Chapter 4
Preparation and Characterization of Highly Porous

Soy Protein Cryogel for Skin Tissue Engineering
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4.1 Introduction

SPI is a highly abundant plant protein-polymer that has several remarkable properties
such as excellent biocompatibility, biodegradability, good hydrophilicity, and hence has
attracted keen attention as a replacement for synthetic polymers as well as polymers of
animal origin. Albeit this, the inferior mechanical performance of pure SPI limits its
widespread applicability in TE applications. However, it has numerous reactive groups
such as -OH, -SH, -NH2, and -COOH and hence its mechanical strength can be increased
by physical and chemical modification or crosslinking reactions. In particular, chemicals
from the aldehyde family, such as GA or formaldehyde can be employed as cross-linking
agents. These aldehydes mainly react with the basic group of lysine, hydroxylysine
arginine, and histidine residues of the protein to form a cross-linked structure by making
inter and intramolecular cross-links (Peles and Zilberman 2012). GA is one of the most
commonly used cross-linking agents, but some concerns regarding its cytotoxicity have
been raised due to the release of monomers during the application (Huang-Lee, Cheung,
and Nimni 1990). To neutralise the harmful and adverse effects of residual GA after
crosslinking, the GA-cross-linked polymer is frequently washed with a glycine-
containing solution (Yang et al. 2018). However, some studies have also found that at
low concentrations of GA, there is no toxic effect on cells. Particularly, Curt et al.
employed various concentrations of formaldehyde i.e., 0, 1, 2, and 3%, as a crosslinking
agent to improve the mechanical characteristics of SPI films. The stability of the formed
films was improved due to decreased water absorption by increasing the amount of
formaldehyde. In vitro investigations revealed that the use of formaldehyde had no
harmful effects and had no detrimental impact on the attachment, growth and viability, of
human fibroblast and keratinocyte cells (Curt, Subirade, and Rouabhia 2009). In a work

by Ramnath et al., temporary wound-dressing materials were made from composite
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biomaterials made from soy protein and sago starch cross-linked with GA and observed
enhanced wound healing after treatment in comparison to control (Ramnath et al., 2012).
Ghorpade et al. reported a two-fold increase in the tensile strength (TS) and puncture
strength of soy proteins films after crosslinking with formaldehyde (S. K. Park, Bae, and
Rhee 2000).

Several techniques have been employed in the literature to fabricate complex 3D
structures. These include electrospinning, solvent casting, freeze drying, salt leaching,
phase separation, melt moulding, and gas foaming. Among them, freeze-drying is one
such technique that is often employed for manufacturing scaffolds for TE purposes.
However, this technique suffers from some drawbacks such as the inability to control
pore size, inconsistent pore distribution, and inferior mechanical properties. These
limitations can be overcome by employing cryogelation technique. It is a gelation process
that takes place in semi-frozen conditions and yields a cross-linked polymer network
surrounding the ice crystals. Moreover, using this technique cryogels can be prepared in
a variety of sizes and formats, including discs, sheets, and monoliths with varied
dimensions, which makes the cryogelation approach superior to conventional fabrication
procedures (Y. Liu et al. 2014). Furthermore, in comparison to the conventional methods,
this technique offers the formation of highly porous structure with better mechanical
properties. Moreover, it is a more advantageous technique than others used for the
fabrication of porous scaffolds, such as phase separation paired with freeze-drying or
particulate leaching/solvent casting since it does not involve the use of organic solvents
or other additives during the process of manufacturing. Also, it is a more cost-efficient
technique in comparison to the commonly used freeze-drying technique (Dainiak et al.
2010). Moreover, cryogel matrices have also been used in bioreactors for monoclonal

antibody synthesis, affinity chromatographic separations, cell chromatography, and cell
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separation, in addition to TE (Patro and Wagner 2016; Mansur et al. 2008; He et al. 2021;

Lozinsky 2002).

In this chapter, chemically cross-linked SPI hydrogels with large and interconnected
microporous structure of different polymer concentrations were synthesized under sub-
zero conditions using the cryogelation technique. The prepared samples were
characterized physically, chemically, and mechanically in terms of in vitro degradation
rate, TGA analysis, DSC analysis, FTIR, and cyclic compression. SEM micrographs were
used to examine the morphology of all the prepared hydrogels. Furthermore, the effect of
polymer concentration on pore size, porosity, and swelling was also examined. Blood
hemocompatibility of SPI cryogels was also evaluated. A direct contact cytotoxicity test
was performed to study the potential toxicity of the materials and their degraded products
towards mammalian cells and also evaluate the ability of scaffolds to promote cell
infiltration, adherence, growth, and proliferation. This work also explored the efficacy of

SPI cryogels as a potential wound dressing material.

