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Abstract

Gelatin/chitosan/polyvinyl alcohol hydrogels were fabricated at different polymer
ratios using the freeze-drying and sterilized by steam sterilization. The thermal stability,
chemical structure, morphology, surface area, mechanical properties, and biocompati-
bility of hydrogels were evaluated by simultaneous thermal analysis, Fourier transform
infrared spectroscopy, X-ray diffraction, confocal microscopy, adsorption/desorption of
nitrogen, rheometry, and 3-4,[5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
cell viability assay (MTT assay), respectively. The samples showed a decomposition
onset temperature below 253.3 £ 4.8°C, a semicrystalline nature, and a highly porous
structure. Hydrogels reached the maximum water uptake in phosphate-buffered saline
after 80 min, showing values from nine to twelve times their dry mass. Also, hydrogels
exhibiting a solid-like behavior ranging from 2,567 + 467 to 48,705 + 2,453 Pa at
0.1 rad/s (low frequency). The sterilized hydrogels showed low cytotoxicity (cell
viability > 70%) to the HT29-MTX-E12 cell line. Sterilized hydrogels by steam steriliza-
tion can be good candidates as scaffolds for tissue engineering applications.

KEYWORDS
chitosan, hydrogels, porosity, swelling behavior, viscoelastic properties

Hydrogels are biomaterials widely used for tissue engineering appli-

cations due to its biocompatibility, biodegradability, porosity, mechanical

Tissue engineering combines cells with scaffolds to restore, preserve,
or enhance tissue functions as a consequence of chronic disease or
trauma (Hunt, Chen, van Veen, & Bryan, 2014). Biomaterials employed
as scaffolds must mimic the extracellular matrix of the native tissue
providing provisional structural and mechanical support to the cells
(Howard, Buttery, Shakesheff, & Roberts, 2008; Kulikouskaya et al.,
2019; Liu et al., 2017; Perez-Puyana, Jiménez-Rosado, Romero, &
Guerrero, 2019).

properties, water uptake without dissolution, and suitable transference
of nutrients (Dziadek et al., 2019; Ullah, Othman, Javed, Ahmad, & Akil,
2015; Utech & Boccaccini, 2016). Hydrogels can be fabricated from nat-
ural polymers (e.g., gelatin, fibrin, collagen, chitosan, agar, or cellulose), or
synthetic polymers (e.g., polycaprolactone, polylactic-co-glycolic acid,
and polyvinyl alcohol [PVA]), depending on the properties to be pro-
moted (Perez-Puyana, Ostos, Lépez-Cornejo, Romero, & Guerrero,

2019). Chitosan, gelatin, and PVA are the widest polymers used in the
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hydrogels fabrication; these can be combined to improve their physico-
chemical and biological properties (Fan, Yang, Yang, Peng, & Hu, 2016;
Tsai, Hung, Lai, Wang, & Hsieh, 2014). In our previous research,
gelatin/chitosan/PVA hydrogels were produced by the freeze-drying and
irradiated by ultraviolet (UV) radiation. These hydrogels showed high
thermal stability, high hydrophilicity, elastic properties, and biocompati-
bility with HT29 cells (Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-
Palomar, et al., 2019).

The sterilization methods allow obtaining hydrogels free of bacte-
ria, yeast, and viruses (Dai, Ronholm, Tian, Sethi, & Cao, 2016). The
sterilization methods approved for medical devices, including ethylene
oxide (EtO), ionizing radiation (i.e., gamma and electron beam), dry
heat, and steam heat (autoclaving) (International Organization for
Standardization, 2009). The EtO and gamma irradiation are used in
chitosan-based biomaterials; however, these can be hazardous for the
operators (Ji & Shi, 2013). Besides, residual EtO is toxic, and extensive
degassing is required to complete the remaining trace after the sterili-
zation (Rediguieri, Sassonia, Dua, & Kikuchi, 2016).

The steam sterilization method is easy to use, low-cost, nontoxic,
and environmentally friendly (Shamekhi et al., 2017). However, the
temperature applied during steam sterilization frequently has adverse
effects on the physicochemical, mechanical, and biological properties
of the hydrogels (Galante et al., 2016; Yu-Min, Ya-Hong, Xiao-Hua,
Fei, & Xiao-Song, 2007; Zang et al., 2014). Ji and Shi (2013) observed
that steam sterilization impacted the physicochemical and mechanical
properties such as porosity, swelling, compressive modulus, and bio-
compatibility of freeze-dried chitosan scaffolds. These results were
associated with the crosslinking based amino groups induced by
steam sterilization (Ji & Shi, 2013).

