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HIGHLIGHTS
¢ Hyaluronic acid (HA) was obtained by fermentation in a low cost medium.
e HA addition of 5 and 10% improved the polyvinyl alcohol (PVA) films properties.
¢ Addition of 10% HA improved films thermal stability and water vapor permeability.

¢ Films based on PVA and HA are promising material to biomedical application.

Abstract: The aims of this work were to produce hyaluronic acid (HA) by Streptococcus zooepidemicus
ATCC 39920 in a low cost sugarcane molasses fermentation medium and to employ the produced HA to
obtain films blends based on polyvinyl alcohol (PVA). The films were produced using solution casting method
and they were characterized according to their microstructure, mechanical and barrier properties. HA was
added in different concentrations (0, 5, 10 and 15% (w/w)), and glycerol was used as a plasticizer (25 g/100
g solids). All formulations resulted in easily manipulated films with good appearance. The addition of HA on
PVA films increased their thermal stability, solubility, swelling index, water vapor permeability and elongation.
Microbial HA sample combined with PVA showed to be a promising material to biomedical application, and
an addition between 5 and 10% (w/w) was sufficient to improve PVA films properties.

Keywords: Microbial hyaluronic acid; polyvinyl alcohol; barrier properties; mechanical properties.

INTRODUCTION

Hyaluronic acid (HA) is a non-sulfated linear glycosaminoglycan that consists of repeating disaccharide
units of B (1—4)-glucuronic acid (GlcUA) and B (1—3)-N-acetylglucosamine (GIcNAc) [1]. It is also a major
extracellular matrix component that is found in vertebrates [2]. Its capacity for holding water and its high
viscoelasticity, as well as its biocompatibility and biodegradability, make HA a suitable biomaterial for use in
several areas ranging from tissue engineering to cosmetic application [3-5].
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Traditionally, native HA was extracted from animal tissues, most often from rooster comb. More recently,
the polymer has been produced by the fermentation of Streptococci, thereby eliminating the possibility of
inter-species disease transfer [6,7]. In addition, the use of low-cost renewable resources and agro-industrial
by-products as fermentation media contributes to making microbial HA production economically feasible [8—
10].

According to Mogosanu and Grumezescu [11], there are several natural and synthetic polymers that are
used as dressings for regenerating and repairing dermal and epidermal tissues during the wound healing
process. Law and coauthors [12] reported that HA is a natural polymer with the potential to be used for this
purpose; however, it is expensive, as the value of HA products and their derivatives range from US $2,000
to $60,000 kg™'[13].

Due to its high cost, HA can be combined with different polymers to reduce its price and improve its
physicochemical and biological properties. The incorporation of HA on films based on blends to wound
dressing application is justified due to the polymer improve the proliferation, differentiation and migration of
cells during the regeneration and healing of tissues [14—-17]. The blend system of polyvinyl alcohol (PVA) and
HA has been reported to be a promising material for biomedical application [16,18,19].

On an industrial scale, PVA is obtained by partial or complete hydrolysis of polyvinyl acetate to remove
the acetate groups, with the partially hydrolysed grades containing residual acetate groups [20]. PVA is a
synthetic hydrophilic polymer that is non-toxic, non-carcinogenic, biocompatible, biodegradable and bio-
adhesive [16,21]. For this reason, PVA films are of particular interest for application in wound healing, being
an ideal polymer to be combined with HA.

Previous studies have used commercial HA for production of PVA-HA gels [18,22,23], cryogels
membranes [16,24,25] and solutions [26]. Ding and coauthors [27] obtained a multi-layered hydrogel film
system based on hyaluronic acid—cysteamine (HA-Cym) and PVA. Kuchaiyaphum and coauthors [25]
produced PVA-HA cryogel by repeated freezing and thawing method as the purpose to remove the effect of
chemical cross-linkers.

In our work, we employed HA produced by Streptococcus zooepidemicus ATCC 39920 in a low-cost
sugarcane molasses fermentation medium to produce a blend with polyvinyl alcohol. The blend resulted in
biodegradable and biocompatible films, which were characterized according to their microstructure,
mechanical, thermal and barrier properties.