4.2 Materials and methods
4.2.1 Materials

Soy protein isolate powder of A.M. NUTRATECH Pvt. Ltd., India, was used in this work.
High glucose DMEM, trypsin-EDTA solution, FBS, PFA, PBS, antibiotics penicillin and
streptomycin solution, trypan blue, MTT assay kit, DAPI, trypan blue, triton X-100 and
DMSO of HiMedia, India, were used. Centrifuge tubes (15 and 50 mL) and multi well
plates (96 and 12 well plate) of GENETIX, 25% GA of Loba Chemie and petri dishes
non-culture grade (35 mm) of TARSON were utilized. High analytical grade ethanol and

pure distilled water were utilized.

156



4.2.2 Synthesis of cryogels

GA cross-linked soy protein superporous cryogels were prepared through cryogelation
technique. SPI cryogels with different polymer concentration (w/v) were fabricated viz.
2% SPI, 4% SPI, 6% SPI, 8% SPI and 10% SPI (Table 4.1). In brief, the homogenous
solutions of different concentration of SPI were prepared in distilled water. For making
this solution, SPI powder of given concentration was added in water and the obtained
solution was continuously stirred at 60°C for an hour. After that, the temperature of the
obtained homogenous solution was brought down to room temperature and then poured
into pre-cooled syringe moulds. Thereafter, 1% GA solution was added to the SPI
solutions and gently mixed by repeatedly inverting the closed moulds. This was followed
by freezing the solution at -12 °C for 24 h and then thawing it at room temperature. During
the freezing process, the liquid component of the solution is gets converted to ice crystals,
and during thawing, these ice crystals melt and leave interconnected pores in the structure.
The formed cross-linked hydrogels were then washed several times with distilled water
to remove any remaining non-reacted GA. Additionally, to evaluate the temperature
influence on the gel formation, the respective solutions with the same SPI and GA ratios
were likewise formed and incubated at room temperature and 0 °C for 24 h. A schematic
of the fabrication process of SPI cryogels and the prepared cryogel images are presented

in Figure 4.1, and Figure 4.2, respectively.
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Table 4.1 Formulations of various fabricated SPI cryogels.

Sample (w/v) GA (%) SPI (g) Water (mL)
10% SPI 1.00 1.00 10
8% SPI 1.00 0.80 10
6% SPI 1.00 0.60 10
4% SPI 1.00 0.40 10
2% SPI 1.00 0.20 10
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Figure 4.1 Schematic representation of the fabrication process of GA cross-linked
superporous SPI scaffolds using cryogelation technique.

4.2.3 Characterization of the cryogels

4.2.3.1 Morphological analysis

The topographical and microstructure analysis of prepared samples were investigated by
using optical ((Nikon Ti-U) fluorescence microscope) and SEM (Zeiss EVO 18 SEM

Zeiss, Oberkochen, Germany). SEM was used to determine the internal morphology and
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pore size distribution of the samples. The lyophilized cryogel samples were coated with
gold at 20 kV for SEM imaging. In order to investigate the distribution of pore sizes in

the samples, the obtained micrographs were analysed with the ImagelJ software.

4.2.3.2 Porosity

Using the liquid replacement approach, the porosity of synthesized lyophilized cryogels
was determined. The cylindrical samples were first weighed (Wp) and then soaked in
100% EtOH. Absolute ethanol was chosen as the replacement liquid since it penetrates
through the scaffolds without causing any expansion or contraction of the matrix. Using
numerous evacuation-repressurization cycles in a vacuum desiccator, all submerging
samples were exposed to ethanol penetration. The saturated hydrogels' weight was
designated as Wy,. The porosity was estimated using the expression in Equations (3.2)

and (3.3).

4.2.3.3 Swelling capacity

The ability of wound dressings to absorb fluid is crucial for their effectiveness in
treatment of chronic wounds. The cryogels' water absorption capacity and saturation state
were measured by immersing the pre-weighed lyophilized samples in PBS solution (with
a pH of 7.4) for 48 h at room temperature. A precise electronic weighing balance was
used to weigh samples prior to and post-immersion at predetermined intervals. Filter
paper was used to gently remove excess water from the sample's surface and it was then

weighed. The swelling (%) was determined using the expression in Equation (2.1).

