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Abstract: A series of poly(ethylene-co-vinyl alcohol)/titanium dioxide (PEVAL/TiO2) nanocompos-
ites containing 1, 2, 3, 4 and 5 wt% TiO2 were prepared by the solvent casting method. These prepared
hybrid materials were characterized by Fourier-transform infrared (FT-IR), X-ray diffraction (XRD),
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and scanning electron
microscopy (SEM). The pores and their interconnections inside these nanocomposites were created
using naphthalene microparticles used as a porogen after having been extracted by sublimation
under a high vacuum at temperatures slightly below the glass transition temperature. A cellular
activity test of these hybrid materials was performed on human gingival fibroblast cells (HGFs) in
accordance with ISO 10993-5 and ISO 10993-12 standards. The bioviability (cell viability) of HGFs
was evaluated after 1, 4 and 7 days using Alamar Blue®. The results were increased cell activity
throughout the different culture times and a significant increase in cell activity in all samples from
Day 1 to Day 7, and all systems tested showed significantly higher cell viability than the control
group on Day 7 (p < 0.002). The adhesion of HGFs to the scaffolds studied by SEM showed that HGFs
were successfully cultured on all types of scaffolds.

Keywords: poly(ethylene-co-vinyl alcohol); titanium dioxide nanoparticles; scaffold; TiO2 nanoparticle
distribution; interconnection of pores; human gingival fibroblast cell activity

1. Introduction

Recently, researchers from different fields have devoted much effort to developing
new polymeric materials that are capable of solving many problems in biomedicine and,
more specifically, in tissue engineering.

Tissue engineering materials utilized in the biomedical domain are prepared from
natural or synthetic polymers. Bone tissue engineering (BTE) is a strategy used to regenerate
newly damaged bone tissue by combining biodegradable and biocompatible polymers
as a scaffold with cells and growth factors [1]. An appropriate surface-to-volume ratio
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of the scaffolds promotes cell adhesion, migration and growth [1,2]. For example, an
ideal scaffold candidate for BTE should have a proper structure morphology in terms
of the pore density (50–90%) and pore size (>100 µm) to allow for the cell penetration,
tissue growth, vascularization and sterilizability, without loss of bioactivity [2,3]. Scaffolds
with an appropriate size (100–700 µm) [4–6] and that were interconnected lead to cell
growth, uniform distribution and sufficient vascularization, while pores that are too small
can lead to occlusion, preventing cell survivability and thus failure to regenerate the
desired tissue [7,8].

Recently, titanium dioxide (TiO2) particles, also called titania particles, have attracted
the attention of many researchers in the biomedical field due to their unique properties such
as their relatively low price, chemical inertness, low toxicity, good stability, high refractive
index, hydrophilicity, UV absorbance and excellent transparency to visible light. This metal
oxide is well known to humans, allowing its use as an additive in cosmetics, pills and
toothpaste due to its ability to impart whiteness and opacity to various products [9]. In
addition, titania can eliminate dead cells, returning CO2, thus opening a way for the self-
regeneration of the system [10–12]. These characteristics allow a wide range of applications.
Due to these properties, titanium is suitable for use in medical implants. Specially designed
titanium oxide nanoparticles with controlled porosity and composition are ideal for protein
adsorption and enhance the tissue fixation of implants. The deposition of titanium oxide
nanoparticles in the form of a film on medical implants facilitates the adhesion of the
implant to the surrounding tissue. The bone-binding characteristic of TiO2 is correlated
with the existence of surface hydroxyl groups, which can be enhanced by incorporating
doping agents such as Ca, Mg, and F into titanium oxide [13]. Titania nanoparticles
have been shown to possess promising antibacterial, antifungal and anticancer activities.
Titanium dioxide nanoparticles have been incorporated into various polymer patches.
These patches showed good antibacterial activity against Gram-positive and Gram-negative
bacteria [14]. Decoration of curcumin with titanium oxide nanoparticles was effective in
wound healing [15].

Interestingly, incorporating titanium oxide and curcumin into polymer patches showed
good antibacterial activity against Gram-positive and Gram-negative bacteria [15]. The
abovementioned characteristics of titanium dioxide make it an ideal candidate as an inor-
ganic component for polymer–titanium oxide nanocomposites [16]. The TiO2 nanoparticles’
adhesion affects the biocidal action of the nanocomposites and modifies cell viability and
bacteria aggregation. TiO2 nanoparticles are also projected as reinforcement in polymer
matrices to enhance nanocomposites’ mechanical properties [17–21].

Nanocomposite materials involving metal oxide nanoparticles and polymers have
recently attracted much attention in both the industrial and biomedical fields. The ad-
dition of a small amount of nanomaterial could improve the performance of polymeric
materials because of their small size, large specific surface area and solid interfacial interac-
tions [22,23]. Scaffolds involving nanocomposites based on TiO2 and polymers have also
been the subject of several publications in the biomedical field. Indeed, Pelaseyed et al. [24]
successfully fabricated scaffold biomaterials with a large pore size and high porosity levels
from poly(lactide-co-glycolide) (PLGA) and TiO2 nanoparticles using an air–liquid foam-
ing method at 20–23 ◦C and a relatively low pressure (2–4 bar) and a short soaking time
(5 h). Among the results obtained, it was revealed that the incorporation of 10 wt% of
TiO2 nanoparticles in the PLGA matrix showed a high antibacterial effect against strains
of Escherichia coli ATCC 8739, demonstrated by a 100% reduction in bacterial growth in
24 h. In addition, these authors also reported that a cell adhesion assay of MG 63 cells
showed that this hybrid nanomaterial had excellent cell attachment. Fibrous degradable
poly(urethane ester) urea (PEUU) scaffolds reinforced with TiO2 nanoparticles were fabri-
cated by Zhu et al. [23]. To increase the interfacial interaction between the PEUU and the
TiO2 nanoparticles, these authors grafted poly(ester urethane) (PEU) on the TiO2. Scaffolds
fabricated using the electrospinning technique had a fiber diameter of <1 µm. Images of the
surface morphology of PEU-modified TiO2 taken by SEM and EDX revealed that this hybrid
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material was much more evenly distributed in the fibers. PEU-modified TiO2 significantly
increased Young’s modulus and the tensile stress of PEUU scaffolds. Biomineralization
occurred on the fibers after incubation in the simulated body fluid over 8 weeks. The PEUU
scaffold with PEU-modified TiO2 demonstrated significantly higher cell proliferation than
the pure PEUU scaffold and the PEUU scaffold with unmodified TiO2.

Poly(vinylalcohol-co-ethylene) (PEVAL) is a randomic and semicrystalline copolymer
over the whole range of composition despite the inconsistency and nonstereospecificity of
vinyl alcohol units dispensed in the copolymer chain [25]. It is well known that PEVAL
is a biocompatible [26] and biodegradable polymer that could be eliminated from the
human body into small and nontoxic molecules after its implantation through a fast
decomposition process [27–30].

