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Polyvinyl alcohol and alginate bio-composite film containing titanium dioxide
nanotubes for skin injury repair
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This study explores the potential of polyvinyl alcohol (PVA) and alginate (SA) blend
polymer films with embedded titanium dioxide nanotubes (TiOoNT) for wound healing
applications. The nanocomposite film (PVA+SA@TiO,NT) was fabricated via a simple
solvent casting process. The synergistic interaction between PVA and alginate significantly
enhanced the film's stability in aqueous environments without compromising its weight.
After 24 hours of immersion, the film exhibited a substantial swelling capacity (836+6%)
and good WVTR ((282+4%). Scanning electron microscopy (SEM) revealed the formation
of a smooth and random pore structure within the film. Fourier-transform infrared
spectroscopy (FTIR) confirmed the successful formation of hydrogen bonds between PVA
and alginate, along with the presence of Ti-O bonds, indicating successful incorporation of
TiO,NT into the PVA+SA matrix. X-ray diffraction (XRD) analysis further corroborated
the presence of TiO>NT. In vitro biocompatibility studies demonstrated the non-cytotoxic
nature of the PVA+SA@TiO-NT bio-composite film. Additionally, in vitro wound healing
studies suggest its potential as a promising biomaterial for wound dressing applications.
These findings warrant further investigation to elucidate the complete mechanisms of action
and optimize the nanocomposite's properties for clinical translation.
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1. Introduction

Tissue engineering offers a groundbreaking approach to create functional tissue by
manipulating biomechanical factors in a controlled environment. Within this "triad," the building
blocks for new tissue are from cells, and biomolecules serve to enhance or supplement the healing
process. Although the skin, the body's largest organ, possesses some inherent self-regenerative
capacity, extensive injuries and chronic wounds significantly impede this process [1]. Current
clinical approaches for skin repair often fall short in achieving rapid wound healing, minimizing
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infection risk, and effectively managing pain. While numerous conventional wound treatments exist,
their limitations necessitate the exploration of alternative, more optimal strategies. An ideal wound
dressing system should exhibit both antibacterial and antimicrobial properties to combat infection.
Bacterial infiltration of the wound site during infection releases compounds that hinder the immune
system's ability to clear these pathogens, thereby prolonging healing [2].

Biodegradability, biocompatibility, and non-toxicity are crucial properties. In addition,
moist conditions are well-established enhance the healing by supporting angiogenesis (blood vessel
formation), collagen production, and minimizing tissue adherence, consequently reducing pain and
scab formation [3]. Furthermore, an optimal dressing should effectively absorb wound exudates
while facilitating gas exchange between the injured tissue and the surrounding environment. Oxygen
acting as critical role in cell growth and blood vessel formation, highlighting the importance of gas
permeability [4,5]. Finally, a cost-effective approach is essential for wider clinical adoption. Film
wound dressings, compared to other scaffold types like porous scaffolds, hydrogels, or nanofibers,
offer specific advantages for wound healing. Film dressings provide a high potential structure for
skin repair challenges. Additionally, fabrication of film is relatively straightforward, allowing for
immediate application to various wound types.

Polymer films have emerged as a versatile tool in various medical fields, demonstrating
utility in treating burns, trauma, radiation injuries, surgical wounds, and chronic conditions like
diabetes, obesity-related issues (including pressure ulcers), and delayed wound healing [6]. Their
potential extends beyond wound care, offering promising advancements in diagnostic tools,
therapeutic approaches, and treatment protocols [7]. The vast application landscape of polymer films
is driven by the immense diversity of polymers available. These materials offer exceptional
fabrication flexibility, allowing for intricate shapes and structures, coupled with a broad spectrum
of compositions and properties. However, a significant limitation of some polymers lies in their
inherent flexibility and fragility, which can render them unsuitable for applications requiring high
mechanical strength, such as surgical implants [8]. To address these limitations and create polymer
films with enhanced properties, researchers often employ blend polymers. Blending polymers has
been shown to significantly impact their physical properties, including mechanical behavior, thermal
stability, and electrical conductivity [9]. The careful selection and thorough integration of a guest
material with the host polymer can influence either the amorphous or crystalline regions, leading to
tailored properties.

