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This study reports the preparation of gelatin — poly(vinyl alcohol) / graphene oxide composites by combining
ultrasound treatment, freeze-thawing and freeze drying techniques. Characterization results highlight the
positive effect of graphene oxide on materials structure, morphology, swelling degree and biodegradation,

as well as rheology.
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Tissue engineering aims to overcome the major
problems associated with conventional surgical procedures
(autografts and allografts) for tissue reconstruction [1, 2].
Autografts are currently the most suitable solution since
they integrate reliably with host tissue and do not trigger
inflammatory responses [3]. However, the anatomical
limitations and donor site morbidity associated with this
techniqgue demand for the development of tissue
engineered constructs that will mimic the extracellular
matrix (ECM) environment [3, 4].

The key components of synthetic tissue constructs are
the cells, the growth-stimulating signals and the scaffolds
which act as templates for tissue formation by allowing
cells to migrate, adhere, and produce new tissue [5, 6].

In order to sustain cell migration, attachment,
proliferation and differentiation scaffolds should exhibit
optimal characteristics like good biocompatibility,
interconnected pore structure as well as adequate
biodegradability and mechanical strength [7]. Moreover,
biodegradation of the scaffold should take place with the
same rate as the rate of new tissue regeneration in order
to maintain a good structural integrity of the healing site
[8, 9]. In this context, it is essential to choose appropriate
materials and couple them with suitable fabrication
techniques in order to satisfy the criteria listed above.

Biopolymer-based materials that resemble the
extracellular matrix (ECM), like collagen or gelatin, are
promising candidates for tissue regeneration since they
are degradable under physiological conditions and they
represent a recognized substrate for cells enhancing their
adhesion and differentiation [10]. Gelatin (Gel) is a natural
biopolymer obtained by denaturation of collagen, the most
abundant protein in human body [11]. Gelatin has been
shown to have several advantages over its parent protein
like better solubility in water, a lower level of
immunogenicity, and it stimulates angiogenesis [12]. Due
to its water solubility and low mechanical strength gelatin
needs to be crosslinked and reinforced [13]. Since chemical
crosslinked structures have caused tissue inflammation
and calcification, gelatin is often combined with synthetic
polymers to improve its mechanical properties, control the
degradation rate and microstructure [14]. Among
biodegradable and biocompatible polymers, polyvinyl
alcohol (PVA) is one of the most commonly used polymers
for biomedical applications since it is non-toxic, water
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soluble and possess good mechanical properties [15, 16].
PVA can be physically crosslinked through repeated freeze-
thawing cycles avoiding the use of toxic crosslinking
agents [17]. The first attempt of PVA crosslinking through
freeze-thawing method was reported by Peppas [18]. The
mechanism is based on the partial alignment of
macromolecular chains during repeated freeze-thawing
cycles, resulting in small crystallites that act as physical
crosslink junctions [19]. Liu et al. synthesized physically
crosslinked PVA/gelatin hydrogels and reported that the
hydrogels treated with three freeze-thawing cycles present
higher glass transition and melting temperatures,
enhanced crystallinity degree as well as higher ultimate
strength in comparison to the ones treated with only one
freeze-thawing cycle [20].

Conversely, since its discovery in 2004, graphene (G)
has gained a lot of attention among the scientific
community due to its unique 2D structure that exhibits
remarkable mechanical strength as well as high electrical
and thermal conductivity [21]. Yet, pristine G is difficult to
be exfoliated and distributed homogeneously inside
polymer matrixes due to the high interaction forces
between graphene sheets [22, 23]. Graphene oxide (GO),
on the other hand, possess multiple active polar groups on
its surface like carbonyl, hydroxyl and epoxide which
makes it readily dispersible in aqueous solutions and
facilitates covalent, as well as non-covalent intermolecular
interactions with polymer materials [24, 25]. Conversely,
GO has been proved to be an excellent reinforcing agent,
Lu et al. reported a 132% increase in tensile strength and a
36% improvement of compressive strength with the
addition of only 0.8 wt% GO within PVA hydrogels [26].
Moreover, besides the ability to enhance mechanical
properties, it was proven that GO sustains and even
promotes cell proliferation when used as reinforcing agent
for polymer matrices [27], thus, making it an appealing
nanofiller for composite materials designed for biomedical
applications.

In this paper, we report the fabrication of porous
composites based on incorporation of GO as reinforcing
agent in Gel-PVA polymer blend. The composite materials
having different GO concentrations were treated with 3
freeze-thawing cycles and the final 3D porous structure
was obtained by freeze-drying. The synthesized materials
were characterized by Fourier Transform Infrared
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Spectrometry (FT-IR), Raman Spectrometry and Scanning
Electron Microscopy (SEM). Furthermore the swelling
behavior, degradation rate and rheological features were
investigated.