A PEVAL membrane has exceptional blood compatibility [31,32]. Indeed, the adsorbed
proteins are denatured, and the cellular components of blood are activated and easily adhere
to the membrane. Such a membrane inhibits the adsorption of plasma proteins, thereby
inhibiting the body’s response to this material [33–38]. The effects of PEVAL membranes
on blood have been evaluated in vitro separately by Nakano [37], and the results revealed
that this membrane had little effect on platelets and the coagulation system. Platelets
are activated when blood comes into contact with a dialysis membrane. Itoh et al. [33]
applied cell ELISA to evaluate the P-selectin expressed on the platelets, and the results
revealed that there was a correlation between platelet adhesion and the induction of P-
selectin expression. The platelet adhesion and P-selectin expression associated with an
PEVAL membrane were lower than those associated with a polystyrene (PS) membrane
or a poly(methyl methacrylate) (PMMA) membrane. When neutrophils isolated from
peripheral blood were stained with a hydrogen peroxide (H2O2)-sensitive fluorescent dye
(dichlorodihydrofluorescein diacetate, DCFH-DA) and brought into contact with a PS
or PMMA membrane in the presence of platelets, they were shown to produce reactive
oxygen species (ROS) (fluorescence). In contrast, ROS were not induced when neutrophils
contacted the PEVAL membrane.

PEVAL membranes are biocompatible, and exhibit specific solute removal properties
and the ability to ensure material transfer in the patient’s body. In a crossover study of
12 patients [37], a study compared between the solute removal properties of a PEVAL
membrane and those of a reformed cellulose (RC) membrane. The results obtained revealed
that the urea clearance (K) and the Kt/V associated with the PEVAL membrane were
significantly lower than those of the RC membrane. Conversely, the clearance level as
estimated by Barth [39] was higher and the hematocrit level was significantly lower when
the membrane was PEVAL.

In a crossover study of 11 dialysis patients, Sato et al. [36] used a PEVAL membrane,
a vitamin E-linked cellulose (VE-C) membrane and a PS membrane, and they evaluated
transcutaneous oxygen (TcPO2) at the dorsum of the foot and the fluidity of blood during
dialysis. They found that the use of the PEVAL membrane moderated the drop in TcPO2
during initial dialysis compared with the drop associated with the use of the PS membrane
and the VE-C membrane. They also indicated that the PEVAL membrane was less likely to
produce disturbances in peripheral circulation. In addition, a decrease in blood fluidity
was not noted with the PEVAL membrane.

The biodegradability of polymers mean that they are applied in various biomedical
fields, such as tissue engineering scaffolds, artificial implants, wound dressings and carriers
in drug delivery systems [40–43]. This copolymer is usually synthesized by polymerizing
ethylene with vinyl-acetate to produce the poly(ethylene-co-vinyl acetate), followed by
hydrolysis of the functional groups [44].

Despite the in-depth efforts by several researchers in the biomedical field, the issue of
controlling infections regarding biomedical materials exists mainly in dentistry because of
the presence of bacteria and other microorganisms, which form biofilms on the surface of
the biomaterials. Thus, antimicrobial activity, among other properties, is the main reason
for applying nanomaterials in dentistry [45,46].
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In this present work, a series of nanocomposites involving PEVAL and TiO2 nanoparti-
cles (PEVAL/TiO2) containing different TiO2 contents were prepared by the solvent casting
route for potential application in tissue engineering in the biomedical field. Naphthalene
microparticles were used as porogen removed from the hybrid material by sublimation
under reduced pressure. The dispersion of TiO2 in the PEVAL matrix and the interactions
between the two components in the hybrid material were examined by differential scanning
calorimetry (DSC), X-ray diffraction (XRD) and Fourier transform infrared (FTIR). The
examination of the thermal stability of the prepared material was carried out through
thermogravimetry (TGA). The surface and cross-section morphologies of the PEVAL/TiO2
samples were examined by scanning electron microscopy (SEM). Viability and cell activity
experiments on the prepared scaffolds were performed according to ISO 10993-5 and ISO
10993-12 standards. The bioviability (cell viability) of human gingival fibroblasts (HGFs)
was evaluated after 1, 4 and 7 days using Alamar Blue®.

2. Material and Methods
2.1. Chemicals

Poly(ethylene-co-vinyl alcohol) (PEVAL) (ethylene, 32% mol; Mn = 2 × 104 g·mol−1),
titanium (IV) oxide nanopowder (primary particle size, 21 nm) (TiO2) and naphthalene
beads (purity, >99%) (Naph) were purchased from Sigma Aldrich (Taufkirchen, Germany).
The isopropyl alcohol (purity, 99.0%) used as solvent was supplied by WINLAB Chemical,
UK. All chemicals were used without further purification.

2.2. Preparation of the PEVAL/TiO2 Nanocomposite by the Solvent Casting Method

The PEVAL/TiO2 nanocomposite was prepared by the solvent casting method. In
a 100-mL flask, 1.0 g of PEVAL was completely dissolved in 10 mL of equal volumes of
isopropyl alcohol and water at 75 ◦C under vigorous stirring until complete dissolution of
the polymer. Next, a known amount of TiO2 nanoparticles was dispersed in the PEVAL
solution under continuous stirring for 1.0 h and then sonicated for 30 min to prevent
agglomeration of the nanoparticles. The final PEVAL/TiO2 suspension was then cast in a
Teflon petri dish, air bubbles were removed by shaking and blowing air, and the mixture
was dried at ambient temperature for 24 h followed by 24 h at 50 ◦C in a vacuum oven to
remove the solvent traces altogether. A series of PEVAL/TiO2 nanocomposites containing
1, 2, 3, 4, and 5 wt% TiO2 were prepared by the same procedure under the conditions
summarized in Table 1.

Table 1. Preparation conditions of PEVAL/TiO2 nanocomposites.

System TiO2 (g) PEVAL (g) TiO2 (wt%)

PEVAL/TiO2-1 0.01 0.99 1.0
PEVAL/TiO2-2 0.02 0.98 2.0
PEVAL/TiO2-3 0.03 0.97 3.0
PEVAL/TiO2-4 0.04 0.96 4.0
PEVAL/TiO2-5 0.05 0.95 5.0

2.3. Preparation of PEVAL/TiO2 with Interconnected Pores

The PEVAL/TiO2 hybrid materials containing interconnected pores were prepared as
described in Scheme 1. A known amount of PEVAL/TiO2 hybrid material was dissolved
in an equal volume ratio of isopropyl alcohol and water at 75 ◦C. Many naphthalene
microparticles with sizes between 100 and 250 µm were used as porogens, representing
60% by weight of the total mass (Naph + nanocomposite). These were added to the mixture
to obtain a highly viscous mixture. The resulting suspension was placed in an ultrasonic
bath for about 30 min using a degassed heating ultrasonic bath and then immediately dried
under a vacuum. The films were then prepared by smoothly casting the polymeric solutions
over a perfect horizontal Teflon plate surface obtained using a spirit level. The extraction
of the porogen from the polymeric material was realized after solvent evaporation by
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sublimation under reduced pressure using a vacuum oven maintained at 60 ◦C for 24 h.
The absence of any traces of solvent or naphthalene in the prepared material was proved
by DSC analysis through the total disappearance of the endothermic peak corresponding
to the evaporation of the solvent and the fusion of naphthalene.
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Scheme 1. Hypothetical scheme depicting the preparation process of interconnected poly(ethylene-
co-vinyl alcohol)/titanium dioxide using naphthalene. (1) Incorporation of TiO2 nanoparticles into
the PEVAL matrix; (2) incorporation of Naph microparticles in the PEVAL/TiO2 nanocomposite;
(3) removing the Naph microparticles by sublimation.