The purpose of this study was to produce gelatin/chitosan/PVA
hydrogels sterilized by steam sterilization and to evaluate their ther-
mal stability, chemical identity, structural morphology, size pore, sur-
face area, swelling behavior, mechanical properties, and cytotoxicity,

which have not been investigated.

2 | MATERIALS AND METHODS

2.1 | Materials

Type B gelatin (Bloom ~75), low molecular weight chitosan
(deacetylation degree ~ 92.2%), PVA (molecular weight ~ 89 kDa and
hydrolysis degree ~ 99.8%), and reagents to cytotoxicity assay were
supplied from Sigma Aldrich (St. Louis, MO). All other solvents and
reagents were of analytical grade.

2.2 | Preparation of polymer solutions

Gelatin solution (2.5 wt%) was prepared by dissolving gelatin powder
in distilled water and gently stirred for 2 hr at 37°C. Chitosan solution
(2.5 wt%) was obtained by dissolving chitosan powder in acid solution
(0.4 M acetic acid solution) and gently stirred for 12 hr at 25°C. PVA
solution was prepared by dissolving the powder in distilled water and
gently stirred for 2 hr at 80°C.

2.3 | Fabrication of hydrogels

Hydrogels were fabricated by blending the polymer solutions at differ-
ent polymer ratios according to the method previously described by
Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-Palomar, et al. (2019)
(Table 1). The pH was adjusted to 4.0 to obtain homogeneous solutions.

Each blend solution was poured in plastic mold (14 ml) and frozen at
—80°C for 24 hr. Then, the samples were subjected to freeze-drying using
a freeze dryer (Telstar LyoQuest, Terrassa, Spain) at —80°C and to a vac-
uum of 0.2 mbar for 72 hr. The different samples were neutralized by
sodium hydroxide solution (NaOH, 0.1 N) for 30 min. Afterward, hydro-
gels were put into xylene solution for 15 min to induce porosity with
mechanical agitation using an orbital shaker (200 rpm) at 37°C (Espinosa-
Garcia et al, 2007; Lépez-Velazquez et al., n.d.; Rodriguez-Rodriguez,
Garcia-Carvajal, Jiménez-Palomar, et al., 2019). The hydrogels were rinsed
using a concentration gradient from ethylic alcohol from 100 to 0% to
remove residual solvents. Finally, hydrogels were sterilized in phosphate-
buffered saline (PBS) using a steam autoclave SE 510 (Yamato Scientific,
Tokyo, Japan) at 121°C and 103.4 KPa for 15 min.

The hydrogels were freeze-dried only for thermal stability, Fourier
transform spectroscopy (FTIR), X-ray diffraction (XRD), surface area

analysis, and swelling test.

2.4 | Physicochemical characterization of hydrogels
2.4.1 | Thermal stability

The thermal stability of the samples in dry state was determined using a
Simultaneous Thermal Analysis PT1000 thermogravimetric analysis-
differential scanning calorimetry (TG-DSC) (Linseis, Selb, Germany).
Dehydrated samples were ground with a grinder. Approximately 20 mg
of sample was placed onto a platinum pan and heated over a temperature
range from 50 to 700°C with a heating rate of 10°C/min under a nitrogen
atmosphere. The temperature was calibrated using an indium standard.

2.4.2 | FTIR spectroscopy

FTIR spectroscopy was used to identify chemical changes of the sam-
ples due to the steam sterilization. The dried samples were ground
with a grinder and placed on the surface of the attenuated total
reflectance (ATR) of the Spectrum GX system (Perkin Elmer, Branford,
CT). Spectra were obtained with a resolution of 1 cm™* over 24 scans
in the range from 4,000 to 650 cm L

TABLE 1 Composition of the hydrogels at different polymer
ratios
Polymer Gel Ch PVA
blends (2.5 wt%) (2.5 wt%) (2.5 wt%)
R1 60% 20% 20%
R2 20% 60% 20%
R3 20% 20% 60%
R4 33% 33% 33%

Abbreviation: Gel, gelatin; Ch, chitosan; PVA, polyvinyl alcohol.
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2.4.3 | XRD analysis

XRD measurements of the different samples in the dry state were
acquired by an X-ray diffractometer Dmax2100 (Rigaku, Tokyo, Japan)
having a CuKa (1 = 0.154 nm) at a scanning speed of 10° per min over
a 20 range of 5°-40°.