MATERIALS AND METHODS

Materials

The polyvinyl alcohol was provided by Sekisui Specialty Chemicals (Dallas, TX, USA) as Selvol™ 325
(degree of hydrolysis = 98.4% and 85 - 124 KDa molecular weight). Glycerol was purchased from Synth
(Labsynth, S&o Paulo, Brazil). Streptococcus zooepidemicus ATCC 39920 (for HA production) was obtained
from the Brazilian Collection of Environmental and Industrial Microorganisms (CBMAI). The sugarcane
molasses fermentation medium was obtained from the Alltech group (Sao Pedro do lvai, PR, Brazil).

Production of Microbial HA

The HA production and purification were conducted based on the method described by Pan and
coauthors [9]. Batch fermentation in a bioreactor (Tecnal, Piracicaba, SP, Brazil) was conducted in a
fermentation medium containing clarified sugarcane molasses with 85.35 g L™ total sugar content, 50 g L
yeast extract, 2.5 g L't KzHPO4, 2.0 g L NaCl and 1.5 g L™t MgSO, at pH 8.0 for 24 h. Cell-free supernatant
was precipitated with ethanol at a 1.5:1.0 (v/v) ratio of ethanol:supernatant at 4 °C for 1 h. The HA was re-
dissolved in a 0.15 mol L' NaCl solution. Three precipitations were performed to increase the HA purity.
Trichloroacetic acid (1% w/w) was added until the HA solution reached pH 2.0, and the solution was
maintained for 1 h at 4 °C. Next, the solution was centrifuged at 7744 x g at 4 °C for 30 min. The supernatant
was dialyzed for 48 h with six distilled water changes, and the frozen dialysis product was lyophilized. Sodium
hyaluronate with a molecular weight of 1.5 - 1.8 x 10° Da (Sigma-Aldrich) was used as the standard.

The HA homogeneity was determined by high performance steric exclusion chromatography (HPSEC)
coupled with a refractive index (RI) detector, model RID 10A. The chromatography system consisted of an
HPLC pump (Model Shimadzu-10 AD), a manual injection valve (Shimadzu) fitted with a 200-uL loop and
Ultrahydrogel columns (7.8 x 300 mm) arranged in series with a different exclusion limit connected in order
of decreasing pore size, 7 x 10°, 4 x 10% 8 x 10* and 5 x 10° Da, corresponding to Ultrahydrogel (Waters)
2000, 500, 250 and 120 nm, respectively. The mobile phase was 0.1 M NaNO; with sodium azide (0.03%
w/w), with a 0.6 mL min™" flow rate. Data analysis was performed using LC solution software (Shimadzu

Brazilian Archives of Biology and Technology. Vol.63: €20190386, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Films of Polyvinyl Alcohol and Hyaluronic Acid 3

Corporation). A standard curve of dextran with molecular weights of 2000, 1400, 670, 500, 410, and 266 kDa
was used to determine the apparent molecular weight of the HA, which was 1.35 x 10° Da.

Film Production

The films were prepared using PVA, microbial HA and glycerol (plasticizer). For each experiment, the
films were prepared with a fixed concentration (2% w/w filmogenic solution) of solids (PVA + HA) and a fixed
glycerol concentration (25 g/ 100g solids). Four different HA levels were added to the filmogenic solutions: O,
5, 10 and 15% w/w solids, and the resulting films were labelled PVA100, PVA95-HA5, PVA90-HA10 and
PVAB85-HALS5, respectively. Minimum and maximum concentrations considered in this work were optimized
in preliminary studies (not presented) after considering several ratios of PVA and HA to obtain films with good
mechanical properties and easy to handle.

The films were prepared using solution casting method according to the formulations described in Table
1. PVA and glycerol were directly mixed with distilled water and maintained at 95 °C for 30 min with manual
shaking. After gelation, each PVA solution was cooled to nearly 70 °C and mixed with the HA solution for 30
min. The filmogenic solutions were poured onto circular acrylic plates (0.63 g filmogenic solution/cm?) and
dried at 30 °C in a ventilated oven, model TE-394-3 (Tecnal, Piracicaba, SP, Brazil) to a constant weight
(approximately 30 h). The resulting translucent films could be easily removed from the plate and were
equilibrated at 25 °C and a relative humidity (RH) of 58% for 48 h before testing.