2.4. Characterization
2.4.1. FTIR Analysis

The FTIR spectra of all samples were recorded by a Nicolet 6700 FT-IR, Thermo
Scientific (Waltham, MA, USA) at 25 ◦C. At least 32 scans, with an accuracy of 2 cm−1, in
all cases were signal-averaged. The samples were dried under a vacuum at 40 ◦C and were
analyzed as thin films, except for the TiO2 nanoparticles examined in powder form.

2.4.2. DSC Analysis

The DSC thermograms of PEVAL/TiO2 nanocomposites and their components were
obtained using a Shimadzu DSC 60A (Shimadzu, Kyoto, Japan). Samples weighing between
8 and 10 mg were packed in aluminum pans before being placed in the DSC cell, then
they were scanned from −50 to +250 ◦C under nitrogen atmosphere gas with a heating
rate of 20 ◦C·min−1. All the thermograms were collected from the second scan run. The
glass transition temperature, Tg, was accurately deduced from the inflection point of the
thermal curve as the midpoint in the variation in the heat capacity with temperature, and
the melting point, Tm, was taken from the top of the endothermic peak.

2.4.3. Thermogravimetric Analysis

A TGA of virgin PEVAL and PEVAL/TiO2 hybrid materials was performed under
dynamic nitrogen gas on a TGA/DSC1 Mettler–Toledo thermogravimeter (Columbus, OH,
USA). Samples weighing between 10 and 14 mg were loaded into the TGA aluminum pan
then heated from 25 to 800 ◦C at a heating rate of 20 ◦C·min−1.
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2.4.4. XRD Analysis

The crystalline structures of all samples were examined using XRD analysis on an
X-ray diffractometer (RigakuDmax 2000, The Woodlands, TX, USA) using a Cu anode tube,
a tube voltage of 40 KV/40 mA and generator current of 100 mA. All specimens were
examined at 2θ = 5–60◦ at a scanning rate of 1.0◦ min−1.

2.4.5. SEM Analysis

SEM micrographs of the hybrid materials’ surface and cross-section morphologies be-
fore and after pore interconnection were obtained by a FESEM (JEOL-JSM-2100F) scanning
electronic microscope at an accelerating voltage of 10 kV. Samples in the form of a thin disc
were first sputter-coated with a thin layer of gold and then observed at a magnification
range of 350–200×.

2.4.6. Porosity and Pore Size Distribution

The porosity of the prepared scaffolds was determined using a pycnometer using n-
decane (a nonsolvent for PEVAL) as a displacement fluid as described in the literature [47].
The pore diameter and pore volume distributions of the prepared hybrid materials were
determined using a Quartachrome mercury intrusion porosimeter, Poremaster 60, FL
(London, UK).

2.4.7. SEM of Seeded Scaffolds

SEM was performed to assess HGF binding and morphology on the examined scaffolds.
Scaffolds were seeded with 5 × 104 cells/scaffold and cultured for 1, 4 and 7 days. At
these time points, the constructs were rinsed in a 0.1 M sodium cacodylate buffer and fixed
with 3% glutaraldehyde in a cacodylate buffer for 30 min. The samples were then treated
with 2% osmium tetroxide for 2 h. After being rinsed with a sodium cacodylate buffer, the
constructs were then dehydrated through a series of graded ethanol solutions: 75, 95, and
100% v/v, and 100% v/v dried over anhydrous copper sulfate for 15 min. The constructs
were then critically dried using a hexamethyldisilazane/ethanol mixture (50/50 by weight)
followed by 100% hexamethyldisilazane for 20 min. The samples were air-dried overnight
in a fume hood before being mounted on aluminum stubs using carbon tabs. The samples
were coated with gold by an automatic coater for 4 min to achieve a conductive layer
thickness of approximately 200 nm. Scanning electron micrographs were taken using a
Philips XL-20 scanning electron microscope at 20 kV.

2.4.8. Cellular Activity

PEVAL/TiO2 scaffolds containing 0, 1, 2, 3, 4 and 5 wt% of TiO2 filler were cut into
1 × 1 cm pieces then sterilized under UV light for 30 min. Human gingival fibroblasts
(HGF) were cultured in 24-well plates, seeded at 5 × 104 cells/well using HGF basal
medium). After 24 h of incubation, the scaffolds were placed on the monolayer and
incubated at 37 ◦C (5% CO2/95% air) for 7 days using a negative control comprising only
cells. This experiment was performed following ISO 10993-5 and ISO 10993-12 standards.
The bioviability (cell viability) of HGFs was evaluated after 1, 4 and 7 days using Alamar
Blue®. Although a linear relationship between fluorescence and cell number has been
established, the level of fluorescence can be affected by both an alteration in cell number
(proliferation) and/or cell activity [48]. Therefore, at the required time points (Day 1,
Day 4 and Day 7), the medium was removed and a fresh HGF basal medium containing
10% v/v Alamar Blue® was added to each well according to the manufacturer’s instructions.
After 1 h of incubation at 37 ◦C, 200 µL samples from each well, in triplicate, were placed
in individual wells of a 96-well plate. Fluorescence intensity was measured with a plate
reader (Tecan fluorescent lamp) using an excitation wavelength of 540 nm and an emission
wavelength of 570 nm. The fluorescence readings of the samples without cells (i.e., the
negative control) were determined to detect any dye changes occurring in the absence of
cells. These negative controls did not indicate any significant interaction between Alamar
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Blue® and the composites. Hence, the fluorescence was corrected using the value of a
10% solution of Alamar Blue® in a medium without cell seeding in the presence of the
composite discs as a negative control. The experiments were carried out in triplicate and
repeated twice.