Fluid uptake capacity is one of the important requirement of a wound dressing in order to
provide a moist environment that promotes rapid wound healing. After reaching

equilibrium, the MWC was determined using the expression in Equation (3.4).
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4.2.3.4 Water retention studies

The cryogels were evaluated for water retention in accordance with the literature (Qi et
al. 2015). Before the water retention experiments, the cryogel tubes were allowed to swell
in distilled water (room temperature) until they reached equilibrium. Then, the water-
saturated cryogel samples were incubated at 37° C in an oven and weighed as they

collapsed at set times. The hydrogels' water retention (W,.) was calculated as follows:

W, (%) = (%) x 100, 4.1)

S
where W; denotes the weight of the SPI cryogel sample at various time points throughout
the shrinking process and W, denotes the weight of the water-saturated cryogels at

equilibrium.

4.2.3.5 In vitro degradation study

By immersing the cryogels in PBS solution (with a pH of 7.4) and lysozyme solution (10*
U/ mL) at 37 °C, the degradation rate of lyophilized cryogel scaffolds was investigated.
The weight (W;) of lyophilized scaffolds was determined before immersion in the
appropriate solutions. The degradation of materials was studied during a 12-day period,
with the solution being replenished every two days. At the end of the experiment on the
12" day, samples were removed from the solution and rinsed three times with distilled
water. The weight loss percentage of the scaffolds was estimated mathematically using

the expression in Equation (2.2).

4.2.3.6 FTIR

The infrared spectra of the SPI cryogel samples were recorded using an ALPHA

BRUKER Eco-ATR (with a ZnSe-attenuated total reflection (ATR) accessory)
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instrument. For each spectrum, a total of 24 scans with a resolution of 4 cm™ were

acquired in the infrared spectrum between 500 and 3500 cm™'.

4.2.3.7TGA

The TGA was carried out on a Shimadzu (Asia Pacific) Pte. Ltd. TGA-50
thermogravimetric analyzer. The experiment was conducted at temperatures ranging from
20 to 500 °C, with a heating rate of 10 °C per minute. The thermal stability of the material

was determined using TGA by tracking the change in weight over time and temperature.

4.2.3.8 DSC

The thermal behaviour of prepared lyophilized cryogels was investigated using DSC
(Mettler STAR SW 10.00 instrument) in an N environment. Before usage, the instrument
was calibrated with indium. The T, and T,, were determined using the DSC thermograms
from the second heating run (heating rate: 10 °C/min and average N> gas flow rate: 55

mL min!).

4.2.3.9 Mechanical evaluation of the SPI cryogels

The mechanical assessment of each scaffold is essential because, for feasible and long-
term therapeutic applications, they should have appropriate handling properties as well
as enough resistance to deformation and breakage. Therefore, compression experiments
were conducted using a Texture Analyzer (Shimadzu) under axial compression with a
500 N load cell at a loading speed of 0.5 mm/sec to examine the mechanical strength of
chemically cross-linked SPI cryogels. Compressive testing was used to examine tubular
shaped wet (with PBS solution) samples with dimensions of 1.5 cm in height and 1.4 cm
in diameter. At 50% and 80% compression, the stiffness of every cryogel was measured

in triplicates. The average slope of the linear section of the generated stress vs strain graph
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was used to compute the compressive modulus. Furthermore, to assess the high resilience
with swift recovery and strength of the highly porous SPI cryogels, the dynamic stress-
strain behaviour of the prepared SPI cryogels was carried out for 10 cycles with

two different strains of 50%, and 80%.

4.2.3.10 Shape memory of SPI cryogels

The cryogels' shape memory properties were tested according to (Zhao et al. 2018). At a
strain rate of 0.5 mm/s, the prepared SPI cryogel with an original length of 15 mm
(L) was compressed up to 80% strain and held for 1 minute. The water wringed out from
the compressed cryogel was then totally absorbed using paper, and the obtained
compressed length was measured as L,. After 5 minutes of being free from any load, the
sample fixed was measured as L3. The sample was then immersed in water for 1 minute
to rehydrate it, and the recovered sample length was set to L,. A Shimadzu Texture
Analyzer was used to conduct the test. The L, was automatically measured by the
instrument, whereas L;, L3, and L, were manually measured using digital Vernier
calliper. The test was repeated three times at least. The following equations were used to

compute the shape memory fixity ratio and recovery ratio:

Li—1L
Maximaum compresssive starin (%) &, = ( ! 2) % 100, 4.2)
1
, . Ly —Lj
Fixed strain (%) & = ( ) %X 100, 4.3)
1
: Ly—Ls
Recovery strain (%) &, = ( ) %X 100, 4.9
1
€
Strain fixity ratio (%) Ry = (g—f) x 100, 4.5)
m
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e
Strain recovery ratio (%) R, = (f) x 100. (4.6)
f

4.2.3.11 Volumetric expansion ratios of the SPI cryogels

The shape-free diameter (d,) and length (l;) of columniform sample were examined
before the shape was fixed. To obtain the shape-fixed sample, the free water in the
columniform sample was squeezed out. The shape-fixed sample's diameter (d,) and
length (l,) were then measured. The following equation was used to compute the

volumetric expansion ratio (Vg):