2.4.4 | Morphology and surface area

The surface area of the different samples in dry state was determined by
adsorption/desorption of liquid nitrogen at —196°C, using a nitrogen
adsorption equipment Nova 4200e (Quantachrome Instruments, Boynton
Beach, FL). First, the samples were crushed and subsequently degassed at
80°C for 12 hr. Then, the surface area of the samples (200-500 mg) was
obtained from nitrogen adsorption data at relative pressures between
0.05 and 0.3 P/P, (equilibrium pressure and saturation pressure of adsor-
bates at the temperature of adsorption) using the Brunauer-Emmett-
Teller (BET) multipoint method: (Sofianos et al., 2017)

X 1

= +
V(1-x) (Vim)(cger)

X (CBET - 1)
(Vim)(cger)

&)

where V is the volume of adsorbed nitrogen molecules, V,, is the
monolayer volume, cget is the BET constant, and x is the relative pres-
sure (P/Pg).

The structural morphology of the hydrogels was observed by confo-
cal microscopy DMRA2 (Leica Microsystems GmbH, Wetzlar, Germany)
equipped with an Evolution QEi camera (MediaCybernetics, Bethesda,
MD). Previously, hydrogels (5 mm?) were labeled using 0.01 mg/ml rho-
damine in PBS and allowed to react for 24 hr. Rhodamine B molecules
were covalently conjugated with each neutral amine group of chitosan
and gelatin introducing a red fluorescence. Remaining free rhodamine
was taken away from the hydrogels using PBS solution. This procedure
was performed while protecting the hydrogels from light exposure.
Images were obtained using excitation/emission wavelengths of
530/590 and observed with x100 magnification. The shape, geometry,
and color of the hydrogels were examined by a visual check.

2.4.5 | Swelling test

The water uptake behavior of the different samples was studied using
the gravimetric method. Dried samples (~200 mg) were immersed in
PBS solution, taken out at different time points by 1 week, and
weighed without dripping until constant mass. The percentage of
water uptake in PBS medium was calculated as shown:

-W

Water uptake (%) = % x 100% 2)
d

where W; is the mass of hydrogels through time and Wy is the mass

of the sample in a dry state.

2.4.6 | Rheological properties

The elastic modulus and viscous modulus of the hydrogels were

obtained using an AR1000 rheometer (TA Instruments, Newcastle,

Y pocienfor W LEYJ—3

DE) coupled to a cross-hatched parallel plate geometry of 40 mm with
a gap of 2 mm between the flat surfaces (Rodriguez-Rodriguez, Gar-
cia-Carvajal, Jiménez-Palomar, et al, 2019). The oscillating sweep
analysis was carried out over 0.1-100 rad/s under the linear visco-
elastic region (LVER) at 20°C, where the storage modulus and loss
modulus were independent of strain applied (Espinosa-Andrews et al.,
2013). The elastic modulus (G, filled symbols) are shown on the left
axis and viscous modulus (G”, empty symbols) are shown on the right

axis. The G’ and G” values were reported on a logarithmic scale.

2.4.7 | Cytotoxicity assay

The cell viability of the different sterilized hydrogels was evaluated
using extracts by 3-4,[5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide cell viability assay (MTT assay) following the [SO
10993-5:2009 standard (1ISO10993-5, 1999; Rodriguez-Rodriguez,
Garcia-Carvajal, Jiménez-Palomar, et al., 2019). Hydrogels (~500 mg)
were immersed in 5 ml of culture medium at 37°C for 72 hr without
shaking. Then, the extracts obtained (100%) were diluted with
Dulbecco's Modified Eagle Medium (DMEM) to obtain different con-
centrations, that is, 100, 50, 25, 12.5, and 0%. The cell line
HT29-MTX-E12, a human colorectal adenocarcinoma, was cultured in
DMEM medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. Cells were incubated until reaching ~80%
confluence and seeded in a 96-well plate at 5 x 10% cells per well
(37°C and 5% CO,). The DMEM medium was removed after 24 hr and
100 pl of extracts at different concentrations (100, 50, 25, 12.5, and
0%) were added, incubating for 1, 3, and 7 days (37°C and 5% CO,).
Negative control (DMEM medium) and positive control (sodium dode-
cyl sulfate 1%) were used. After culture, the extracts were removed
from each well, and 100 pl of MTT solution (0.5 mg/ml) was added
and incubated until the formation of formazan crystals for 4 hr at
37°C. The formazan crystals were dissolved using dimethyl sulfoxide,
and the absorbance was measured using a Spectrophotometer Multi-
skan GO (Thermo Scientific, Pittsburgh, PA) at 570 nm. The cell viabil-

ity was calculated as shown:

%cell viability = ;—S x 100 (3)
c

where, I is the absorbance of the cells exposed to the extract and I.is

the absorbance of the cells nonexposed to the extract.