Table 1. Formulation employed to prepare 100 g of the filmogenic solutions.

Formulations PVA (9) HA (g) Glycerol (9) Water (g)
PVA100 film 2.0 0 0.5 97.5
PVA95-HAS5 film 1.9 0.1 0.5 97.5
PVA90-HA10 film 1.8 0.2 0.5 97.5
PVA85-HAL5 film 1.7 0.3 0.5 97.5

Film Characterization

Thickness

The film thickness was determined using a Mitutoyo manual micrometer (Sado Paulo — Brazil) with an
accuracy of £1 ym at 10 random positions on the film.

Scanning Electron Microscopy (SEM)

SEM analyses were performed using a JEOL JSPM 100 electron microscope (Japan). Film pieces were
mounted on bronze stubs and then coated with a layer of gold (40-50 nm). All samples were examined using
an accelerating voltage of 20 kV.

Fourier Transform Infrared Spectroscopy (FT-IR)

Pulverized and dried samples were mixed with potassium bromide and compressed into tablets. FT-IR
analysis was performed using a Shimadzu-8400 FT-IR instrument (Japan). Measurements were performed
in triplicate, and 100 scans were run in the spectral range of 4000-400 cm™'. The spectral resolution was 4
cm™.

Differential Scanning Calorimetry (DSC)

The DSC analyses were performed on a Shimadzu DSC 60 (Japan) calorimeter. Approximately 3.0 mg
of each sample were placed in platinum containers. HA, PVA and film samples were heated from 10 to 300
°C at a heating rate of 5 °C min™ in a helium atmosphere. An empty pan was used as a reference.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA 50, Shimadzu, Japan) was carried out in a nitrogenous atmosphere
(50 mL min‘t), and the samples (approximately 10 mg) were heated from 30 to 600 °C (10 °C min). For each
sample, the temperature of maximum degradation (Tmax) and the temperature at which 10% weight loss
occurred (Tqo) were determined.

Brazilian Archives of Biology and Technology. Vol.63: €20190386, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

4 Pan, N.C.; et al.

Solubility

The film solubility in water was measured as the percentage of dry matter of the film (1 cm?) solubilized
during 24 h [28]. The initial dry matter (W;) was obtained after drying the film specimens in desiccators
containing anhydrous calcium chloride for a week. The samples were weighed and immersed in 80 mL
distilled water at 25 °C with constant agitation for 24 h. Film fraction not solubilized in water was separated
by centrifugation and dried to determine the dry matter weight (Ws). Tests were performed in triplicate. The
solubility was determined from Solubility (%) = [(Wi — W)/W] x100.

Swelling Index (SI)

The swelling index was determined in distilled water at 37 °C. Films were cut into pieces of approximately
1 cm?, placed in Petri dishes, left into an oven at 30 °C for 6 h and weighed to determine the dry mass (Wg).
The dried samples were immediately immersed in distilled water, incubated at 37 °C and weighed again (Ws)
at specific interval times (1, 10, 60 and 120 min). The swelling index was determined from Sl (%) = [(Ws —
Wg)/Wg] x100.

Water Vapor Permeability (WVP)

WVP tests were conducted using the ASTM method E96 [29]. Each film sample was sealed over a
circular opening of 0.00181 m? in a permeation cell stored at 25 °C in a desiccator. To maintain a 75% (w/w)
RH gradient across the film, anhydrous calcium chloride (0% RH) was placed inside the cell, and a saturated
sodium chloride solution (75% RH) was used in the desiccator. After steady state conditions were reached
(approximately 2 h), the cell was weighed every 2 h for 48 h. Changes in the cell weight were recorded and
plotted as a function of time. The slope of each line was calculated by linear regression, and the water vapor
transmission rate (WVTR) was calculated from the slope of the straight line (g s) divided by the transfer
area (m?). After the permeation tests, the film thickness was measured, and the WVP (g mis'Pal) was
calculated as WVP = [WVTR/S(R1- R2)]d, where S is the saturation vapor pressure of water (Pa) at the test
temperature (25 °C); R; is the RH in the desiccator; R is the RH in the permeation cell; and d is the film
thickness (m). Under these conditions, the driving force [S(R:— R2)] was 1753.55 Pa. All tests were conducted
in duplicate.