VE =

d\2
m 4.7)
2

> .
(3) xt
4.2.3.12 Whole blood cell adhesion test on SPI cryogels

The prepared cryogel samples were cut into small size discs and incubated for 1 h at 37
°C. After that, the whole blood was added dropwise onto the samples and placed for
5 minutes at 37°C. The samples were then rinsed three times with PBS to eliminate any
physically adherent blood cells. The cryogels were then fixed by 4%
paraformaldehyde for an hour. Thereafter, the blood cells were serially dehydrated with
50% — 60% — 70% — 80% — 90% — 100% ethanol solution. SEM was used to

examine the morphology of hemocytes on cryogel samples.

4.2.3.13 Haemolytic activity test on SPI cryogels

The relative quantities of haemoglobin released into solution phase from erythrocytes in
whole blood subjected to the test materials were used to assess haemolytic activity
according to (Y. Liu et al. 2014). For the study, fabricated SPI cryogel samples (4%, 6%
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and 8%) were cut into cylindrical shape (diameter = 10 mm, height = 5 mm). Sterile
samples were then washed with PBS solution for three times. The anticoagulated diluted
blood (10 mL of PBS + 8 mL of anticoagulated blood) was used as a source of
haemoglobin. Test tubes containing cryogel samples with 10 mL PBS was taken as test
group. 10 mL PBS was considered as a negative control while 10 mL distilled water was
taken as a positive control to produce maximum erythrocyte lysis. All test tubes were
warmed for 30 minutes in a 37 °C constant-temperature water bath, then 0.2 mL diluted
anticoagulated fresh whole blood was added and the tubes were returned to the water bath
for another 60 min. The test tubes were centrifuged at 100 X g for 5 min after the second
incubation period. The absorbance of the supernatant containing the solubilized
haemoglobin was measured at a wavelength of 540 nm (O.D.). The following formula

was used to determine the degree of hemolysis (%) using the average O.D. value:

Ab, — Ab
Hemolysis (%) = [ﬁ x 100, (4.8)
D n

where Abg, Ab, and Ab, denote the absorbance of supernatant of test samples, PBS

(negative control) and distilled water (positive control), respectively.

4.2.3.14 Whole blood clotting of the SPI cryogels

The cryogels were evaluated for whole-blood coagulation in accordance with the
literature (Zhao et al. 2018). The cylindrical shape cryogels with a height of 5 mm and a
diameter of 8 mm, were used for the study. In polypropylene tubes, a volume of 60 pL of
recalcified whole-blood solution (0.2 M CaCl,, 10 mM in the blood) was added to the
prewarmed cryogels (37 °C). The tubes were then incubated for different durations of
1,2,3,4 and 5 min, at 37 °C. The control groups were gauze and cotton. 10 mL distilled

water was gently added after the pre-set duration to remove unbound blood without
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disrupting the clot. Using a microplate reader, the absorbance of the supernatant was
measured at 540 nm (Molecular Devices). The absorbance of 60 pL of recalcified whole
blood in 10 mL of distilled water was taken as the reference value. This was set as the
negative control. The following equation was used to determine the blood-clotting index
(BCI):

BCI (© _ (Abs_Abw)
(/0) = m XlOO, (4.9)

where Ab,, Ab,,, and Ab, represent the absorbance of sample, distilled water and negative

control (reference value), respectively.

4.2.3.15 Cytocompatibility study

4.2.3.15.1 Microscopic analysis

For cell culture experiments, the L929 cell line, which is a mouse fibroblast cell, was
used. The cells were maintained in a CO> incubator (Galaxy® 170 S, Eppendorf,
Germany) with a complete growth medium comprising of DMEM supplemented with
10% of FBS and 1% of PS at 37°C, 5% COz, and 95% humidity. The lyophilized cryogels
were preincubated in a 35-mm Petri dish with complete growth medium for 60 min. The
extra medium was withdrawn and discarded after preincubation, and the samples were
allowed to dry in an incubator for 30 minutes. The samples were then seeded with 1x10°
cells and left for an hour at 37 °C in a CO: incubator to provide cell attachment.
Thereafter, the plates were filled with 2 mL of complete culture media and then placed in
the CO2 incubator for continued incubation. Samples were moved routinely to a new Petri
plate during fluorescent microscopic imaging to avoid fluorescence interference caused
by cells that had migrated and attached to the surface of the wells.