3. Results and Discussion
3.1. FTIR Analysis

Figure 1 shows a comparison between the FTIR spectra of the TiO2/PEVAL nanocom-
posites with those of their pure components. A comparison of the absorption spectra of the
different groups of PEVAL in the composites with those of the virgin copolymer reveals a
significant increase in signal strength at 1650 cm−1 and a simultaneous decrease in the band
at 1725 cm−1. The first absorption band is attributed to the bending modes of reflection
in the plane of the hydroxyl bond attributed to water absorption [49,50], and the second
band to the carbonyl group of residual acetate substituent. The simultaneous increase
in the intensity of the OH absorption band and the decrease in that of the carbonyls can
be reflected in the hydrolysis of the residual acetate units due to the presence of TiO2
nanoparticles. The absorption bands localized at 1138 and 1083 cm−1 are assigned to the
stretching of the C-O of the crystalline sequences of the alcoholic units and the stretching
of the C=O and the bending of the OH of the amorphous sequences of the copolymer [50].
The broad absorption band of the hydroxyl stretching groups of the vinylic units of the
copolymer and of the water from the moisture, centered at 3321 cm−1, did not show any
significant change.
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3.2. XRD Analysis

The XRD patterns of the TiO2 nanoparticle powder, PEVAL and these nanocomposites
with different compositions are grouped in Figure 2. The spectrum of pure TiO2 shows
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the signals characterizing the anatase form of this compound (JCPDS-21-1272), in which
the main ones are observed at the 25.0 (101), 37.5 (004), 48.0 (200), 54 (105), 55 (211),
62.5 (204), 69.0 (116), 70 (220) and 75.0 (215) crystal planes [51]. However, the XRD pattern
of neat PEVAL presents an ultimate broad and intense peak at 20.0◦, characterizing the
crystalline fraction of this copolymer [52]. However, as can be seen in the spectra of the
nanocomposites, the incorporation of TiO2 into PEVAL shows practically no change either
in the crystalline structure of the copolymer or in that of the nanofiller. This indicates
that the TiO2 nanoparticles are found in the PEVAL matrix in aggregates encrusted in its
amorphous part.
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Figure 2. The XRD patterns of TiO2 nanoparticles, pure PEVAL and their nanocomposites with
different compositions.

3.3. DSC Analysis

The DSC thermograms of PEVAL and PEVAL/TiO2 nanocomposites are grouped
in Figure 3 and the glass transitions and melting temperatures deducted are gathered in
Table 2. The thermal curve of neat PEVAL indicated 60, 184 ◦C and 66.78 J·g−1 for the
glass transition, the melting temperatures and the melting enthalpy, respectively, which
agree with the literature regarding the same ethylene/vinyl alcohol composition [53].
However, for the PEVAL/TiO2 hybrid materials, these two properties shifted towards low
temperatures, particularly the melting temperature (from 183 to 170 ◦C), which was also
accompanied by a broadening of the melting peaks and a significant decrease in the heat of
fusion of PEVAL. This reveals that the incorporation of TiO2 nanoparticles even in small
quantities into the copolymer matrix considerably affected the thermal properties of PEVAL.
This phenomenon is mainly due to the uniform dispersion of the TiO2 nanoparticles in
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the two copolymer structures (amorphous and crystalline). This increased the free volume
between the polymer chains, leading to a decrease in the intensity of the interaction forces,
mainly due to the hydrogen bonds between the chains of the PEVAL, leading to a decrease
in its crystallinity, thus favoring the sliding of the chains on one another. Such phenomena
have also been observed by other researchers studying similar nanocomposites [54,55].
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Table 2. Data deducted from the DSC thermograms of the PEVAL and PEVAL/TiO2 nanocomposites
with different compositions.

System Tg (◦C) Tm (◦C) ∆Hm (J·g−1)

PEVAL 60 183 66.78
PEVAL/TiO2-1 62 171 60.30
PEVAL/TiO2-2 61 171 47.73
PEVAL/TiO2-3 59 171 46.75
PEVAL/TiO2-4 57 171 45.08
PEVAL/TiO2-5 53 170 42.11

3.4. TGA

The TGA thermograms of the PEVAL and PEVAL/TiO2 hybrid materials are gathered
in Figure 4. As can be seen from these thermal curves, the decomposition of the virgin
PEVAL took place in two main stages. The first decomposition, starting at 330 ◦C, involved
the decomposition of greater part of the vinyl alcohol units, then the second at 410 ◦C led to
the decomposition of the ethylene units. According to different authors [56,57], the thermal
decomposition of poly(vinyl alcohol) (PVA) principally leads to the production of water and
residual acetate groups, as well as quite a few chain-scission reactions resulting from radical
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decomposition reactions. According to Gomma et al. [58], the first zone of the thermal
decomposition of this poly(vinylalcohol) (PVA), which is localized between 200 and 350 ◦C,
is attributed to the loss of the water bond of the polymer chains. The second region
between 340 and 450 ◦C is associated with the decomposition and carbonization of the
polymer. On the other hand, Kumar and Sing [59] investigated the thermal degradation
of poly(ethylene), and the main products that resulted were different volatile saturated
and unsaturated hydrocarbons. The incorporation of TiO2 in a PEVAL matrix showed a
non-negligible increase in the stability of this copolymer ranging between 30 and 35 ◦C
depending on the composition of the material hybrid prepared, accompanied by a release
of 6.5 to 8.2 wt% of water.
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3.5. SEM Analysis

Micrographs of the TiO2 nanoparticles, and the morphological surfaces of the unloaded
PEVAL and the PEVAL loaded with 1 and 3 wt% of TiO2 as examples are presented in
Figure 5. As seen in the TiO2 image, most of these particles appear to be gathered in
aggregate forms of different sizes. This could be due to the presence of water molecules
absorbed from moisture favoring the adhesion of TiO2 nanoparticles between them. The
pure PEVAL shows a perfectly smooth morphology surface devoid of any relief that may
interfere with those of the TiO2 particles when they are added. However, as shown in
the bottom left, the incorporation of 1 wt% of TiO2 altered the surface morphology of the
PEVAL, creating a relief resembling the surface of dough after being kneaded. On the other
hand, the lower right image, which shows the surface morphology of the hybrid material
containing 3% wt of TiO2, exhibits the uniform dispersion of these fillers, which are well
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covered by the copolymer. This could be due to the presence of good affinity between
the two components of the hybrid material in which the PEVAL macromolecules chain by
expanding in the solvent, which promotes the dislocation of the aggregated TiO2, leading
to a uniform dispersion in the polymer matrix.
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Figure 5. SEM images of TiO2 nanoparticles magnified 500 and 5000 times, showing the surface
morphology and cross-section of pure PEVAL and a PEVAL/TiO2-1 nanocomposite film sample
before pore connection.