Mechanical Properties

The mechanical properties were determined using an EMIC DL 2000 analyser (Brazil), according to the
method established by ASTM D882-02 [30].
Statistical Analysis

Tukey'’s test (p < 0.05) was performed by the R Software [31] to compare means.

RESULTS AND DISCUSSION

In this study, we produced a high molecular weight HA from a fermentation process using S.
zooepidemicus as an eco-friendly and renewable source alternative to the HA extracted from animal tissues.
The lyophilized HA produced in this work could be easily incorporated into PVA solutions, resulting in
homogeneous filmogenic solutions, which provided translucent films that could be easily manipulated (Figure
1). Due to the high molecular weight (1.35 x 10° Da) of the HA produced in this work, the polymer is suitable
for use in biomedical applications such as wound healing [32], drug delivery [33], anti-adhesive barrier[25,34]
and topical ocular therapy [35].

Brazilian Archives of Biology and Technology. Vol.63: €20190386, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Films of Polyvinyl Alcohol and Hyaluronic Acid 5

-

PVA100 film PVA9S5-HAS film

-

s
~
=

PVA90-HA10 film PVA85-HAILS film
Figure 1. Appearance of films based on PVA and HA.

Thickness and SEM

The thicknesses of the films ranged from 0.20 to 0.22 pum, and the values did not differ significantly (Table
2) between the different formulations. The film surfaces were evaluated using SEM (Figure 2). All samples
exhibited a homogeneous surface without phase separation, indicating a good interaction between the PVA
and HA. The addition of HA resulted in rougher surfaces for the PVA95-HAS5 and PVA90-HA10 films;
however, the film with the higher HA content (PVA85-HA15) showed a smooth surface, similar to the film
produced without HA (PVA100). The images of films cross-section with different HA concentrations did not
show differences, all formulation resulted in compacted structures without pores or cracks (data not shown).

Table 2. Results of thickness, solubility and water vapor permeability (WVP) of films based on PVA and HA.

Formulations Thickness (um) Solubility (%) WVP x 1011 (g/msPa)
PVA100 film 0.20+0.012 28.95+3.02¢ 2.69+0.11°
PVA95-HAS5 film 0.22+0.012 36.81+1.42¢ 3.85+0.74b
PVA90-HA10 film 0.21+0.012 47.12+2.74° 6.25+0.782
PVA85-HA15 film 0.21+0.022 57.76+£2.272 5.90+0.472

Results express in mean + standard deviation. Different letters in the same column indicate significant differences (p <
0.05) according to the Tukey's test.
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Figure 2. SEM micrographs of film surfaces.

Fourier Transform Infrared Spectroscopy

The FT-IR spectra of the PVA, HA and the films produced with PVA and the microbial HA sample are
presented in Figure 3. The spectra of the HA sample produced by S. zooepidemicus was very close to the
HA standard (Sigma-Aldrich).

In all samples, a strong band was observed near 3445 cm™, which was related to the hydroxyl stretching
vibrational modes of the OH groups presented on the HA, PVA and glycerol [36—38]. However, in the film
samples, this band appeared to be less intense, which likely indicates a decrease in the free OH groups [39]
that may be patrticipating in hydrogen bonding between the polymer chains. The hydrogen bond formation
between two different macromolecules competes with the hydrogen bond formation between molecules from
the same polymer [15]. Due to a higher concentration of PVA in all film formulations, the PVA-PVA interaction
might be more dominant than the PVA-HA interaction, which means that because the PVA concentration is
higher, the chemical bonds that predominate in the polymer matrix are between the polymer molecules,
therefore, the film spectra presented greater similarity to the PVA pure spectrum. In the samples containing
HA, the band near 3445 cm™ can also be attributed to the N-H stretching vibrations of the N-acetyl side chain
[40,41].