2.5 | Statistical analysis

All the measurements were done by triplicate and reported as means +
SDs. The statistical analyses were performed using a one-way analysis
of variance (Statgraphics Centurion XVI version 16.1.17), and Tukey's
test was used to evaluate significant differences (p < .05). Values with

different superscript letters were significantly different (p < .05).
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3 | RESULTS

3.1 | Thermal stability

TG-DSC analysis was used to determine the thermal processes (such
as fusion or glass transition) and the mass loss of the dried samples
sterilized by steam sterilization (Figure 1).

The samples displayed three events of mass loss on the TG signal
between 50 and 700°C. The first thermal event was observed by a
mass loss step in the TG signal and an endothermic transition of low
intensity in the DSC signal between 50 and 200°C. The evaporation
of residual water was found in the first thermal event: 5.6 + 1.0% % for
R1, 8.5 + 1.0*" % for R2, 10.5 + 0.7° % R3, and 10.3 + 2.2° % for R4.
On the second thermal event, several exothermic peaks were
observed in the DSC signal with higher mass losses in the temperature
range of 200-500°C. The onset temperature decomposition founded
in TG signal was 253.3 +4.8°°C for R1, 252.7 + 3.5 °C for R2,
239.1 + 1.9° °C for R3, and 235.7 + 3.4 °C for R4. The onset temper-
ature decomposition of R1 and R2 were significantly higher (p < .05)
than R3 and R4 samples. On the other hand, the DSC thermograms of
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samples showed several broad exothermic peaks. R1, R2, and R4 sam-
ples showed four exothermic peaks, while R3 showed only three exo-
thermic peaks. For R1, the exothermic centered peaks were observed
at 299, 325, 433, and 537°C; for R2 at 297, 322, 443, and 544°C, for
R3 at 292, 446, and 521°C, and R4 at 295, 326, 439, and 546°C.
Finally, the third thermal even was found after 500°C.

3.2 | Fourier transform infrared spectroscopy

The FTIR spectra were obtained between 1,750 and 1,500 cm™! to
the dried samples sterilized by steam sterilization (SSS) and irradiated
by UV radiation (SUV) (Figure 2). The amino (—NH) band was located
from 1,550 to 1,570 cm™, while the carboxyl (CZO) band was located
approximately at 1650 cm™2.

The FTIR spectra of the SSS and SUV showed a similar intensity in
the bands for R1 and R4. However, the strength of these bands
decreased in the samples R2 and R3. The high amount of chitosan on
the R2 sample shifted the amino band from 1,570 cm™* in SUV sam-
ple to 1,589 cm~t in $SS. This behavior did not observe in the samples

with the low chitosan concentration (R1 and R3).
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FIGURE 1 TG-DSC analysis of different gelatin/chitosan/PVA hydrogels sterilized by steam sterilization: R1, R2, R3, and R4. The change in
residual mass versus temperature is shown on the left axis, and heat flow versus temperature is shown on the right axis. PVA, polyvinyl alcohol;
TG-DSC, thermogravimetric analysis-differential scanning calorimetry
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FIGURE 2 FTIR spectra of hydrogels gelatin/chitosan/PVA: R1, R2, R3, and R4 irradiated by UV radiation and sterilized by steam sterilization.
The transmittance is shown on the left axis. FTIR, Fourier transform spectroscopy; PVA, polyvinyl alcohol; UV, ultraviolet
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FIGURE 3 X-ray diffraction of (a) powder polymers (gelatin, chitosan, and PVA) and (b) gelatin/chitosan/PVA sterilized hydrogels by steam
sterilization: R1, R2, R3, and R4. PVA, polyvinyl alcohol



RODRIGUEZ-RODRIGUEZ T AL.

1w LEY_Y Sociry For,
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FIGURE 4 Top surface of different gelatin/chitosan/PVA samples irradiated by UV radiation (a) and sterilized by steam sterilization (b): R1,
R2, R3, and R4. PVA, polyvinyl alcohol; UV, ultraviolet
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FIGURE 5 N2 adsorption-desorption isotherm of different gelatin/chitosan/PVA samples sterilized by steam sterilization: R1, R2, R3, and
R4. PVA, polyvinyl alcohol
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3.3 | X-ray diffraction

The Figure 3 shows the XRD patterns of polymers (gelatin, chitosan,
and PVA) and dried samples sterilized by steam sterilization.