Figure 6 shows photos of the surfaces and cross-sections of nanocomposite samples
containing 1 and 3 wt% of TiO2 after porogen removal (Naph microparticles). These images
clearly show the presence of pores on the surface of the material, which have almost circular
shapes in the case of the sample containing 1 wt% of TiO2 and in the form of ellipses of
variable size in the case of the one containing 3 wt% of this load. The photos at the bottom
taken from the cross-sections of these samples clearly show the interconnection of these
pores. Two types of pores are seen in the photo of the hybrid material containing 1 wt% of
TiO2: those characterized by diameters varying between 5 and 20 µm and others that are
relatively large (between 80 and 150 µm), thus reflecting the relief of the surface morphology



Int. J. Mol. Sci. 2022, 23, 3449 12 of 20

of this sample. However, the sample that contained 3 wt% TiO2 was characterized only by
a single pore type with the same diameter as those of the second type observed in the first
sample, also reflecting its surface morphology. The small and dense pores observed in the
PEVAL/TiO2-1 sample are also apparent in the same original material (i.e., even before the
incorporation of the porogen), as shown in Figure 7, and the presence of a higher amount
of TiO2 appears to have modified the texture of the original material, leading to a denser
material and eliminating the pores formed by repulsions between the hydrophilic sequences
of vinyl alcohol and the hydrophobic sequences of the ethylenic sequences of PEVAL.
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3.6. Porosity and Pore Size Distribution

The results of the study of the porosity of the samples obtained by the pycnometer
method are grouped in Table 3. These values indicate an average porosity of 82.76%
for the sample containing 1% by weight of TiO2. This value decreased slightly with
an increase in titanium oxide in the material. Similar results were also obtained using
the poly(delta-valerolactone)/TiO2 system, which was attributed to the mechanical and
thermal properties of this hybrid material [60]. Indeed, the decrease in the Tg value of the
PEVAL with the increase in the TiO2 content in the composite observed by DSC analysis
(from 62 to 53 ◦C) goes in the direction of increasing the flexibility of the resulting material.
This promotes shrinkage of the pores under the action of the high vacuum created during
the interconnection of the pores. As it can be seen from Figure 8, the pore size distribution
in the PEVAL/TiO2 hybrid materials shows a wide pore size distribution, for which the
maximum is between 30 and 120 µm for all compositions. As can be also observed in this
figure, the presence of very small pores (<10 µm) can be a proof of the interconnection
of the pores. The large distribution of pores sizes in these hybrid materials (4–200 µm),
without a doubt, confirms the presence of a high percentage of interconnected pores. This
confirms that the connection of the pores in these materials was indeed achieved by the
disappearance of the walls separating the neighboring pores due to the high pressure
exerted from the inside towards the outside of the pores subjected to the high vacuum
during the porogen removal process.
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Table 3. The porosity of the PEVA/TiO2 nanocomposite with different TiO2 contents.

System Porosity (%)

PEVAL/TiO2-1 80.2 ± 3.8
PEVAL/TiO2-2 78.3 ± 3.5
PEVAL/TiO2-3 74.7 ± 3.4
PEVAL/TiO2-4 72.8 ± 3.2
PEVAL/TiO2-5 72.8 ± 3.2
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3.7. Cellular Activity

HGFs showed increased cellular activity across the different culture time points. The
cell activity increased in all groups from Day 1 to Day 7; this increase was statistically
significant, as shown in Figure 9. Higher cell activity in all test groups (PEVAL/TiO2
scaffolds) was observed compared with the cellular activity of HGFs cultured with the
control group (virgin PEVAL). On Day 1, HGFs cultured with PEVAL filled with 1 wt%
TiO2 showed superior bioviability compared with HGFs cultured with virgin PEVAL
and PEVAL containing 2, 3, 4 and 5 wt% TiO2. As shown in Figure 10, this difference is
statistically significant. On Day 4, HGF was seeded in the PEVAL/TiO2 system; whatever its
composition, it showed an increase in cell viability compared with the results observed on
Day 1, and this increase was statistically significant (Figure 10). However, HGFs cultured on
PEVAL/TiO2 scaffolds containing 2 and 4 wt% TiO2 showed significantly higher cell activity
than the other groups (Figure 10). As shown in this figure, the same pattern was observed
on Day 7: all tested groups showed significantly higher cell viability compared with the
control group on Day 7 (p < 0.002). HGFs’ attachment to the scaffolds was investigated
using SEM. The SEM images (Figure 11) showed that the HGFs were successfully cultured
on all scaffold types. On Day 1, the HGFs had already formed a homogeneous surface on all
scaffolds; however, SEM images of HGFs cultured on PEVAL/1wt%TiO2 showed a denser
cell layer compared with the other membranes. The same was observed on Days 4 and 7
(data not shown).
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4. Conclusions

The objectives of this work have been achieved. Indeed, PEVAL/TiO2 nanocomposites
with different TiO2 contents were successfully prepared by the solvent casting method. The
creation of interconnected and uniformly distributed pores in the prepared hybrid material
was successfully achieved by using naphthalene microparticles as porogen. The pore size
distribution in the PEVAL/TiO2 hybrid materials showed a wide pore size distribution, for
which the maximum was between 30 and 120 µm for all compositions. The analyses by
FTIR, DSC and XRD showed that the distribution of the nanoparticles in the PEVAL matrix
was quite uniform. Thermal analysis of the hybrid material revealed that the incorporation
of TiO2 nanoparticles into the PEVAL matrix resulted in a slight decrease in the Tg of the
copolymer, keeping it always above body temperature (37 ◦C). The incorporation of TiO2
in the PEVAL matrix showed a non-negligible increase in the stability of this copolymer,
ranging between 30 to 35 ◦C depending on the composition of the hybrid material prepared.
The results of the cell activity tests on the virgin PEVAL and the PEVAL/TiO2 hybrid
materials revealed an increase in cell activity across the different culture times. This
cellular activity increased significantly in all groups from Day 1 to Day 7. Higher cellular
activity in all test groups (PEVAL/TiO2 scaffolds) was observed compared with the cellular
activity of HGFs cultured on the control (virgin PEVAL). HGFs’ attachment to the scaffolds
investigated by the SEM method showed that the HGFs were successfully cultured on
all scaffold types. On Day 1, the HGFs had already formed a homogeneous surface on
all scaffolds; however, HGFs cultured on PEVAL/1wt% TiO2 showed a denser cell layer
compared with the other membranes. The same was observed on Day 4 and Day 7.



Int. J. Mol. Sci. 2022, 23, 3449 18 of 20

Author Contributions: Data curation, W.S.S., D.H.A., A.-B.A.-O., A.S.H. and A.A.; Formal analysis,
W.S.S., D.H.A., A.-B.A.-O. and T.A.; Funding acquisition, A.S.H. and A.A.A.-O.; Investigation,
A.-B.A.-O., A.S.H. and R.K.; Methodology, W.S.S., D.H.A. and T.A.; Project administration, A.A.
and T.A.; Resources, A.A.A.-O. and A.A.; Software, W.S.S., D.H.A., A.S.H., R.K., M.A.T.D.V., A.A.,
R.K. and M.A.T.D.V.; Validation, A.-B.A.-O.; Visualization, W.S.S., A.A.A.-O., R.K. and M.A.T.D.V.;
Writing—original draft, W.S.S. and T.A.; Writing—review & editing, W.S.S. and T.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of King Saud University (IRB No. E-21-
6412; date 22 November 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data that support the findings of this study are included in the article.

