the drugs (Fig. 2). In the
first hour the release profile may be dictated by the swell-
ing of CGP/PVA films, since the water molecules will enter
the film’s network and stimulate the drug’s diffusion out. In

Fig.9 In vitro release profile 100
of ketoprofen and diclofenac
sodium from the CGP/PVA ag
films. Results were presented
as percentages of cumula- 80
tive release over time, and the
vertical bars correspond to the 70
standard deviation of the data —_
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Table 6 Results for the model fitting of the release profiles for keto-
profen (CGP/PVA-KET) and diclofenac sodium (CGP/PVA-DIC)

Formulation Kinetic models
Zero-order  Firstorder  Higuchi  Kors-
meyer—
Peppas
CGP/PVA-KET  0.9545 0.8409 0.9389 0.9985
CGP/PVA-DIC  0.8980 0.9173 0.9928 0.9937

Bold values indicate p = 0.05

this case, despite the lower swelling capacity of the CGP/
PVA film formulation F2 when compared to formulation F8
(Fig. 1), the more hydrophilic feature of diclofenac sodium
associated with a higher amount of entrapped drug may
explain the higher percentage of drug released.

After the equilibrium of swelling, the drug release can be
correlated to the intrinsic characteristics of each drug. The
hydrophilic nature of diclofenac sodium allows for better
drug diffusion from CGP/PVA to the phosphate solution,
with maximum release values around 94% (~7.1 mg). On
the other hand, despite the similar release profile, the mag-
nitude of ketoprofen release was lower than those observed
for diclofenac, with a release of around 60% (~ 1.9 mg) being
achieved. In this case, the hydrophobic nature of ketoprofen
negatively interfered with the diffusion process. As reported
by Liu et al. (Liu et al. 2016), during the release process,
hydrophilic drug aggregates migrate from the polymer net-
work and enter into water, and disperse in a unimolecular
form quickly, facilitating their dissolution. However, hydro-
phobic drugs can cluster together, forming aggregates that
retard the diffusion process and will not disperse and dis-
solve quickly after migration from the polymer network,
which will retard their dissolution.

Furthermore, it can be seen that the drug release took
about 7 h to reach its maximum for both entrapped drugs
(Fig. 9), suggesting that CGP/PVA-KET and CGP/
PVA-DIC could be tested as multifunctional wound-care
dressings presenting a prolonged release of anti-inflamma-
tory drugs. The slow release of diclofenac and ketoprofen
from the CGP/PVA films may prolong their analgesic and
anti-inflammatory activities, avoiding toxic side effects, pre-
venting sub-therapeutic levels of the drugs, and reducing
the frequency of the need for subsequent dressing changes.

Analysis of kinetic models

Evaluating drug release by an appropriate mathematical
model can support interpreting and comprehending the
mechanisms controlling the release process (Tan et al. 2019;
Bataglioli et al. 2019). Different models were fitted to the
experimental data to determine the mechanism governing
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drug release from the films. The best model was selected
according to the regression coefficient (+°) determined from
the linear regression fit for each model (Table 6).

Results from regression analysis evidenced that the
in vitro drug release of CGP/PVA-KET and CGP/PVA-DIC
has shown a good fit with the Korsmeyer—Peppas model
(Table 6), indicating that drug release follows a diffusion
mechanism. However, the values of the release exponent
indicated a different release behavior between the films. For
CGP/PVA-KET films, the value of the release exponent
(n=0.42) suggests that the Fickian diffusion is the domi-
nant mechanism of ketoprofen release (Ritger and Peppas
1987; Kashani et al. 2021). The release exponent (n) of the
Korsmeyer—Peppas equation for CGP/PVA-DIC was found
to be 0.51, indicating that the release occurred according
to a non-Fickian transport, in which this process is driven
by both relaxation of the CGP/PVA matrix and diffusion of
the drug (Ritger and Peppas 1987; Bataglioli et al. 2019;
Kashani et al. 2021).

Conclusions

In this study, the characteristics of wound-care dressing films
prepared by blending polyvinyl alcohol and cashew gum
polysaccharide were evaluated. Using a 3*~! fractional facto-
rial design it was possible to distinguish the effect of each
component on the physicochemical and morphological prop-
erties of the produced materials and to determine the best
formulation for the entrapment of NSAIDs. CGP/PVA films
produced using 2% CGP, 3% PVA and 1 mol L™! NalO,
showed the best performance of entrapment for diclofenac
sodium (75.6%), with the drug release profile following a
non-Fickian transport. Regarding ketoprofen entrapment
(32.2%), the best formulation was achieved by blending 2%
CGP, and 6% PVA with 0.5 mol L™! of NalO,, with a drug
release following a Fickian diffusion mechanism. In addi-
tion, drugs were released in a controlled manner with a sus-
tained in vitro release over 7 h being observed. Regarding
the application of these CGP/PVA films for use as wound-
care dressings, their high swelling capacity would allow the
removal of excess exudates and the maintenance of a local
moist environment. Moreover, the sustained release of keto-
profen and diclofenac would prolong the drug’s action time,
improving therapeutic efficacy and reducing the frequency
of wound dressing changes. Despite the absence of pores in
some film formulations, which will demand a more frequent
replacement of the plaster, the skin non-irritative property of
these films constitutes an advantage that could overcome this
drawback. In addition, considering the controlled released
profile of the produced CGP/PVA films, it is also possible to
suggest their use as medicated plasters for pain management.
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However, further in vitro and in vivo tests should be per-
formed to confirm the potentialities of CGP/PVA films as
membranes for clinical use. Additional studies have also to
be conducted to determine the long-term storage stability of
the CGP/PVA films and the best storage conditions.
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