Experimental part
Materials and Methods

Graphene oxide prepared according to Hummers
method [28] was purchased from the National Institute
for Research and Development in Microtechnology
(Romania). Solid BioReagent Gelatin from cold water fish
skin (60 kDa MW), 99% hydrolyzed poly(vinyl alcohol)
having an average molecular weight of 130 000 g/mol and
P-5368 phosphate buffer saline (PBS) 0.01M were
purchased from Sigma Aldrich. Materials were used
without further modifications.

Gel-PVA/GO scaffold preparation

Porous scaffolds based on Gel-PVA/GO having the GO
weight fractions (wt.) 0.5, 1, 2 and 3 % as well as a GO-
free polymer matrix were prepared using a freeze-drying
process. Firstly, exfoliation of GO was obtained through
ultrasonication in 25 mL deionized water for 1 h. Then,
gelatin granules were added under continuous stirring ata
temperature of 60 °C until a concentration of 5 wt. % was
reached. The PVA solution (5 wt. %) was prepared by
dissolving the powder in distilled water at 120 °C in an
autoclave and, afterwards, 25 mL were blended with the
Gel-GO mixture through a ultrasound treatment for 30 min.
Finally, the composite solutions were subjected to 3 cycles
of freeze-thawing by freezing 21 h at -70 °C and defrosting
3 h at room temperature. The final 3D structure of porous
Gel-PVA/GO composites was obtained by freeze-drying
for 100 h.

Equipment employed during scaffold preparation

The ultrasound treatment was done on a VCX750 Sonics
& Materials apparatus with a net power output of 750 Watts
and a frequency of 20 kHz. The ultrasonic processor was
equipped with a titanium alloy (Ti-6Al-4V) probe tip and
was operated at an amplitude of 80%. During
ultrasonication the temperature of the samples was
maintained low using an ice bath in order to avoid local
overheating and sample thermal degradation.

Sample freeze-drying was attained using a Crist LCG
Alpha 2-4 LD plus lyophilizer equipped with a polymethyl
methacrylate (PMMA) chamber. The freeze-drying process
parameters were set at a temperature of - 50 °C and 0.040
mbar vacuum for 100 hours.

FT-IR spectrometry

A Bruker Vertex 70 FT-IR spectrometer operated in
attenuated total reflection (ATR) mode was used during
the measurements of all samples. All spectra were
recorded in absorbance mode within a wavenumber range
of 600-4000 cm* at a 4 cm! resolution with 32 scans per
sample.

Raman spectrometry

Raman spectra of synthesized scaffolds were collected
by employing a Raman DXR Thermo Scientific instrument
with a 532 nm wavelength laser and 3 mW power. The
collected data were recorded within a wavenumber range
of 50-3500 cm* by using a 10x objective lense.

Scanning electron microscopy

Morphological studies were performed on a QUANTA
INSPECT F scanning electron microscope (SEM) equipped
with field emission gun (1.2 nm resolution) and energy
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dispersive x-ray spectrometer (133 eV, Mn Ka radiation).
In order to prevent the accumulation of static electric fields
at the specimen and to increase the secondary electron
signal, the samples were previously sputter-coated with a
thin layer of gold (Au).

Swelling behavior

The aqueous fluid uptake capacity of synthesized
scaffolds was determined by means of swelling
experiments. The dried scaffolds were immersed in 6 mL
of phosphate buffer solution (PBS, pH 7.4) at room
temperature. The swollen samples were weighted at
definite time intervals after wiping off the excess water
with filter paper. The swelling degree was determined using
equation 1.

M, — M
SWwp =—*t d

- 100 )
d
where M, was the total weight of the swollen sample at
time tand M, was the dry weight of the scaffold before
immersion.
In addition, the equilibrium water content (EWC) of the
scaffolds was determined using equation 2.

M, — M
EWCoh = —& d

- 100 ©)
Scaffold degradation

Scaffold degradation was carried out by incubating
samplesin a pH 7.4 phosphate buffer solution (PBS 0.01M)
containing 0.05 wt% sodium azide at 37°C. Sodium azide
was included in the solution in order to inhibit potential
microorganisms and bacteria growth. At different time
intervals (3, 15, 45 and 90 days), the samples were removed
from PBS and dried in open atmosphere at room
temperature until constant weight was reached. The
degradation percent was calculated using the equation 3:

(=)

Deg={1——1-100 (3)
Mg

where m is the initial weight of the scaffold and m,

represents the final weight.