Gelatin exhibited two broad peaks; a small peak at 20 = 8.1° and a
broad peak at 20 = 20.3°. Chitosan showed two diffraction peaks at
20 = 10.2° and 19.8° with low intensity. PVA displayed three diffrac-
tion peaks at 20 = 11.3°, 16.6°, and 22.6° (Figure 3a).

The samples showed four diffraction peaks (Figure 3b); a broad
diffraction peak centered at 20 = 20°, two peaks with low intensity at
20 = 10.2°, and at 27.4°, as well as an intense peak at 20 = 31.7°.

TABLE 2 Surface area of gelatin/chitosan/PVA samples sterilized
by steam sterilization

Sample Surface area (m?/g)
R1 1.06 £ 0.56*

R2 3.52+0.22°

R3 841+ 1.11°

R4 2.20 + 1.542°

Note: Mean # SD, n = 3, *> same letter in the column are considered not
significantly different according to Tukey HSD test (p > .05).
Abbreviation: PVA, polyvinyl alcohol.

Y penr  WILEY-L_7
3.4 | Morphology and surface area

The macroscopic appearances of hydrogels irradiated by UV radiation
and sterilized by steam sterilization are shown in Figure 4.

Hydrogels showed a sponge-like structure with smooth surface
topography. The hydrogels irradiated by UV showed a whitish color
while hydrogels after steam sterilization showed a yellowish color,
being more noticeable in R2 and R4 samples.

The nitrogen adsorption/desorption BET was carried out to deter-
mine the surface area of different dried samples sterilized by steam
sterilization (Figure 5).

The samples showed a characteristic Type Il isotherm International
Union of Pure and Applied Chemistry classification (Sing et al., 1985),
indicating reversible and unrestricted multilayer physical adsorption on
macroporous solids (porous size higher than 50 nm). The samples dis-
played a point of inflection attributed to the formation of a monolayer
(Naderi, 2015). The results showed that the surface area of samples at
different polymer ratios varied from 1.06 to 8.41 m?/g (Table 2).

The microstructure of the sterilized hydrogels by steam steriliza-
tion labeled with rhodamine B is shown in Figure 6.

The rhodamine was successfully conjugated with the amine groups
of gelatin and chitosan present in the sterilized hydrogels, introducing a
red fluorescence. The confocal images show hydrogels with irregular

macroporous and tridimensional structures with numerous open and

R2

FIGURE 6 The microstructure of the hydrogels: R1, R2, R3, and R4. Samples were labeled with rhodamine B and visualized by confocal laser
scanning microscopy. Red fluorescence evidenced the polymer structure of the hydrogels. (Scale bar: 100 pm)
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closed channels. Also, hydrogels displayed heterogeneous pores size G G
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with pore diameters ranging from 50 to 500 um, where the R2 sample _T_ii _—Zzg
showed the most significant larger pore size (Figure 6). 10° ——— SRR SR —_ e 10
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Figure 7 shows the water uptake curve of the sterilized hydrogels by TTIRE SaitoioaltoaitoNaNallo bl ek 0-0-0-0-0-F 10*
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The samples started swelling rapidly in the first 3 min of immersion in ; 1 AAAdddddidddddddAddAA-AA-A-A-a-d-Aad-d =)
4 - &
PBS (values from 668 = 92.7 to 1,261 + 96° %), reaching the maximum st ot tr R bR =
3 | TR | 103
water uptake after 80 hr, with values from nine to twelve times their dry 10 E OIS o b é_ézézé,—g‘ﬂg 10
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mass. The R1, R2, R3, and R4 samples showed maximum water uptake :§_A-A-A—A—A-A—A—A—A—A—S‘é_é:g:é:é:%:%-%'%'D_é r
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values of 1,585.1 + 37.8% 1,161.8 + 70.8%, 14145 + 60.1°, and 14116 e
+54.1° %, respectively. The samples with higher gelatin concentration ih p
(R1) displayed the maximum value of water uptake along the time, while 0.1 1 10 100

R2 with higher chitosan concentration had lower water uptake value.
After 80 hr, the water uptake remained constant for the rest of the
analysis.

3.6 | Viscoelastic properties

The elastic and viscous modulus of the sterilized hydrogels by steam
sterilization were obtained by oscillatory rheology to evaluate their
structural differences (Figure 8).