The band approximately 2920 cm™! appeared in both HA samples, but in the HA standard it was more
intense than in the microbial HA sample, which corresponds to the C-H stretching [42].
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Figure 3. FT-IR spectra of HA, PVA and films produced from PVA and HA blends.

The bands between 1732 and 1560 cm™ that appeared in both HA samples could be related to the
superposition of the amide | and Il bands in the HA, as well as the various carbonyl and carboxyl groups.
Haxaire and coauthors [43] also observed an intense group of bands in this region in a commercial microbial
HA. The bands at 1633 and 1410 cm™ were assigned to the asymmetric and symmetric stretching modes of
the planar carboxyl groups in the HA, respectively.

In the PVA, the 1635 cm™ band was attributed to the carbonyl functional groups since residual acetate
groups remained after the PVA manufacturing due to the hydrolysis of the polyvinyl acetate [44]. The rise in
intensity of these bands was observed with the increase of HA content in the PVA-HA films. Additionally, the
film bands around 1635 cm* might be due to embedded water molecules [44]. A band at the 1375 cm region
was observed in all samples, which could be associated with the angular deformation of the CH and CH>
groups.

The amide | absorption peaks at 1653 cm™, amide Il peaks at 1560 cm™" and amide |l peaks at 1300
cmtare characteristic of the HA spectrum [41]. These bands were more intense in both HA spectra and less
intense in the films containing HA. This indicates that interactions occurred between the film components.
Bands in the 1200 — 950 cm™ region were attributed to a C-O-C (O-bridge), a C-O (exocyclic), and a C-OH
group and were more intense in the HA because these bands are typical of carbohydrates [45] and could be
related to the disaccharide units of HA.

Thermogravimetric Analysis

TGA curves for the HA, PVA and PVA-HA films are shown in Figure 4, and the Tmax and Tgo for each
sample are shown in Table 3. Microbial HA and HA standard samples showed two mass loss events: an
initial loss at 70 — 100 °C, possibly associated with the evaporation of water, and a second more important
mass loss at 245 °C (HA standard) and 286 °C (microbial HA) (Table 3). Chen and Cheng [46] related a
maximum degradation temperature of 290 °C for HA (average molecular weight of 1.78 x 10° Da) when it
was obtained by fermenting Streptococcus zooepidemicus. Lewandowska and coauthors [47] suggested a
partial breakage of the HA molecular structure in the range of 200 °C and 300 °C.
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Figure 4. TGA thermograms of HA, PVA (A) and films produced from PVA and HA blend (B).

Pure PVA presented a more important weight loss event at 311 °C and a second event at 450 °C (Table
3). According to Tubbs and Ting [48] and Sin and coauthors [49] thermal degradation of PVA occurs in two
steps, an initial decomposition beginning at 200 °C, which is related to the dehydration of hydroxyl groups,
followed by the formation of volatile organic compounds and the generation of conjugated unsaturated
polyene structures. At higher temperatures, approximately 450 °C, the second stage of degradation
predominates by producing small quantities of hydrocarbon-related products such as alkenes, alkanes and
aromatics.

The PVA film without the addition of HA (PVA100) presented a Tg of 110 °C, which is much lower than
pure PVA, which has a Tg of 278 °C (Table 3). This is explained by the thermal processing of the PVA in the
presence of glycerol during film preparation. According to Jang and Lee [50], the introduction of glycerol as
a plasticizer increases mobility between the PVA chains and decreases the crystallite region, which is
associated with the thermal processing, and results in a decrease of thermal stability in the PVA. Othman
and coauthors [51] also reported that PVA-starch-glycerol films had less thermal stability than pure PVA.
Wang and coauthors [52] reported that when glycerol is added to an aqueous solution of PVA, the
concentration of hydroxyl groups in the system increases, favouring the formation of new hydrogen bonds
between the glycerol and PVA, replacing the interaction between the PVA chains, and decreasing the melting
point and decomposition temperature of the PVA remarkably.

Brazilian Archives of Biology and Technology. Vol.63: €20190386, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Films of Polyvinyl Alcohol and Hyaluronic Acid 9

Table 3. Results of TGA parameters.