SEM was used to analyse the adherence and morphology of cells on the cell-cultured SPI

cryogels. After 6 days of culture, the cryogel samples were rinsed in PBS solution and
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then fixed with 4% PFA. The cell-seeded cryogel samples were then sequentially
dehydrated as explained in section “4.2.3.12” and thereafter the samples were air-dried

overnight. For SEM analysis, all dried cryogel samples were coated with gold.

4.2.3.15.2 MTT assay

The MTT reduction test was conducted to assess the cell viability of L.929 cells within
the SPI cryogels. The test was carried out on samples with a diameter of 4 mm placed in
the 96-well plate's wells. For sterilization, the lyophilized SPI cryogel samples were first
exposed to ultra-violet radiation for an hour. Following that, the cells were seeded at a
density of 10* cells/ sample. The samples were then placed in a CO; incubator for two to
four days. The cells cultured in wells without scaffolds were considered a positive control,

and only complete growth medium was kept as a negative control.

4.2.3.16 In vivo wound healing assay

The prepared SPI cryogels were examined in full-thickness wound excision rat models
for in vivo wound healing. The experiment was carried out after receiving clearance from
Banaras Hindu University's Central Animal Ethical Committee (CAEC) (No.
Dean/2018/CAEC/804). An intraperitoneal dose of ketamine (35 mg/kg) and xylazine (5—
10 mg/kg) was used to anesthetize a total of nine adult Wistar rats (age: 5-7 months)
weighing 150-250 g. Hairs on the dorsal side were trimmed, and the skin surface was
cleansed with ethanol solution. Following that, skin excision was used to create a circular
full-thickness wound with a diameter of around 12 mm. The rats were divided into three
groups at random: one group received treatment of 4% SPI cryogels, another received
treatment of 6% SPI cryogels, and the third group received no treatment, i.e., sham. Three
rats (n = 3) were there in each group. Images were captured using a digital camera at

regular intervals. The wound area was marked on a transparent sheet and measured
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with graph paper. The wound closure rate was estimated using the expression in Equation
(2.3).

After 16 days, the skin was dissected and fixed with 4% formalin. The samples were then
sequentially dehydrated using different EtOH concentrations and trimmed into small
slices before being permeated with liquid paraffin. The paraffin-permeated sample slices
were then implanted in paraffin-containing molds to form tissue blocks. Blocks were
sectioned into 5 pm thick slices with a microtome. After that, these sections were mounted
on the slides, and then H&E staining was performed. An OLYMPUS bright-field
(upright) microscope was used to examine the obtained slides. ToupView 3.7 software

was used to view and record the images.

4.2.3.17 Statistical analysis

The experiments were carried out in triplicate, and the results were represented as mean
+ SD. For statistical analysis, ANOVA with Tukey’s multiple comparison tests was
performed for all the experimental data. OriginPro 2020 (OriginLab, Learning edition)
was used to plot all the graphs. In fluorescence images, the background noise was
subtracted using ImageJ software. To convolve the image, the Gaussian blur function was

employed followed by image subtraction to remove the background noise.

4.3 Results

4.3.1 Morphological analysis of the prepared SPI cryogels

The SPI solution was chemically cross-linked by using cryogelation technique. 1% (v/v)
GA was used to get water insoluble, stable and mechanically robust hydrogels. The
obtained cryogels were transparent, soft, flexible and light yellow in colour (Figure 4.2
(a)). From the digital images, it was observed that 2% SPI and 10% SPI samples were
unable to retain their uniform morphology due to very low and high concentration of

polymer in comparison to crosslinking agents, respectively. The obtained cryogels were
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found to be very light weighted because of the superporous structure (Figure 4.2(b)). In
addition, the same initial solution of SPI and GA was unable to form the cross-linked
structure at 0 “C or positive temperatures. Microstructure analysis was performed using
SEM micrographs. All the prepared SPI cryogels were found to be highly porous with
open pore interconnected mesh like architecture (Figure 4.3). However, 10% SPI was
found to have non-uniform porous structure. The pores in the 10% SPI cryogel scaffolds
ranged from 5 to 443 pm, with an average pore size of 79.6 + 62 um, although the majority
of them ranged from 10 to 250 um. Pore sizes ranged between 3 and 308 pm in 8 % SPI
scaffolds. The average pore size was 45.79 + 35.3 um, with the majority of them falling
between 10 and 200 um. The 6% scaffolds had a minimum pore size of 4.35 um and a
maximum pore size of 491 pm. For this concentration, the average pore size was 53.7 £
46.2 um, with the majority falling between 10 and 200 pm. In 4% cryogels, the extent of
pore size was determined to be 4.8—690 um, with an average pore size of 92.67 + 87.5
pum and majority of them lying in the range of 12-350 pm. While the 2% cryogels had
pore sizes ranging from 12 to 419 um with an average pore size of 8§7.69 + 59.6 um, the
majority of the pores were between 14 and 300 pm. We obtained chemically cross-linked
network of soy protein with pore size in micrometre range. When the polymer
concentration was increased, the pores in the scaffolds appeared to be tightly packed,
which resulted in comparatively small pore sizes. The interconnectivity of the pores was
clearly visible in SEM micrographs at high magnification for all the samples. 2% SPI
samples showed a reduced average pore size than the 4% SPI samples because of the
inability of the former to maintain the structure after lyophilisation due to very low
polymer concentration. In contrast, the average pore size in 10% SPI samples was found