The amplitude strain sweep results showed that the point of criti-
cal strain (i.e., the limit of the LVER where the viscoelastic properties
are not strain dependent) occurred under a strain values between 2.5
and 8% (data not shown). With basis on these results, a constant strain

value of 1% was selected to carry out the frequency sweeps analysis.

angular frequency (rad/s)

FIGURE 8 Oscillation frequency sweeps of hydrogels:

[R1] (square), [R2] (circle), [R3] (triangle), and [R4] (star). The elastic
modulus (G, filled symbols) are shown on the left axis, and viscous
modulus (G” empty symbols) is shown on the right axis

The hydrogels showed elastic modulus values higher than the viscous
modulus, indicating that the hydrogels had a predominantly solid-
viscoelastic behavior. The G' modulus values ranging from 2,567 to
48,705 Pa at 0.1 rad/s with the following order: R2 > R4 > R1 > R3.
Moreover, R1 (3,583 + 245? Pa) and R3 (2,567 + 467° Pa) had the
weakest mechanical properties throughout the entire frequency range,
compared to hydrogels to R2 (48,705 + 2453° Pa) and R4 (10,447
+ 2860% Pa) (p < .05).
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FIGURE 9
significant difference compared to the control (p < .05)

3.7 | Cytotoxicity and cell viability

Figure 9 shows the cell viability of HT-29 cell line to the different
extracts of sterilized hydrogels by steam sterilization after an incuba-
tion time of 1, 3, and 7 days.

The cell viability of the different extracts did not show statistical
differences (p < .05) after 1 day of incubation. The cell viability was
reduced after 3 and 7 days of incubation, reaching cell viability higher
than 80%. The cell viability for the cells exposed to 12.5, 25, and 50%
of extract medium after 3 days, as well as to 12.5 and 100% of extract
medium after 7 days, did not show statistical differences (p < .05)
independently of the polymer ratios. Besides, cells exposed to the R1
extract medium 50% and R2 extract medium with 25 and 50%

decreased the cell metabolic activity after 7 days.

4 | DISCUSSION

The gelatin/chitosan/PVA hydrogels at different polymer ratios were

successfully prepared and sterilized by steam sterilization.
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Indirect in vitro cytotoxicity of the extract medium sterilized hydrogels toward HT-29 cells by MTT assay. *Represents a

The steam sterilization affected the thermal properties of hydro-
gels. TG-DSC analyses were used to know the thermal transitions
involved with the mass loss and thermal transitions associated with
endothermic (evaporation) or exothermic (decomposition) events
(Figure 1) 2018;
Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-Palomar, et al., 2019).

(Espinosa-Andrews & Rodriguez-Rodriguez,
Nieto-Sudrez, Loépez-Quintela, and Lazzari (2016) suggested that
water molecules are released at different temperatures intervals. Free
water is eliminated between 40 and 60°C, then, water associated by
H-bond is removed from 80 to 120°C, and the bound-water is
removed at temperatures up to 160°C (Nieto-Suérez et al., 2016). The
second thermal event was associated with the decomposition of the
losses of around 48.8-54.3%.
Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-Palomar, et al. (2019)
founded that gelatin/chitosan/PVA hydrogels irradiated by UV did
not show statistical differences (p < .05) between them. However, our

samples characterized by mass

results showed that R1 and R2 samples had higher thermal stability
than those obtained by UV radiation, while R3 and R4 did not show
statistical differences (p < .05). Ji and Shi (2013) suggested that the

steam sterilization induce the molecular interaction between the
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amino groups of chitosan and gelatin and either primary hydroxyl
groups or the carbonyl under high temperature, increasing the onset
decomposition temperature. Finally, the exothermic peaks from the
third event corresponded to the decomposition of functional groups
and thermal degradation in the polymer structure of sterilized samples
(Guinesi & Cavalheiro, 2006; Mullah, Joseph, Arfat, & Ahmed, 2017).

The steam sterilization induced chemical interactions in the sam-
ples, which were corroborated by FTIR analyses. Similar bands were
observed in the spectra of the dried samples sterilized by steam sterili-
zation and irradiated by UV radiation linked with the functional groups
found in chitosan and gelatin (Figure 2). The shifting and changes in
the intensity bands indicating chemical interactions between the func-
tional groups present in the samples. Lim, Khor, and Ling (1999)
suggested that the shift of the amino band was related to the
crosslinking of the amino groups originated probably by a Millard
reaction. Similarly, Ji and Shi (2013) observed the shifting of the char-
acteristic bands from 1,637 to 1,651 cm™* and 1,547 to 1,556 cm™t in
porous chitosan scaffolds after steam sterilization. On the other hand;
sterilized hydrogels showed a yellowish color probably due to the
crosslinking based on their amino groups (Figure 4) (Ji & Shi, 2013).
R1 and R2 hydrogels were more yellow compared to R3 and R4
hydrogels caused by the high concentration of amino groups (Table 1).