Sample Toow (°C) I Tmajl( ©) m

HA standard 103 245

HA sample 73 286

PVA 278 311 450

PVA100 film 110 214 295 452
PVA95-HAS film 110 218 305 454
PVA90-HA10 film 139 237 320 450
PVAB85-HA15 film 120 220 321 452

The thermal degradation of the PVA100 film occurred in three steps at 214, 295 and 452 °C (Table 3).
As observed by Pereira and coauthors [53], the pure PVA film decomposed in four consecutive steps. The
first step was due to thermal dehydration and the subsequent stages attributed to thermal decomposition of
the anhydrous compound. The steps at 214 °C and 295 °C were due to dehydration accompanied by the
formation of volatile products, and the last decomposition step at 452 °C was due to the degradation of the
polyene residue from the synthesis of carbon and hydrocarbons [54]. The PVA90-HA10 film presented the
higher values of Tgo and Tmax (Table 3), indicating that this HA concentration (10%) improves the thermal
stability of the PVA films, possibly due to interactions between the PVA and HA. Sionkowska and coauthors
[55] also observed an increase in thermal stability when HA was added into chitosan and collagen
membranes. PVA95-HAS film showed Tg and Tmax Values that were very close to the PVA100 film (Table 3),
possibly because this HA concentration was not enough to improve thermal stability in the PVA films. The
PVA85-HALS5 film had higher Tgo and Tmax Values than the PVAL00 film, but these values were lower than
those observed for the PVA90-HA10 film, suggesting that an HA addition of 10% (w/w) results in a more
organized structure, with a higher thermal stability.

Differential Scanning Calorimetry

The DSC thermograms of pure PVA (Fig. 5A) show an endothermic peak at 219 °C, related to the melting
of the polymer. Maria and coauthors [56] reported temperatures between 180-190 °C for melting of PVA with
a similar degree of hydrolysis. An exothermic sharp peak was observed at 239 °C for the HA standard (Figure
5A), which could be associated with the thermal decomposition of the HA. This result was consistent with
reports from other authors, who reported that exothermic peaks in HA DSC thermograms can be associated
with the conversion of HA into a less-ordered state [57] and also to its thermal degradation [57,58]. The
microbial HA did not have this exothermic peak.

As observed in the TGA results (Table 3), the Tmax for the HA standard (245 °C) was lower than the Tmax
of the microbial HA sample (286 °C), and it was possible that the decomposition of the microbial HA did not
appear in the DSC thermograms.
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Figure 5. DSC thermograms of HA, PVA (A) and films produced from PVA and HA blends (B).

Thermograms of the films did not show any significant endo or exothermic events, with the exception of
the PVA100 film, which had a discrete exothermic peak at 252 °C, and the PVA85-HA15 film, which had an
endothermic peak at 163 °C (Fig. 5B). During the thermal processing of the films, a new organization was
established between the polymers chains, and according to Othman and coauthors [51], who studied PVA-
starch films, interaction between the polymers could result in different melting and decomposition
temperatures, which would indicate that there are interactions taking place.

Solubility, swelling index and water vapor permeability

The solubility of the films increased from 28.95% for the PVA100 film to 57.76% for the PVA85-HA15.
The lower solubility of the pure film (PVA100) can be attributed to the formation of strong interactions between
PVA chains due to the high degree of hydrolysis [59]. According to Jang and Lee [50], PVA with a higher
degree of hydrolysis is less soluble in water because the large number of free hydroxyl groups increases the
number of interactions (hydrogen bonds) that are carried out between the polymer chains, leaving fewer free
hydroxyls to interact with the water.

When HA was added to the PVA films, the solubility significantly increased, and the PVA85-HA15 film
was the most soluble, due to the higher HA concentration (Table 2). Adding HA molecules into the PVA film
matrix may have affected the interactions between the PVA chains, resulting in more free hydroxyl groups in
the PVA to interact with the water. Additionally, when the HA molecules were added, the concentration of
hydroxyl groups in the system increased, favouring the interaction between HA and water by hydrogen
bonding.

The swelling index (SI) of the samples are displayed in Figure 6. The Sl significantly increased with the
increase of time, and for all assay times, the Sl were significantly higher for the PVA90-HA10 and PVA85-
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HA15 films (Fig. 6). The increase in the S| of the PVA films with the HA addition has been observed in
previous works, and it is related to the high HA hydrophilicity [16,55]. These results were consistent with the
solubility results.