Among the polymers with high biocompatibility and biodegradability suitable for
biomedical applications is alginate [10]. However, its inherent rigidity and fragility limit its
processing capabilities to primarily spherical shapes. Chemically, categorised as is a binary and
unbranched copolymer, alginate composed of f-D-mannuronic acid (M) residues linked glycosidic
[11]. Derived from brown marine algae, sodium alginate holds value as stabilizer, gelling agent and
forming viscous solutions upon dissolution in water [12, 13]. While, polyvinyl alcohol (PVA), a
well-established hydrophilic polymer, offers a compelling material for biomedical applications due
to non-carcinogenicity, and biodegradability [14,15]. These make PV A a suitable candidate as a co-
polymer to alginate for bio-implants, and wound dressings. Notably, PVA's linear structure allows
for crosslinking via various methods like irradiation, thermal cycling, and chemical reactions.
Additionally, its biological inertness, biocompatibility, and transparency further contribute to its
widespread use in wound healing applications [16].

Recent research suggests that incorporating metal oxides into polymers can significantly
impact wound healing such as titanium dioxide (TiO:) nanoparticles [17]. The nanoparticle-released
titanium ions show strong antibacterial activity [18]. The initial stage of wound healing, hemostasis
and inflammation, requires blood clotting and elimination of microbial invaders to facilitate
fibroblast and keratinocyte proliferation. Beyond its antimicrobial properties, TiO> can act as a
reinforcing agent, providing substantial mechanical strength to support cell growth [19]. Moreover,
studies have shown that TiO, promotes wound healing [20,21]. The low toxicity of TiO, further
strengthens its candidacy for biomedical applications, as evidenced by its approval and widely used
commercially [22].

In this research, hydrothermally synthesised TiO. nanotubes was incorporated into
polyvinyl alcohol and sodium alginate to produce bio-composite film for ideal wound dressing
application in the future. The film was produced using solvent casting method. The structural,
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antibacterial and other biological properties of PVA+SA@TiO:NT bio-composite film were
investigated for wound healing application.

2. Materials and methods

2.1. Materials

Biopolymer of sodium alginate (SA), polyvinyl alcohol (PVA) and chemicals for cell
culture were purchased from Sigma-Aldrich. Titanium dioxide (TiO,), sodium hydroxide (NaOH),
and acid hydrochloric (HCI), 99.5% trace metals basis were purchased from Merck. Each of the
materials and other chemical solvent were standard analytical grade and were utilized in its original
state without any modifications.

2.2. Preparation of TiO, Nanotubes

For thirty minutes, TiO, powder (2.0 g) was continuously stirred in 10 M NaOH (100 mL).
After 30 minutes of sonication in a sonicator bath, the mixture was continuously stirred at 500 rpm
for an additional 30 minutes. The mixture was then put into a Teflon vessel and autoclaved for 24
hours at 150 °C to undergo hydrothermal treatment. After the reaction was finished, the white solid
precipitate was gathered and mixed with 0.1 M HCL in order to wash it until its pH was reached 7.
After washing, the washing solution was added distilled water, and it was then dried in an oven for
24 hours at 80 °C. To produce TiO; nanotubes, the dried sample was then calcined for two hours at
400 °C. respectively.

2.3. Preparation of of PVA+SA@TiO:NT bio-composite film

100 ml of distilled water was used to dissolve each 4 g of PVA and SA polymer, which was
then stirred at 50 °C. 0.1 g of TiO, nanotubes was added and stirred mixture until all completely
dissolved. To create film, the solution was dried in an oven at 50 °C for 24 hours. The same steps
were taken to prepare the pure PVA+SA film.

2.4. Characterization

Fourier transform infrared (FTIR) spectroscopy was used to analyze the synthesized sample
and fabricated films at a wavenumber range of 4000-400 cm!. The x-ray diffraction (XRD) pattern
patterns were collected using a Rigaku Miniflex (II) X-ray diffractometer wide-angle region from
10-80°. The examination of the samples' surface morphology was conducted through the utilization
of JOEL JSM 6360 LA scanning electron microscopy (SEM). An assessment of the sample's
thermogravimetric properties was carried out using a Perkin Elmer STA 8000 thermogravimetric
analyzer from 37°C to 900°C at a rate of 10°/min in a nitrogen atmosphere.