to be larger than the pore sizes obtained for 6% and 8% SPI samples. This might be
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because of the non-uniform structure formation during the cryogelation process due to

the higher polymer concentration.

(a)

Lyophilized
SPIcryogel

O

Figure 4.2 Digital images of (a) all the prepared SPI cryogels after thawing and their
respective disc shaped section showing transparency property of the samples and (b)
light-weight prepared cylindrical SPI cryogel (Iyophilized) supported by a palm leaf tip,
respectively.
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Figure 4.3 Morphological analysis through SEM photomicrographs at different
magnifications of all the prepared lyophilised SPI cryogel samples of different
concentrations: 10%, 8%, 6%, 4% and 2% SPI, along with their respective pore size
distribution graphs.

4.3.2 Porosity of SPI cryogels

In tissue regeneration, porosity performs a crucial function. It measures the overall void
space in a scaffold that is necessary for cell infiltration and neovascularization. The
porous network structure facilitates the development of new tissues. The porosity was
determined by comparing the total EtOH volume in the cryogel to its corresponding
apparent volume. An excellent porosity was obtained in all the prepared cryogels.

Moreover, the porosity of cryogels decreased with increase in the SPI concentration. The
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obtained porosity values were 80.07 = 5.6, 94.65 £ 0.6, 91.93 + 2.78, 86.98 + 1.54 and

79.08 £ 6.92 for 2%, 4%, 6%, 8% and 10% SPI samples, respectively (Figure 4.4).
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Figure 4.4 Porosity percentage of all the prepared SPI cryogel scaffolds. Values are
expressed as mean = SD (n = 3) and the level of significance as ***p < (.05.

4.3.3 Swelling ability and water retention capacity of the prepared SPI cryogels

The swelling percentage of cryogels rose dramatically over time and reached near-
equilibrium within 60 min of immersion in PBS solution. All the samples showed more
than 1000 % swelling or weight gain from their initial dry weight. Among all the prepared
cryogel compositions, the 4% SPI sample showed the highest swelling percentage of
2285.26 £ 671.8 %. The swelling percentage of SPI cryogels gradually decreased from
2285.26 to 1058.6% with a gradual increase of polymer content in the cryogels (Figure
4.5(a)). The maximum water content (MWC) values obtained were 92.4 + 3.04 % for
10% SPI, 93.49 + 4.15% for 8% SPI, 94.7 + 5.02% for 6% SPI, 96.6 + 2.03% for 4% SPI
and 94.8 = 4.01% for 2% samples (Figure 4.5(b)). Intuitively, the high density of

micrometre-sized pores in the samples enabled absorption of large amount of liquid and
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hence the samples exhibited superabsorbent properties. Both porosity (%) and pore size
were found to be significantly correlated (positively) with swelling (%) and the individual
correlation values are +0.9173 and +0.9926, respectively. Thus, with an increase in
porosity (%) or pore size, the swelling (%) also increases as also evident from the result
in the given Figure 4.6 where swelling (%) versus pore sizes and porosity (%) plots for
the fabricated SPI cryogels have been plotted. This high swelling ability make them

suitable candidate for wound dressing particularly for exceedingly bleeding and draining

wounds.
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Figure 4.5 Graphs showing (a) weight gain percentage up to 48 h (b) maximum water
content percentage of all the prepared lyophilised SPI cryogel samples of different
concentrations: 10%, 8%, 6%, 4% and 2% SPI, in PBS at room temperature (25 °C). (c)
Digital images of all samples: dry state (before swelling), wet state (after 1 h and 48 h of
swelling in PBS). Values are expressed as mean + SD (n = 5). Scale bar: 10 mm.
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Figure 4.6 Swelling (%) versus pore sizes and porosity (%) plots for the fabricated SPI
cryogels.