OPVAI00 film
2000 - @PVA95-HAS film i

BPVASO-HAILD film 1
1600 4 mPVASS-HALS film

1200

800

Swelling Index (%)

400

l 10 60 120
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Figure 6. Swelling index of films produced from PVA and HA blends. Different letters in the same time indicate significant
differences (p < 0.05) according to the Tukey’s test.

The swelling behaviour of scaffolds is critical for their practical use in biomedical applications [60] An
increase in pore size due to swelling facilitates cell attachment and growth in a three-dimensional fashion
[61]. Additionally, blood contains approximately 90% water, so films with good swelling properties can be
used in the wound healing process because they can absorb a large amount of water and stop the bleeding
[37]. Thus, considering solubility and Sl values, possibly the films that had the best combination of results
were those prepared 5 and 10% (w/w) of HA, which had higher Sl values and less than 50% of solubilization.

The water vapor permeability (WVP) of the films ranged from 2.69 to 5.90 x 10! (Table 2), and these
values were significantly influenced by the HA addition. Films with HA addition of 10 and 15% (w/w) presented
higher values of WVP, and these results were consistent with solubility values. Permeability can be defined
as the product of diffusion and solubility, and the higher the solubility is, the higher the WVP [62]. Sgorla and
coauthors [58] also verified a WPV increase when 10% (w/w) of HA was added to ethylcellulose film, and
these authors reported that HA is rich in hydroxyl groups that interact with water molecules to form hydrogen
bonds. According to Xu and coauthors [63], WPV is required for proper wound dressing because controlling
the water that is lost from an open wound is crucial for maintaining a wet environment during the wound-
repairing process.

Mechanical properties

The mechanical properties of the films are presented in Table 4. The tensile strength of the films ranged
from 8.48 MPa to 10.30 MPa, and this property was not significantly affected by adding HA. As HA possibly
interferes with interactions between the PVA chains, it is best if the tensile strength of the film remains stable
after HA is added. Young’s modulus ranged from 25.27 to 31.87 MPa (Table 4) and, similar to the tensile
strength, was not significantly affected by adding HA. Unlike the tensile strength and Young’s modulus,
elongation was affected by addition of HA (Table 4). The maximum elongation value (290.25%) was obtained
for the PVA90-HA10 film, which contained 10% (w/w) of HA, but when 15% (w/w) of HA was added, the
elongation significantly decreased. An increase in film elongation is important in wound dressing, as the
dressing materials should remain intact when stretched [37]. Sionkowska and coauthors [55] observed that
adding HA improves the elongation of chitosan-collagen blends due to the high hygroscopicity of the HA.

Table 4. Results of mechanical properties of films based on PVA and HA.

Formulations Tensile Strength (MPa) Elongation (%) Young’'s Modulus (MPa)
PVA100 film 9.72+1.122 158.23+17.16°¢ 25.54+3.992
PVA95-HAS5 film 8.48+1.602 170.86+13.24¢ 31.87 £5.332
PVA90-HA10 film 9.44+0.622 290.25+6.392 30.04+ 2.372
PVA85-HA15 film 10.30+3.172 235.13+5.23b 25.27+£1.152
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Results express in mean + standard deviation. Different letters in the same column indicate significant differences (p <
0.05) according to the Tukey'’s test.

CONCLUSIONS

In this study, we produced a high molecular weight HA from a fermentation process using Streptococcus
zooepidemicus in a low-cost sugarcane molasses fermentation medium for use in a blend with polyvinyl
alcohol to obtain biodegradable and biocompatible films. All formulations resulted in films with a good
appearance that easily removed from the plates without cracking. Thermal stability of these films increased
with the addition of HA. Solubility, swelling, water vapor permeability and elongation also increased when HA
was added. Among the different HA concentrations, the additions of 5 and 10% (w/w) were sufficient to
improve the properties of the PVA films. Therefore, the properties obtained from the addition of HA in the
PVA films showed that HA is a material that shows promise for use in biomedical applications.
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