2.5. Swelling study
PVA+SA@TiO; film was cut to a similar size (measuring 20 mm x 20 mm) and weighed
(Wd). The samples were then placed into distilled water at a temperature of 37°C. After 24 hours,
the samples were removed from and any water on their surface was quickly wiped off. The fully
enlarged films were then weighed (Ws) and the swelling percentage (%) was calculated using the
following Equation 1;
Swelling (%) = (Ws — Wq) X 100 (1)
Wy

2.6. Water vapor transmission rates

A modified version of the ASTM International standard method was employed to determine
the water vapor transmission rate (WVTR). The films were placed in a desiccator at 25 °C and 50 +
5% relative humidity. They were secured over the circular opening of a permeation bottle (diameter
= 1.5 cm, height = 5.0 cm) with an effective transfer area (A = 1.33 cm?). The rate of mass change
(m) in these water-filled permeation bottles, measured over a 24-hour exposure period, was then
used to calculate the WVTR using Equation 2 as follows:
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where m/At is the water gain per unit time of transfer inhibition and A is the area exposed to water
transfer (m?).

2.7. Cytotoxicity and biocompatibility study

An assessment was conducted on the cytocompatibility and proliferation of 3T3 mouse
fibroblast cells. After being incubated for 72 hours, the cell viability in contact with the biofilm
samples was evaluated using an acridine orange/propidium iodide (AO/PI) staining technique
(Sigma Aldrich, USA), which was then visualised under an Olympus IX73-FL-CCD light
microscope. The negative control was Dulbecco's Modified Eagle Medium (DMEM) culture
medium without film samples. An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) test (Thermo Fisher Scientific, USA) was used to measure the proliferation of cells. In
short, each well containing film samples or the negative control (sample-free) received 50 pL of
MTT solution. A microplate reader (Multiskan Ascent 96/384, USA) was used to measure the
absorbance. Using a calibration curve created with grown 3T3 mouse fibroblast cells, absorbance
data were translated to cell counts.

2.8. In vitro wound healing studies

Wound healing experiments in vitro were carried out employing a scratch wound assay, as
detailed in a previous publication [23]. The scratch wound assay represents a widely recognized
technique for assessing the migratory potential of fibroblasts and their capacity to seal wounds, a
critical aspect in the process of wound healing [24, 25]. 3T3 fibroblast cells were cultured in a 24-
well plate for 24 hours to establish a cell monolayer with 80%—-90% confluence. Following this, a
serum-free media supplemented with mitomycin C (5 g/mL) was applied to the cells for 12 hours to
impede cell proliferation, succeeded by a thorough wash to eliminate any remaining mitomycin C.
Linear wounds were then generated in the cell monolayers using a micropipette tip, resulting in areas
devoid of cells. The scratched wells underwent three washes with PBS to get rid of any floating or
detached cells. The closure rate of the wounds was observed and recorded 24 hours post-scratching
using an inverted microscope, with corresponding images captured.

3. Results and discussions

Fig. 1(a) displays the FTIR spectrum of the synthesized TiO.NT powder, where a distinct
peak at 439 cm™ indicates the Ti-O stretching vibration, a typical feature of TiO,. The FTIR
spectrum of the pure PVA+SA blend film (Fig. 1(b)) shows a pronounced, broad peak at 3311 cm™,
which is attributed to O-H stretching vibrations. This broad peak reflects the formation of hydrogen
bonds between the hydroxyl groups (-OH) of SA and PVA [26]. The hydroxyl groups present in
both PVA and SA facilitate intermolecular hydrogen bonding (O-H---O), as reported in earlier
studies [27,28]. Moreover, intramolecular hydrogen bonding can occur within each polymer, with
interactions such as O-H---O-C (between two hydroxyl groups) and C-H---O-C (between a hydroxyl
and a carboxylic acid group). When PVA and SA are dissolved and mixed in water, the sodium
carboxylate groups (-COONa) in SA transform into negatively charged carboxylic acid groups (-
COO-). These hydroxyl and carboxylate groups may form hydrogen bonds with each other [29,30].
This specific hydrogen bonding, due to its proximity to the broad O-H band, would appear as a
broadened peak centered around 3311 cm™ in the spectrum. The peaks at 2915 cm™ and 2851 cm™!
correspond to the asymmetric stretching vibrations of C-H bonds [31]. The strong, sharp peaks at
1601 cm™ and 1409 cm™ are due to the symmetric and antisymmetric stretching vibrations of the
carbonyl groups (C=0) in PVA and SA, respectively [32]. The bands at 1321 cm™* and 1258 cm™
are attributed to the stretching vibrations of the -CH» and -CH groups, respectively [33]. The peaks
at 1081 cm™ and 1021 cm™ are due to the stretching vibrations of the C-O-C groups within the sugar
structure and pyranose ring, respectively [34-36]. The PVA+SA@TiO,NT composite exhibited a
similar FTIR spectrum, with additional peaks at 836 cm™, 609 cm™, and 944 cm™ (Fig. 1(c)). In the
PVA+SA@TiO:NT bio-composite film, the peaks below 1000 cm™ are related to metal oxide bonds
and interactions between metals, including Ti-O, Ti-C, and Ti-Ti [37]. Due to the interaction
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between PVA+SA and TiO,NT as a filler, the functional group bands for the PVA+SA@TiO,NT
bio-composite film are often slightly shifted compared to those in PVA+SA.