Even after employing multiple manual compression cycles, SPI cryogels were found to
be able to recover their initial morphology after reabsorbing the water lost during
compression (Figure 4.7). We observed that during compression the hydrogels released
water from them and compressed to about one-fifth from their original length. After
removing weight they absorb all the released surrounding water and regain their original
shape. Therefore, the formed hydrogels have high elasticity, near perfect shape recovery
and good mechanical strength, which is also evident from the mechanical testing results.
Furthermore, it was observed that about 2 mm thick compressed hydrogel absorbs 3 mL
water within few seconds. The 4% SPI hydrogel showed the maximum water absorption

among all the fabricated samples. To sum up, the fabricated hydrogels rapidly absorb
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plenty of water from their surrounding and hence can be useful for many applications

such as wound dressing, napkins etc.
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Figure 4.7 Digital images show cyclic swelling (swelling and squeezing) of SPI cryogels
by performing manual compression.

The water retention capacity graphs of the samples with respect to time at 37°C up to 48
h, showed no significant difference in rate of water loss from the samples. However, up
to 10 h, the 8%, 6%, and 2% SPI cryogels exhibited slightly higher water retention than
the 4% and 10% SPI samples. For instance, within 10 h, 2%, 4%, 6%, 8% and 10% SPI
samples lost about 61.73 &+ 13.4%, 76.05 + 14.01%, 62.77 + 17.5, 58.1 £ 15.6 and 79.71
+ 7.15% water, respectively. Furthermore, the rate of water loss increased with time. They
lost more than 50% water within 12 h and about 90% in 48h (Figure 4.8). These findings
can be attributed to the smaller pore sizes in the 8%, 6% and 2% SPI. Thus, it can be
inferred that small pore size makes it difficult to lose water and hence plays an important

role in water retention.
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Figure 4.8 Changes of water retention rate with respect to time at 37 °C and 50% relative
humidity.

4.3.4 Stability and degradation of SPI cryogels

The stability and degradability of any scaffold determine its suitability for use in various
TE applications. The fabricated SPI cryogels gradually degraded after 12 days of
incubation in PBS and lysozyme containing solutions. Specifically, after 12 days of
incubation in PBS solution, the 2%, 4%, 6%, 8%, and 10% SPI samples were found to be
degraded by 4.5 + 0.82, 5.52 + 1.02, 4.92 + 0.95, 6.26 + 091 and 17.9 + 2.03%,
respectively (Figure 4.9(c)). The degradation rate was found to be slightly higher in the
lysozyme containing solution (Figure 4.9(d)). No discernible change in the physical
appearance of examined samples was found in digital images as well as SEM micrographs

(Figure 4.9(a) and (b)).
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Figure 4.9 Degradation study: (a) digital images showing SPI cryogel samples (10%,
8%, 6%, 4% and 2% SPI) in PBS solution before and after 12 days of in vitro degradation.
(b) SEM micrographs of lyophilized SPI cryogel samples after 12 days of in vitro
degradation in PBS solution at 37 °C. Scale bar: 100 um. (¢, d) graphs showing weight
loss percentage of all the prepared SPI cryogel samples in PBS and lysozyme-containing
solution, respectively, at 37 °C. Values are expressed as mean + SD (n = 3) and the level
of significance as ***p < (.05.

4.3.5 FTIR analysis

FTIR spectroscopy was performed to confirm the presence of functional groups and
linkages in the obtained cryogels. The FTIR spectra of all the samples showed major
peaks at 3276, 2963, 2918, 1631, 1518 and 1234 cm’! wavenumbers representing N-H
stretching vibration (amide A), asymmetric C-H vibration, symmetric C-H vibration,
C=0 stretching vibration (amide I), N-H bending (amide II), and C-N stretching,
respectively (Figure 4.10). The C-O stretching peak (1750 cm™) and C-H stretching

(~2825 cm™) of GA were not observed in all the prepared cryogels, which confirms the
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absence of free GA in all samples (Patro and Wagner 2016; Mansur et al. 2008). It can
be inferred that during multiple washings, all free GA residues were removed from the
samples. No new peaks were observed after the crosslinking with GA. However, a slight
shifting of the C-O stretching peak from 1057 cm! to 1047 cm™ was observed after GA

crosslinking. These results confirm the successful cross-linking of GA with SPI.
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Figure 4.10 FTIR spectra of all the prepared SPI cryogel scaffolds.

4.3.6 Thermal properties of prepared SPI cryogels

The mass loss of each sample in relation to temperature was measured by
thermogravimetric analysis of the lyophilized SPI cryogels. Evaporation of adsorbed and
surface water from the samples caused the initial weight loss in the TGA curve to occur
below 100 °C. The second weight loss was noticed between temperatures of 180 °C to
454 °C and might be due to the breakdown of the polymer's main chain (Figure 4.11(a)).
The degradation temperature (Ty) is the temperature at which a significant weight loss
occurs, which is measured from the endothermic peak of the derivative weight (%) curve

(Figure 4.11(b)). The T,; value of 312 °C for 2% samples shifted to lower temperature that
177



is 292 °C for 10% SPI samples. This might be because of the low crosslinking in 10%

SPI samples. Moreover, the weight loss percentage at 500 °C was observed to lie between

60 to 65% for all the samples.