Acknowledgments: The authors are grateful to the Deanship of Scientific Research, King Saud
University, for funding through the Vice Deanship of Scientific Research Chairs, Engineer Abdullah
Bugshan research chair for Dental and Oral Rehabilitation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ikada, Y. Tissue Engineering: Fundamentals and Applications; Elsevier: Amsterdam, The Netherlands, 2011.
2. Boccaccini, A.R.; Ma, P.X. Tissue Engineering Using Ceramics and Polymers; Elsevier: Amsterdam, The Netherlands, 2014.
3. Gao, C.; Deng, Y.; Feng, P.; Mao, Z.; Li, P.; Yang, B.; Deng, J.; Cao, Y.; Shuai, C.; Peng, S. Current progress in bioactive ceramic

scaffolds for bone repair and regeneration. Int. J. Mol. Sci. 2014, 15, 4714–4732. [CrossRef] [PubMed]
4. Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.-T. Porous scaffolds for bone regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1–9. [CrossRef]
5. Tariverdian, T.; Sefat, F.; Gelinsky, M.; Mozafari, M. Scaffold for bone tissue engineering. In Handbook of Tissue Engineering Scaffolds:

Volume One; Elsevier: Amsterdam, The Netherlands, 2019; pp. 189–209.
6. Krieghoff, J.; Picke, A.-K.; Salbach-Hirsch, J.; Rother, S.; Heinemann, C.; Bernhardt, R.; Kascholke, C.; Möller, S.; Rauner, M.;

Schnabelrauch, M. Increased pore size of scaffolds improves coating efficiency with sulfated hyaluronan and mineralization
capacity of osteoblasts. Biomater. Res. 2019, 23, 26. [CrossRef] [PubMed]

7. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D. Polymeric Scaffolds in Tissue Engineering Application: A Review. Int.
J. Polym. Sci. 2011, 2011, 290602. [CrossRef]

8. Neves, N.M.; Reis, R.L. Biomaterials from Nature for Advanced Devices and Therapies; John Wiley & Sons: Hoboken, NJ, USA, 2016.
9. Nohynek, G.J.; Lademann, J.; Ribaud, C.; Roberts, M.S. Grey goo on the skin? Nanotechnology, cosmetic and sunscreen safety.

Crit. Rev. Toxicol. 2007, 37, 251–277. [CrossRef]
10. Appendini, P.; Hotchkiss, J.H. Review of antimicrobial food packaging. Innov. Food Sci. Emerg. Technol. 2002, 3, 113–126. [CrossRef]
11. Jacoby, W.A.; Maness, P.C.; Wolfrum, E.J.; Blake, D.M.; Fennell, J.A. Mineralization of bacterial cell mass on a photocatalytic

surface in air. Environ. Sci. Technol. 1998, 32, 2650–2653. [CrossRef]
12. Brook, L.; Evans, P.; Foster, H.; Pemble, M.; Steele, A.; Sheel, D.; Yates, H. Highly bioactive silver and silver/titania composite

films grown by chemical vapour deposition. J. Photochem. Photobiol. Chem. 2007, 187, 53–63. [CrossRef]
13. Geetha, M.; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopaedic implants—A

review. Prog. Mater. Sci. 2009, 54, 397–425. [CrossRef]
14. Jeng, H.A.; Swanson, J. Toxicity of metal oxide nanoparticles in mammalian cells. J. Environ. Sci. Health Part A 2006, 41, 2699–2711. [CrossRef]
15. Prasanna, A.; Niranjan, R.; Kaushik, M.; Devasena, T.; Kumar, J.; Chelliah, R.; Oh, D.-H.; Swaminathan, S. Metal oxide curcumin

incorporated polymer patches for wound healing. Appl. Surf. Sci. 2018, 449, 603–609.
16. Liu, H.; Slamovich, E.B.; Webster, T.J. Increased osteoblast functions on nanophase titania dispersed in poly-lactic-co-glycolic acid

composites. Nanotechnology 2005, 16, S601. [CrossRef] [PubMed]
17. Babushkina, E.A.; Belokopytova, L.V.; Grachev, A.M.; Meko, D.M.; Vaganov, E.A. Variation of the hydrological regime of

Bele-Shira closed basin in Southern Siberia and its reflection in the radial growth of Larix sibirica. Reg. Environ. Chang. 2017, 17,
1725–1737. [CrossRef]

18. Gerhardt, L.-C.; Jell, G.; Boccaccini, A. Titanium dioxide (TiO2) nanoparticles filled poly(D,L lactid acid) (PDLLA) matrix
composites for bone tissue engineering. J. Mater. Sci. Mater. Med. 2007, 18, 1287–1298. [CrossRef]

19. Chen, Q.; Roether, J.; Boccaccini, A. Tissue engineering scaffolds from bioactive glass and composite materials. Top. Tissue Eng.
2008, 4, 1–27.

20. De Santis, R.; Catauro, M.; Di Silvio, L.; Manto, L.; Raucci, M.G.; Ambrosio, L.; Nicolais, L. Effects of polymer amount and
processing conditions on the in vitro behaviour of hybrid titanium dioxide/polycaprolactone composites. Biomaterials 2007, 28,
2801–2809. [CrossRef]

http://doi.org/10.3390/ijms15034714
http://www.ncbi.nlm.nih.gov/pubmed/24646912
http://doi.org/10.1016/j.jsamd.2020.01.007
http://doi.org/10.1186/s40824-019-0172-z
http://www.ncbi.nlm.nih.gov/pubmed/31890268
http://doi.org/10.1155/2011/290602
http://doi.org/10.1080/10408440601177780
http://doi.org/10.1016/S1466-8564(02)00012-7
http://doi.org/10.1021/es980036f
http://doi.org/10.1016/j.jphotochem.2006.09.014
http://doi.org/10.1016/j.pmatsci.2008.06.004
http://doi.org/10.1080/10934520600966177
http://doi.org/10.1088/0957-4484/16/7/038
http://www.ncbi.nlm.nih.gov/pubmed/21727482
http://doi.org/10.1007/s10113-017-1137-1
http://doi.org/10.1007/s10856-006-0062-5
http://doi.org/10.1016/j.biomaterials.2007.02.014


Int. J. Mol. Sci. 2022, 23, 3449 19 of 20

21. Chahal, R.P.; Mahendia, S.; Tomar, A.; Kumar, S. γ-Irradiated PVA/Ag nanocomposite films: Materials for optical applications.
J. Alloys Compd. 2012, 538, 212–219. [CrossRef]

22. Wu, W.; Liang, S.; Shen, L.; Ding, Z.; Zheng, H.; Su, W.; Wu, L. Preparation, characterization and enhanced visible light
photocatalytic activities of polyaniline/Bi3NbO7 nanocomposites. J. Alloys Compd. 2012, 520, 213–219. [CrossRef]