Transmittance (%)
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Wavenumber (cm-)

Fig. 1. FTIR spectra of (a) TiO:NT powder, (b) PVA+SA and (c) PVA+SA@TiO:NT bio-composite film.

Fig. 2 displays the X-ray diffraction (XRD) patterns of TiO.NT powder, PVA+SA blended
polymer, and the PVA+SA@TiO:NT bio-composite film. The TiO,NT pattern assigned to anatase
TiO; (Fig. 1(a). These findings are consistent with previous reports [38,39]. The pure PVA+SA
blended polymer film shows a broad, low-intensity peak at 26 = 19.6°, corresponding to the (110)
lattice plane and indicating an amorphous state. Other researchers have noted that PVA+SA's
crystallinity is probably decreased during the mixing procedure [40, 41]. This theory is supported
by the PVA+SA film's broad peak and low intensity in Figure 2(b), resulted from formation of
intermolecular hydrogen bonds between PVA and SA macromolecules during mixing [42]. The
presence of these hydrogen bonds is confirmed by the broad peaks observed around 3300 cm™! in
FTIR analysis. Interestingly, the bio-composite film after incorporating TiO>NT still displays peaks
around 19°, but with increased intensity, suggesting enhanced crystallinity in the
PVA+SA@TiO:NT bio-composite film. Furthermore, the characteristic peaks of anatase TiO»
appear alongside a single peak corresponding to rutile TiO; at 28° [43]. This mixed-phase TiO, and
the highly crystalline nature of the PVA+SA@TiO.NT bio-composite film may contribute to

generation of reactive oxygen species (ROS), potentially improving the film's ability to promote
skin repair.
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Fig. 2. XRD pattern of (a) TiO>NT powder, (b) PVA+SA and (c) PVA+SA@TiO>NT bio-composite film.

SEM analysis (Fig. 3(a) reveals the presence of agglomerated TiO,NT. This agglomeration
likely occurs during the calcination process employed in TiO>NT preparation. As a well-established
phenomenon, the heating process can promote particle agglomeration to minimize surface energy
[44]. The bundled nature of the TiO,NT hinders accurate measurement of their diameter and length.
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Nevertheless, the synthesized TiO,NT exhibit an estimated diameter of approximately 80 nm. Pure
PVA+SA blended polymer and PVA+SA@TiO:NT bio-composite films display smooth surface
(Fig 3(b), and roughened surface with noticeable grain formation (Fig. 3(c), respectively. This
phenomenon can be attributed to the attractive forces arising between the hydrophilic interphase
surrounding the TiO,NT and the polymer matrix. These interactions lead to the formation of grains,
which become evident on the bio-composite surface.

Fig. 3. SEM micrographs of (a) TiONT powder, (b) PVA+SA and (c) PVA+SA@TiO-NT
bio-composite film.