The different gelatin/chitosan/PVA hydrogels were sterilized in
PBS. The PBS is composed mainly of sodium chloride, so remaining
crystals are present in the dried samples. The different samples
exhibited strong reflections at 20 = 27.4° and 31.7° associated with
the presence of sodium chloride crystals (Bao et al., 2017). The inten-
sity of the diffraction peaks at 20 = 20° increased with increasing the
chitosan concentration (R2 > R4 > R1 ~ R3) due to encouraging the
formation of crystalline regions (Figure 3b) (Costa-Jinior, Barbosa-
Stancioli, Mansur, Vasconcelos, & Mansur, 2009; Islam, Riaz, & Yasin,
2013). Thein-Han, Saikhun, Pholpramoo, Misra, and Kitiyanant (2009)
reported similar results in chitosan/gelatin scaffolds. They observed
that the intensity of the diffraction peak at 20 = 20° of chitosan
decreases with increasing gelatin concentration. The crystallinity of
the sample plays an essential role in the water uptake and rheology of
the hydrogels (Costa-Junior et al., 2009).

The steam sterilization exposure could have undesirable effects
on the morphology and microstructure of the hydrogels. Figure 6
showed that hydrogels microstructure not collapsed. Also, the pore
size was related to the surface area of the hydrogels, and the polymer
ratio influenced the homogeneity and pore sizes of the samples. Ji and
Shi (2013) reported that steam sterilization had no significant effect
on the average pore diameter and porosity of chitosan scaffolds.

The porosity and pore size of the hydrogels are critical parameters
for tissue engineering applications. Open porous and interconnected
polymer structures provide adequate space for cell functions, as well
as permits an appropriate transport of gases and nutrients that assure
cell survival (Loh & Choong, 2013; Zeng et al., 2016). Murphy and
O'Brien (2010) established that the specific surface area of the scaf-
folds was inversely proportional to their mean pore size. In this con-

text, our results are directly related to the highly porous structure of

the hydrogels (Kumar, Dehiya, & Sindhu, 2017; Leén-Mancilla, Araiza-
Téllez, Flores-Flores, & Pifia-Barba, 2016).

The hydrogels used as scaffolds should have optimum pore size
ranges to tissue engineering applications. For example, scaffolds with
pore size range from 20 to 125 pm for the regeneration of adult mam-
malian skin, from 150 to 200 pm for the regeneration of cartilage
(Rodriguez-Rodriguez, Espinosa-Andrews, Velasquillo-Martinez, &
Garcia-Carvajal, 2019), and higher than 500 pm for adequate vascular-
ization and survival of transplanted cells (Shoufeng, Kah-Fai,
Zhaohui, & Chee-Kai, 2001).

If pores are smaller than cells, this cannot migrate through the
polymer structure, as well as the diffusion of nutrients and removal of
metabolic products would be limited. On the contrary, if pores are
more significant than cells, the surface area decreases reducing the
cell attachment (Murphy & O'Brien, 2010). Our results demonstrated
that gelatin/chitosan/PVA hydrogels have appropriate pore sizes for
tissue engineering applications.

The water uptake is an important issue for the diffusion of cell
nutrients and the removal of metabolites through the polymer net-
work of the hydrogels used in tissue engineering (Li & Mooney, 2016;
Nieto-Sudrez et al., 2016; Razavi, Qiao, & Thakor, 2019). Sterilized
hydrogels displayed fast water uptake in PBS medium due to diffusion
and capillary forces (Figure 7) (Peng, Peng, & Shen, 2011). The R1
sample displayed the maximum value of water uptake through all the
time due to a higher hydrophilic character of gelatin compared with
chitosan and PVA. The R2 sample with higher chitosan concentration
had lower water uptake value, which can be related to the reduction
of the electrostatic charge of the glucosamine groups (pK, = ~6.3-7)
(Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-Palomar, et al., 2019).
The swelling degree of the samples was influenced by the polymer
ratio due to the amino, carboxylic, and hydroxyl groups attached to
their polymer structure. In addition to the hydrophilic nature, the
swelling ratio of the hydrogels was strongly influenced by their micro-
structure, surface area, and pore size (Yan et al., 2010). The pore size
of the gelatin/chitosan/PVA sterilized hydrogels explains their high
swelling degree; that is, large pore size allowed the rapid diffusion of
water molecules through the hydrogel structure. Also, hydrogels with
high and fast water uptake indicate the existence of inter-pore-
connections in the hydrogel structure (Tripathi & Melo, 2015). When
the hydrogel has contact with the water molecules, they penetrate
the polymeric network and meshes extend, permitting additional
water molecules to enter within the hydrogel structure (Ganji,
Vasheghani-Farahani, & Ebrahim Vasheghani-Farahani, 2010).