23. Zhu, Q.; Li, X.; Fan, Z.; Xu, Y.; Niu, H.; Li, C.; Dang, Y.; Huang, Z.; Wang, Y.; Guan, J. Biomimetic polyurethane/TiO2
nanocomposite scaffolds capable of promoting biomineralization and mesenchymal stem cell proliferation. Mater. Sci. Eng. C
2018, 85, 79–87. [CrossRef]

24. Pelaseyed, S.S.; Hosseini, H.R.M.; Nokhbedehghan, Z.; Samadikuchaksaraei, A. PLGA/TiO2 nanocomposite scaffolds for
biomedical applications: Fabrication, photocatalytic, and antibacterial properties. BioImpacts BI 2021, 11, 45. [CrossRef]

25. Keskin, S.; Elliott, J.R. Binary interactions of poly(ethylene covinyl alcohol) with poly(4-vinyl pyridine) and poly(n-butyl
methacrylate). Ind. Eng. Chem. Res. 2003, 42, 6331–6337. [CrossRef]

26. Saito, A.; Kawanishi, H.; Yamashita, A.C.; Mineshima, M. (Eds.) High-Performance Membrane Dialyzers; Karger Medical and
Scientific Publishers: Basel, Switzerland, 2011; Volume 173, pp. 1–10. [CrossRef]

27. Tomita, K.; Kojoh, K.; Suzuki, A. Isolation of thermophiles assimilating poly(ethylene-co-vinyl alcohol). J. Ferment. Bioeng. 1997,
84, 400–402. [CrossRef]

28. Mejia, G.; Lopez, O.; Sierra, L. Biodegradation of poly(vinylalcohol-co-ethylene) with the fungus Phanerochaete chrysosporium.
Mater. Res. Innov. 2001, 4, 148–154. [CrossRef]

29. Alotaibi, N.M.; Aouak, T. Preparation and non isothermal crystallization kinetic of acetylsalicylic acid-poly(vinylalcohol-co-
ethylene) blend. Application in drug delivery domain. Macromol. Res. 2013, 21, 747–756.

30. Mejía, G.A.I.; López, O.B.L.; Mulet, P.A. Biodegradation of poly(vinylalcohol) with enzymatic extracts of phanerochaete chrysospo-
rium. In Macromolecular Symposia; WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 1999; pp. 131–147.

31. Bonomini, M.; Pavone, B.; Sirolli, V.; Del Buono, F.; Di Cesare, M.; Del Boccio, P.; Amoroso, L.; Di Ilio, C.; Sacchetta, P.; Federici, G.
Proteomics characterization of protein adsorption onto hemodialysis membranes. J. Proteome Res. 2006, 5, 2666–2674. [CrossRef]

32. Ishida, M. Blood compatibility of ethylene-vinyl alcohol copolymer dialyzers. Cells 2005, 37, 30–34.
33. Itoh, S.; Susuki, C.; Tsuji, T. Platelet activation through interaction with hemodialysis membranes induces neutrophils to produce

reactive oxygen species. J. Biomed. Mater. Res. Part A Off. J. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc. Biomater. Korean Soc.
Biomater. 2006, 77, 294–303. [CrossRef]

34. Sirolli, V.; Ballone, E.; Amoroso, L.; Di Liberato, L.; Di Mascio, R.; Cappelli, P.; Albertazzi, A.; Bonomini, M. Leukocyte adhesion
molecules and leukocyte-platelet interactions during hemodialysis: Effects of different synthetic membranes. Int. J. Artif. Organs
1999, 22, 536–542. [CrossRef]

35. Sirolli, V.; Ballone, E.; Di Stante, S.; Amoroso, L.; Bonomini, M. Cell activation and cellular-cellular interactions during hemodialy-
sis: Effect of dialyzer membrane. Int. J. Artif. Organs 2002, 25, 529–537. [CrossRef]

36. Sato, M.; Morita, H.; Ema, H.; Yamaguchi, S.; Amano, I. Effect of different dialyzer membranes on cutaneous microcirculation
during hemodialysis. Clin. Nephrol. 2006, 66, 426–432. [CrossRef]

37. Nakano, A. Ethylene vinyl alcohol co-polymer as a high-performance membrane: An EVOH membrane with excellent biocom-
patibility. High-Perform. Membr. Dialyzers 2011, 173, 164–171.

38. Pertosa, G.; Simone, S.; Soccio, M.; Marrone, D.; Gesualdo, L.; Schena, F.P.; Grandaliano, G. Coagulation cascade activation causes
CC chemokine receptor-2 gene expression and mononuclear cell activation in hemodialysis patients. J. Am. Soc. Nephrol. 2005, 16,
2477–2486. [CrossRef] [PubMed]

39. Barth, R.H. Urea modeling and Kt/V: A critical appraisal. Kidney Int. Suppl. 1993, 41, S-252–S-260.
40. Bruck, S. Medical applications of polymeric materials. Med. Prog. Through Technol. 1982, 9, 1–16.
41. Jagur-Grodzinski, J. Polymers for tissue engineering, medical devices, and regenerative medicine. Concise general review of

recent studies. Polym. Adv. Technol. 2006, 17, 395–418.
42. Augustine, R.; Kalarikkal, N.; Thomas, S. Advancement of wound care from grafts to bioengineered smart skin substitutes. Prog.

Biomater. 2014, 3, 103–113. [CrossRef]
43. Augustine, R.; Dominic, E.A.; Reju, I.; Kaimal, B.; Kalarikkal, N.; Thomas, S. Electrospun poly(ε-caprolactone)-based skin

substitutes: I n vivo evaluation of wound healing and the mechanism of cell proliferation. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2015, 103, 1445–1454. [CrossRef]

44. Ketels, H.H.T.M. Synthesis, Characterization and Applications of Ethylene Vinylalcohol Copolymers. Ph.D. Thesis, Eindhoven
University of Technology, Eindhoven, The Netherlands, 1989.