Thermal characteristics of synthesized TiO.NT powder and the PVA+SA@TiO,NT bio-
composite film were shown in Fig. 4. The TGA profile revealed excellent thermal stability for the
TiO,NT powder, with a minimal weight loss of only 4.58% observed between 30 °C and 900 °C. In
contrast, the bio-nanocomposite film exhibited significantly lower thermal stability, undergoing a
total weight loss of 81.28%. Approximately 12% weight loss below 200°C, likely due to the
evaporation of moisture adsorbed within the sample. This was followed by two distinct stages of
substantial weight loss: 49.82% between 200°C and 290°C, and 29.83% between 290°C and 890°C.
These significant losses due to degradation of the polymeric components (PVA and SA) within the
nanocomposite [45]. Interestingly, previous studies have reported contrasting observations [46],
suggesting a positive effect in this study. Further investigation is warranted to reconcile these
discrepancies and elucidate the specific interactions between TiO; and the PVA+SA matrix in this
bio-composite system.
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Fig. 4. TGA thermograms of (a) TiO-NT powder and (b) PVA+SA@TiO:NT bio-composite film.
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The PVA+SA@TiO>NT demonstrated significantly higher swelling (836 + 6%) compared
to pure PVA+SA film (675+8%). The incorporation of TiO,NT promoting greater water absorption
and facilitating the adsorption of TiO, molecules within the film structure. Additionally, the
hydrophilic nature of TiO, contributes to the enhanced swelling properties of PVA+SA@TiO.NT.
This improved water absorption capability is crucial for maintaining a dry wound environment and
preventing airborne infections. However, PVA+SA@TiO;NT bio-composite film exhibited a slight
decrease in WVTR to 282+4% instead of 348+8% for pure PVA+SA film because the formation of
nanoparticle agglomerates on the surface of the PVA+SA@TiO:NT biocomposite film.

In addition, the bio-composite film made of PVA+SA@TiO,NT is extremely biocompatible
with 3T3 fibroblast cells and non-toxic. The cells spread out more as the culture period rose, and
after three days, the cells spread out widely, indicating that they were amazingly cultivating as well
as thriving towards that bio-composite surface. Figs. 9(a) and 9(b) show the cell viability following
their treatment with PVA+SA/TiO.NT and PVA+SA films, respectively. The amount of
proliferation detected is nearly identical to the reported cell viability. Following a 72-hour exposure
to the PVA+SA@TiO.NT bio-composite film and pure PVA+SA film, the amount were 120,400
cells/well and 75,228 cells/well, respectively. The film shows good biocompatibility towards cells,
indicating that the PVA+SA blend polymer is not hazardous. Given that the PVA+SA@TiO.NT
bio-composite film in this study showed improved cell survival and proliferation, it is interesting to
note that the integration of TiO>NT is non-toxic and appropriate for cell.

0 Hour

‘(;) PVA+SA & (b) PVA+'SA@TiT

72 Hours

Fig. 5. Fluorescence microscope images of the cell viability on the (a) pure PVA+SA and (b)
PVA+SA@TiO:NT bio-composite films after incubated in the media for 72 h.

The scratch assay was studied, which is a preferred method for assessing the potential of
wound dressing application materials. The finding indicated that the number of cells population that
migrated in the PVA+SA@TiO:NT bio-composite film (Fig. 6(a) was relatively faster as compared
to the control (Fig. 6(b). The PVA+SA@TiO,NT film exhibited a better wound closure as
significantly increased cell population and migration. These findings indicate that incorporating
TiO,NT into the PVA+SA film positively impacts cell migration. The presence of TiO>NT promotes
the highest rate of cell migration, attributed to its free radical scavenging activity and enhanced
antibacterial properties, which help prevent bacterial infection and facilitate wound healing [47,48].



1612

0 Hour

72 Hours

Fig. 6. Illustrations of fibroblast cells moving into a scratch area at 0 and after 72 hours for (a) control
sample and in the presence of (b) PVA+SA@TiO:NT bio-composite film.

4. Conclusion

This study investigated the development of a promising PVA+SA@TiO,NT bio-composite
film for wound healing. FTIR analysis revealed a significant enhancement effect because of TiO,NT,
suggesting strong bonding within PVA+SA components. XRD spectra confirmed the
PVA+SA@TiO,NT is crystalline with anatase and rutile phase TiO,. SEM micrographs
demonstrated the rough surface due to presence of TiO,NT, a crucial characteristic for promoting
wound healing. Rapid fibroblast cell migration on the PVA+SA@TiO,NT bio-composite film
suggesting that the film is a good biomaterial for wound dressing applications.
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