The inflection point of the LVER corresponded to the strain neces-
sary to breakdown the polymer structure of the sterilized hydrogels.
Under this range, frequency sweep measurements affect neither the
polymer structure of the hydrogel studied nor the structure formation
and structure rearrangement processes (Rodriguez-Rodriguez, Espinosa-
Andrews, Morales-Hernandez, Lobato-Calleros, & Vernon-Carter, 2019).

The hydrogels should have adequate mechanical properties that
support cell survival and functions (Liu, Smith, Hu, & Ma, 2009;
Rodriguez-Rodriguez, Espinosa-Andrews, Velasquillo-Martinez, et al.,
2019). The R2 hydrogel presented the higher G' modulus (48,705
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+ 2,453 Pa) and R3 the lower G’ modulus (2,567 + 467 Pa) (Figure 8).
Rodriguez-Rodriguez, Garcia-Carvajal, Jiménez-Palomar, et al. (2019)
reported G’ modulus values between 2,478 and 11,055Pa in
gelatin/chitosan/PVA hydrogels irradiated by UV radiation. These
values show that the interaction between polymer chains of hydrogels
irradiated was lower than the hydrogels sterilized by steam steriliza-
tion. Ji and Shi (2013) reported that steam sterilization increased the
compressive  modulus of chitosan scaffold from 45,500 Pa to
109,800 Pa due to the thermal-crosslinking of their polymer structure.
de la Portilla et al. (2016) reported high G' modulus (1 Hz) between
6,400 and 56,600 KPa in alginate scaffolds produced with low and
medium molecular weight physically crosslinked by sodium alginate
and calcium gluconate. The medium molecular weight alginate and
high calcium concentration produced rigid and less deformable struc-
tures, making them easier to break (de la Portilla et al., 2016). These
hydrogels showed higher G’ modulus than those obtained in our study
due to a higher crosslinking degree.

Also, hydrogels as scaffolds should mimic the mechanical proper-
ties of native tissue, for example, cartilage has a compressive strength
from 0.1 to 2.0 MPa, and spongy bone has a compressive strength
from 1.9 to 7.0 MPa (Rodriguez-Rodriguez, Espinosa-Andrews,
Velasquillo-Martinez, et al., 2019). Based on the mechanical proper-
ties, the gelatin/chitosan/PVA sterilized hydrogels by steam steriliza-
tion are suited for soft tissues repair or regeneration applications.

The water uptake of the sterilized hydrogels was inversely propor-
tional to their mechanical properties. Upon swelling, the hydrogels
expand their volume and deform their polymer network, decreasing
their mechanical properties (Chen et al., 2016). For example, R2 hydro-
gel displayed the lower water uptake (1,161.8 + 70.8%), thereby the
higher elastic modulus was obtained along with the whole frequency
range. Similar results were obtained by Jana, Florczyk, Leung, and
Zhang (2012) using chitosan hydrogels produced by freeze-drying.

Cytotoxicity is one of the most important properties for biomate-
rials in tissue engineering applications. The MTT test was used to
evaluate the indirect cytotoxic response to sterilized hydrogels at dif-
ferent polymer ratios (Carvalho & Mansur, 2017). According to
1SO10993-5 (ISO10993-5, 1999), the extract medium obtained of the
sterilized hydrogels does
HT29-MTX-E12 cells. Cell viability of the hydrogels was higher than
80%, indicating their good cytocompatibility. Also, comparable cell
viability values were reported by Xu et al. (2017) and Ji and Shi (2013)

using extracts of chitosan scaffolds sterilized by steam sterilization.

not contain toxic substances for

Our findings showed that all gelatin/chitosan/PVA hydrogels steril-
ized by steam sterilization have the potential for tissue engineering

applications.

5 | CONCLUSION

In this study, gelatin/chitosan/PVA hydrogels we successfully steril-
ized by steam sterilization. This sterilization method modified the
thermal properties, color, water uptake capacity, and viscoelastic

properties of the hydrogels, where a most notorious change was

Y wn- WILEY-—

displayed in the hydrogels with highest chitosan concentration. Steam
sterilization induced chemical modification corroborated by FTIR and
in vitro analysis showed that the different hydrogels are biocompati-
ble and nontoxic to HT29-MTX-E12 cells.

Gelatin/chitosan/PVA hydrogels sterilized by steam sterilization

have the potential for tissue engineering applications.
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