Rheological behaviour

Rheological properties were determined by using a
Malvern Kinexus Pro* rotational rheometer equipped with
a 20 mm parallel plate geometry.

Scaffolds were swollen for 1 h in distilled water having
the temperature of 37°C and were cut in cylinders with a
diameter of 20 mm. Next the samples were loaded and
the superior plate was lowered until a normal force of 0.2
N was reached.

Storage modulus (G2 ) and loss modulus (G3 ) of the
nanocomposite samples were measured as a function of
frequency (10°-10! Hz) using oscillatory tests. In order to
perform the frequency sweep tests, the linear viscoelastic
range of the samples (LVE) was obtained from amplitude
sweep tests (with a stress amplitude between 0.1 and 50
Pa) using a constant frequency v = 1 Hz.

Results and discussions
FT-IR spectrometry

The gelatin spectrum (fig. 1) presents the characteristic
signals of the protein spectra: amides I, Il and Il together
with Amide A [29]. The low intensity Amide A absorption
band at 3300 cm™ is represented by the N-H stretching
vibration of the peptide bond. The most intense absorption
band is the Amide | found at 1650 cm™* generated by the
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Fig. 1. FT-IR spectra of Gelatin, PVA and the respective polymer
blend

stretching vibrations of C=0 bond. The 1540 cm™

absorption band specific for Amide Il mode reflects the

combination of N-H in plane bend together with C-N

stretching vibration [30]. The 1200-1400 cm region shows

the complex Amide Il mode defined by in-plane vibrations

of the C-N and N-H of the amide bonds, or vibrations of the
H, groups of glycine [31].

n the case of pure PVA scaffold, all major peaks related
to hydroxyl and methylene groups were detected. A broad
and intense O-H absorption stretching band is observed
between 3100-3500 cm, indicating the intramolecular and
intermolecular hydrogen bonding [32]. The two distinct
absorption bands occurring at 2945 and 2920 cm* resulted
from anti-symmetric and symmetric stretching bands of
CH groups respectively. The shoulder-like band found at

2850 cm™ can be attrlbuted to the C-H stretchlng vibration.
The bands at 1435 cm™ and 1335 cm™ result from the CH,
symmetric bending and wagging vibration respectlvely
[33]. The most intense peak of the PVA spectrum is located
at 1100 cm arising from the C-O stretching vibration, while
the shoulder can be observed at 1143 cm™* which is known
to be the crystallization-sensitive band of PVA, being taken
asameasure of the crystallinity degree [33]. The final band
of the pure PVA spectrum (860 cm?) is assigned to the C-
C stretching vibration.

The spectrum of Gel-PVA blend presents all the
characteristic signals of the two components but does not
reveal new absorption bands or band shifts, indicating that
there were no major changes of the functional groups
induced by the interactions between PVA and gelatin.

The FT-IR spectrum of GO (fig. 2) confirmed the
presence of different types of oxygen functionalities, the
peaks at 1060, 1220 and 1750 cm* corresponding to C-O-
C, C-OH and C=0 stretching vibrations have been detected
[34, 35]. The broad band between 3000-3700 cm? has
been assigned to the O-H stretching vibrations of the
hydroxyl groups present in the structure of GO together
with possible OH groups of water molecules adsorbed on
its surface [36]. Finally, the peaks at 880 and 1625 cm*
reveal the aromatic C-H bending and C=C stretching
vibrations of the sp? carbon skeletal network of graphite.

The presence of GO and chemical interactions between
the Gel-PVA blend and GO could not be detected using FT-
IR spectroscopy (fig. 2). A reason for this could be the low
concentration of graphene oxide leading to inferior intensity
absorption bands in comparison to the ones exhibited by
the polymeric blend.

Raman spectrometry

Raman spectroscopy is a non-destructive technique that
is widely used to obtain carbon-based materials structural
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Fig. 3. Raman spectra of GO and Gel-PVA/GO composites
and pure GO

information. Itis also a valuable tool to investigate disorder
and defects in molecular structure of these materials [37].

The spectrum associated with GO exhibits two main
proeminent peaks associated with GO displayed (fig. 3.
A), D and G bands. The D band located at 1353 cm™ is
attributed to a defect-induced breathing mode of sp?
aromatic rings [38], while G band detected at 1595 cm™ is
characteristic for the graphitic layers and represents the
in-plane stretching vibrations of sp? C-C bonds [39]. The
very broad absorption band between 2500 and 3150 cm*!
arises from a two photon double resonance Raman process,
known as the 2D band and is the overtone of the D band
[37].