45. Sodagar, A.; Akhoundi, M.S.A.; Bahador, A.; Jalali, Y.F.; Behzadi, Z.; Elhaminejad, F.; Mirhashemi, A.H. Effect of TiO2 nanoparticles
incorporation on antibacterial properties and shear bond strength of dental composite used in Orthodontics. Dent. Press J. Orthod.
2017, 22, 67–74. [CrossRef]

46. Sun, J.; Forster, A.M.; Johnson, P.M.; Eidelman, N.; Quinn, G.; Schumacher, G.; Zhang, X.; Wu, W.-L. Improving performance of
dental resins by adding titanium dioxide nanoparticles. Dent. Mater. 2011, 27, 972–982. [CrossRef]

47. Endogan Tanir, T.; Hasirci, V.; Hasirci, N. Preparation and characterization of Chitosan and PLGA-based scaffolds for tissue
engineering applications. Polym. Compos. 2015, 36, 1917–1930. [CrossRef]

48. Nakayama, G.R. Assessment of the Alamar Blue assay for cellular growth and viability in vitro. J. Immunol. Methods 1997, 204,
205–208. [CrossRef]

http://doi.org/10.1016/j.jallcom.2012.05.085
http://doi.org/10.1016/j.jallcom.2012.01.021
http://doi.org/10.1016/j.msec.2017.12.008
http://doi.org/10.34172/bi.2021.06
http://doi.org/10.1021/ie030041e
http://doi.org/10.1159/000328938
http://doi.org/10.1016/S0922-338X(97)81998-8
http://doi.org/10.1007/s100190000085
http://doi.org/10.1021/pr060150u
http://doi.org/10.1002/jbm.a.30608
http://doi.org/10.1177/039139889902200803
http://doi.org/10.1177/039139880202500607
http://doi.org/10.5414/CNP66426
http://doi.org/10.1681/ASN.2004070621
http://www.ncbi.nlm.nih.gov/pubmed/15976001
http://doi.org/10.1007/s40204-014-0030-y
http://doi.org/10.1002/jbm.b.33325
http://doi.org/10.1590/2177-6709.22.5.067-074.oar
http://doi.org/10.1016/j.dental.2011.06.003
http://doi.org/10.1002/pc.23100
http://doi.org/10.1016/S0022-1759(97)00043-4


Int. J. Mol. Sci. 2022, 23, 3449 20 of 20

49. Cabedo, L.; Lagarón, J.M.; Cava, D.; Saura, J.J.; Giménez, E. The effect of ethylene content on the interaction between ethylene-
vinyl alcohol copolymers and water—II: Influence of water sorption on the mechanical properties of EVOH copolymers. Polym.
Test. 2006, 25, 860–867. [CrossRef]

50. Jipa, I.M.; Stoica, A.; Stroescu, M.; Dobre, L.-M.; Dobre, T.; Jinga, S.; Tardei, C. Potassium sorbate release from poly(vinyl
alcohol)-bacterial cellulose films. Chem. Pap. 2012, 66, 138–143. [CrossRef]

51. Rendón-Rivera, A.; Toledo-Antonio, J.; Cortés-Jácome, M.; Angeles-Chávez, C. Generation of highly reactive OH groups at the
surface of TiO2 nanotubes. Catal. Today 2011, 166, 18–24. [CrossRef]

52. Badwelan, M.; Alkindi, M.; Alghamdi, O.; Saeed, W.S.; Al-Odayni, A.-B.; Alrahlah, A.; Aouak, T. Poly(δ-valerolactone)/Poly(ethylene-
co-vinylalcohol)/β-Tricalcium Phosphate Composite as Scaffolds: Preparation, Properties, and In Vitro Amoxicillin Release. Polymers
2021, 13, 46. [CrossRef] [PubMed]

53. de Lima, J.A.; Felisberti, M.I. Poly(ethylene-co-vinyl alcohol) and poly(methyl methacrylate) blends: Phase behavior and
morphology. Eur. Polym. J. 2008, 44, 1140–1148. [CrossRef]

54. Ren, M.; Frimmel, F.H.; Abbt-Braun, G. Multi-cycle photocatalytic degradation of bezafibrate by a cast polyvinyl alcohol/titanium
dioxide (PVA/TiO2) hybrid film. J. Mol. Catal. A Chem. 2015, 400, 42–48. [CrossRef]

55. Gupta, S.; Sindhu, S.; Varman, K.A.; Ramamurthy, P.C.; Madras, G. Hybrid nanocomposite films of polyvinyl alcohol and ZnO as
interactive gas barrier layers for electronics device passivation. RSC Adv. 2012, 2, 11536–11543. [CrossRef]

56. Peng, Z.; Kong, L.X. A thermal degradation mechanism of polyvinyl alcohol/silica nanocomposites. Polym. Degrad. Stab. 2007,
92, 1061–1071. [CrossRef]

57. Yang, H.; Xu, S.; Jiang, L.; Dan, Y. Thermal decomposition behavior of poly(vinyl alcohol) with different hydroxyl content.
J. Macromol. Sci. Part B 2012, 51, 464–480. [CrossRef]

58. Gomaa, M.M.; Hugenschmidt, C.; Dickmann, M.; Abdel-Hady, E.E.; Mohamed, H.F.; Abdel-Hamed, M.O. Crosslinked PVA/SSA
proton exchange membranes: Correlation between physiochemical properties and free volume determined by positron annihila-
tion spectroscopy. Phys. Chem. Chem. Phys. 2018, 20, 28287–28299. [CrossRef] [PubMed]

59. Kumar, S.; Singh, R. Recovery of hydrocarbon liquid from waste high density polyethylene by thermal pyrolysis. Braz. J. Chem.
Eng. 2011, 28, 659–667. [CrossRef]

60. Saeed, W.S.; Al-Odayni, A.-B.; Alrahlah, A.; Alghamdi, A.A.; Aouak, T. Preparation and Characterization of Poly(δ-
Valerolactone)/TiO2 Nanohybrid Material with Pores Interconnected for Potential Use in Tissue Engineering. Materials 2019,
12, 528. [CrossRef] [PubMed]

http://doi.org/10.1016/j.polymertesting.2006.04.012
http://doi.org/10.2478/s11696-011-0068-4
http://doi.org/10.1016/j.cattod.2010.03.045
http://doi.org/10.3390/polym13010046
http://www.ncbi.nlm.nih.gov/pubmed/33374480
http://doi.org/10.1016/j.eurpolymj.2008.02.001
http://doi.org/10.1016/j.molcata.2015.02.004
http://doi.org/10.1039/c2ra21714g
http://doi.org/10.1016/j.polymdegradstab.2007.02.012
http://doi.org/10.1080/00222348.2011.597687
http://doi.org/10.1039/C8CP05301D
http://www.ncbi.nlm.nih.gov/pubmed/30398493
http://doi.org/10.1590/S0104-66322011000400011
http://doi.org/10.3390/ma12030528
http://www.ncbi.nlm.nih.gov/pubmed/30744189

	Introduction 
	Material and Methods 
	Chemicals 
	Preparation of the PEVAL/TiO2 Nanocomposite by the Solvent Casting Method 
	Preparation of PEVAL/TiO2 with Interconnected Pores 
	Characterization 
	FTIR Analysis 
	DSC Analysis 
	Thermogravimetric Analysis 
	XRD Analysis 
	SEM Analysis 
	Porosity and Pore Size Distribution 
	SEM of Seeded Scaffolds 
	Cellular Activity 


	Results and Discussion 
	FTIR Analysis 
	XRD Analysis 
	DSC Analysis 
	TGA 
	SEM Analysis 
	Porosity and Pore Size Distribution 
	Cellular Activity 

	Conclusions 
	References