Besides the D and G bands, the Raman spectra of
synthesized composite scaffolds present two more bands
(fig. 3. B-E). The first one is a shoulder-like band emerging
at 2720 cm* and represents the 2D band of GO. The
absorption band found at 2910 cm is mainly attributed to
the stretching vibrations of C-H bonds of PVA backbone
chain [40-42]. As the GO concentration is increased the
CH, vibration band is more difficult to be detected as the
S|gnal gets covered by the one exhibited by the broad 2D
band of GO.

The relative intensity ratio of both peaks (I/I.) is an
useful parameter for expressing the disorder degree of GO,
revealing the structural changes induced by the phy3|cal
interactions with the polymer matrix [39, 43, 44]. As seen
in figure 4, the D/G intensity ratio for composite materials
is slightly increased in comparison with pure GO. Such
results could be generated by GO nanosheets bending and
folding during the scaffolds fabrication process, while the
higher intensity ratio obtained for the 3 wt.% GO scaffold
suggests an increased structural disorder at high GO
loadings [22]. The Raman spectra of synthesized
biocomposites indicates GO is good dispersion in the
polymer matrix and that there was minor damage to the
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Fig. 4. D/G intensity ratios of GO and Gel-PVA/GO composites

GO nanosheets during fabrication process in terms of
defects induced.

Scanning electron microscopy

The morphology of scaffolds is highly dependent on
processing conditions like temperature, rate, time, and
direction of freezing as well as on conditions of defrosting,
both employed during the freeze-thawing process [45].
Figure 5 presents Gel-PVA scaffold micrographs, revealing
the formation of various pore geometries and dimensions
along cross-section area. In order to compare the
morphology of synthesized scaffolds the middle region was
selected as reference.

- = =

Fig. 5. Reference region on
cross section area of Gel-PVA
scaffold

Gel-APVIGO 2%

distribution with well interconnected pores and thin pore
walls.

Swelling studies

Swelling capacity plays an important role in the
absorption of body fluids and in the transfer of nutrients
and metabolites to the cell [46, 47].

The swelling behavior of synthesized scaffolds (fig. 7)
reveal a super-porous hydrogel character [48, 49]. Thus,
materials present a rapid fluid uptake in the first minutes
of immersion as a result of pore interconnectivity which
act as a capillary system [49]. As shown in figure 7, all
scaffolds reach equilibrium state in less than one hour and
they absorb between 5 to 8 times their initial weights.
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Fig. 7. Swelling capacity of synthesized scaffolds

These observation are in agreement with SEM
results, which indicated an enhanced pore
interconnectivity under the influence of GO,
swelling degree presented an increased fluid
8 uptake for scaffolds with GO concentrations
& higher than 1%. The reason behind this behavior is
N that GO facilitates formation of a network
composed of macro- and micro- channels that
=88 ensures higher fluid infiltration. On the other hand,
o the lowest amount of GO added within the
b= polymer matrix caused a lower fluid uptake due
to a shrinkage in pore diameter and low pore
interconnectivity, as shown by SEM.

Hydrolytic degradation behaviour

All  biodegradable polymers contain
hydrolysable bonds which makes them
susceptible to chemical degradation via
hydrolysis. The ideal biodegradation rate would
be the same or slightly lower than the rate of cell

Fig. 6. SEM micrographs of Gel-PVA and Gel-PVA/GO composites

Figure 6 reveals that all synthesized scaffolds exhibit
highly porous structures having a sponge-like aspect and
irregular pore size distributions. The pore diameter of
unloaded polymer matrix varies between 10 and 50um
and after the incorporation of GO only a slight decrease in
pore size is registered.

The most significant morphology difference was
exhibited by the composite presenting GO loading higher
than 0.5 wt%. A reason for this behavior is the enhanced
dispersion of GO within the polymer matrix ensuring strong
and homogeneous intermolecular interactions.

A specific morphology was obtained for the 2 wt% GO
containing scaffold which exhibited a regular pore size
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in-growth inside the scaffold in order to allow the new
tissue to replace the polymer network [50].

For the Gel-PVA/GO scaffolds, the most rapid
degradation stage occurred in the first 3 days (fig. 8). The
GO-free scaffold exhibited the highest degradation degree
in this stage, confirming that the addition of GO slightly
reinforces the scaffolds by physical interactions. In the
second stage, between 3 and up to 90 days only minor
degradation (less than 5 wt.%) occurred for all scaffolds.
Although the scaffold containing 0.5 wt.% GO exhibited
the lowest degradation rate in the first 3 days, overall the 1
wt.% GO containing scaffold attained the least degradation
degree. Generally, after 90 days, incorporation of GO didn't
show a significant influence on the degradation rates of
synthesized scaffolds.

In order to investigate the structural modifications
occurred after hydrolytic degradation, FT-IR analysis was
performed on degraded and non-degraded GO containing
scaffolds and compared with gelatin and polyvinyl alcohol
spectra.

By analyzing the FT-IR spectra (fig. 9) it was noticed
that the hydrolytic degradation altered the composition of
the materials. More specifically, the characteristic
adsorption bands of gelatin were no longer detected in the
composite spectrum registered after material degradation.
In consequence, the weight loss is mainly attributed to
gelatin migration occurring via solubilisation-diffusion
mechanism in the absence of covalent crosslinking.

Scaffold rheology

The frequency sweep test revealed that the solid-like
component, storage modulus G’, shows almost no
dependence with frequency (fig. 10. - A) indicating a good
stability for all synthesized scaffolds on the entire frequency
domain. The fact that the storage modulus is far much
higher than the loss modulus (fig. 10 - B) indicates that the
elastic response of the materials is stronger than the
viscous response (G’>>G"). Thus, the scaffolds display a
predominantly solid-like behavior suggesting that an elastic
gel network has been formed [51]. These findings are in
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strong agreement with swelling results which revealed that
the materials present a super-porous hydrogel character.

The highest storage modulus was achieved by the
scaffold containing 0.5 wt.% GO, with a 90% increase as
compared to the GO-free polymer matrix. This is also in
agreement with swelling results which indicated a lower
swelling capacity for 0.5 wt.% GO/Gel-PVA composites.
Thus, if less water is absorbed by the scaffold there is less
lubrication between polymer chains and the composite
material remains rigid. Another explanation for this
behaviour is that an efficient exfoliation and dispersion of
GO sheets within the polymer up to 1 wt.%, while GO tends
to form agglomerates and loses its efficiency as reinforcing
agent, as the concentration increase to 2 and 3 wt.%,
respectively.

Regarding the values obtained for the loss moduli (G™),
there can be observed a high-amplitude noise recorded
between 5 and 10 Hz (fig. 10. - B). This is the result of low
adhesion forces at the interface between the sample and
the metal plates which allowed the specimens to slide out
at high frequencies. However, this is also a proof that the
synthesized scaffolds are strong gels, having a higher
tendency towards slipping rather than deforming under
high-frequency shear stress.

The storage moduli of synthesized Gel-PVA/GO scaffolds
range from 2 to 3.8 kPa. While these values represent the
lower stiffness limit for tissues and cell-culture substrates,
it does cover an important compliance range in soft tissue
engineering [52].

Conclusions

The study confirms that porous 3D scaffolds based on
gelatin - polyvinyl alcohol polymer matrix reinforced with
graphene oxide could be successfully prepared by freeze-
thawing combined with freeze-drying technique.

FT-IR spectra of synthesized materials did not reveal
new absorption bands or band shifts, indicating that there
were no covalent interactions established between the
three components. While Raman spectra confirmed the
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presence of GO inside the polymer matrix and the intensity
ratios of D and G bands (I,/1,) suggested that the GO
nanosheets present an increased structural disorder at high
nanofiller concentrations.

The morphology of the scaffolds as shown by SEM
micrographs exhibit highly porous structures with sponge-
like aspect and irregular pore size distribution (10-50um).
GO incorporation facilitates pores interconnectivity. This
results are in agreement with swelling studies which
indicated an increased swelling degree for composite
materials having GO concentrations higher than 0.5 wt.%.

Regarding the hydrolytic degradation experiments,
results showed that all scaffolds suffered degradation
between 45 and 50% in the first three days regardless of
the GO content. The weight loss was mainly attributed to
gelatin migration occurring through a solubilisation-
diffusion mechanism in the absence of chemical
crosslinking. Thus, the physical crosslinking is not sufficient
in order to efficiently stabilize the gelatin inside the polymer
matrix.

The rheological investigations revealed that the scaffolds
display a solid-like behavior and indicates the formation of
an elastic gel network. Moreover, it was found that the
amount of 0.5 wt.% GO has the best reinforcing effect upon
the polymer matrix, reaching an almost double storage
modulus in comparison to the GO-free scaffold. This was
also proved by swelling studies which indicated a low
swelling degree for the 0.5 wt.% GO-containing scaffold.
Thus, the incorporation of low GO amounts inside Gel-PVA
polymer matrix can enhance the mechanical stability of
the scaffolds.
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