The DSC thermogram of SPI powder revealed no T, or T, values. Similarly, no

significant changes were observed in SPI cryogels after cross-linking with GA (Figure

4.11(c)).
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Figure 4.11 (a) TGA (b) DTA curves and (¢) DSC curves of SPI powder, 4%, 6% and

8% SPI cryogels.
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4.3.7 Mechanical properties

For TE applications, the synthesised scaffolds should preserve their mechanical integrity
as well as provide mechanical strength to the damaged tissue. To determine the
compressive properties of the fabricated cryogel samples, uniaxial stress was applied on
them (Figure 4.12). The Young’s modulus was calculated from the slope of the initial
region of the stress vs strain curve. (Figure 4.12(b)). The compressive strength of the
prepared samples was obtained using the compression test. For 50 % compression, the
maximum compressive strength of 0.0306 = 0.00302 MPa was obtained for 8% SPI
samples, followed by 0.0086 + 0.0007 MPa for 6% SPI and 0.00315 + 0.0004 MPa 4%
SPI samples (Figure 4.12 (b)). The compressive strength increased to almost twice for
8% SPI and approximately four times for 4% SPI and 6% SPI samples, at 80%
compression (Table 4.2, Figure 4.12(c)). The compressive modulus values of the samples
at 50% compression were found to be 0.5913 + 0.052 kPa, 0.287 + 0.009 kPa, and 0.085
+ 0.016 kPa for 8% SPI, 6% SPI, and 4% SPI samples respectively (Figure 4.12(d)).
Compression tests for 10 cycles were also performed at both 50% and 80% compressions.
The obtained results revealed that all the prepared scaffolds had a very insignificant loss
in compressive strength (~5%) during multiple compression cycles (Figure 4.13 (a)-(f)).
Overall, the 8% SPI sample showed the maximum compressive strength and modulus
among all the fabricated scaffolds. Moreover, it can be inferred that all the cryogel
samples have the ability to undergo multiple compression and relaxation cycles while
maintaining their mechanical properties. Furthermore, it can be noted that the stiffness of

the samples increased with the polymer concentration.
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Figure 4.12 Mechanical properties of prepared SPI cryogels: (a) photographs of the
compression behaviour of 6% SPI cryogel under instrumental control. Cycle curves were
obtained immediately after one loading-unloading cycle of SPI cryogels at (b) 50%
compression (c¢) 80% compression. (d) Compressive modulus values of 4%, 2% and 8%

SPI cryogels.

Table 4.2: Mechanical properties of prepared SPI cryogels: Compressive strength at 50%
and 80% compression, and compressive modulus.

Compressive Compressive
Compressive

Sample strength at 50% strength at 80%

modulus (kPa)

compression (MPa) compression (MPa)

4% SPI 0.00315 £+ 0.0004 0.01205 +0.00225 0.085+0.016
6% SPI 0.0086 £ 0.0007 0.03421 £0.00312 0.287 £0.009
8% SPI 0.0306 + 0.00302 0.05097 + 0.00221 0.5913 £ 0.052
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Figure 4.13 Compressive stress-strain curves at 50% strain under 10 loading-unloading
cycles of (a) 4% SPI, (b) 6% SPI and (c) 8% SPI cryogel samples. Compressive stress-
strain curves at 80% strain under 10 loading-unloading cycles of (d) 4% SPI, (e) 6% SPI
and (f) 8% SPI cryogel samples.

Dissipation energy is a common property of viscoelastic materials like polymeric
scaffolds. It corresponds to the energy absorbed by the hydrogel network from an
incoming impact. The stress-strain graph (Figure 4.13) shows a hysteresis loop because
the scaffold dissipated energy in the course of the cyclic compression testing. The area
under the hysteresis loop represents the dissipation energy or the mechanical energy that
has been lost (Chen et al. 2016). Single loading/unloading cycle was performed at 50%
and 80% compressions for 4%, 6%, and 8% hydrogels. The maximum dissipating energy
of 6.783 KJ/m® and 12.553 KJ/m® was observed at 50% and 80% compressions,
respectively, for 8% SPI samples. The hydrogels with 4% SPI and 6% SPI, showed the
dissipating energy of 0.987 and 3.189 KJ/m®, respectively at 50% compression, whereas
at 80% compression, 2.11 KJ/m*® and 7.376 KJ/m® dissipation energy values were
observed. The variation in the dissipating energy indicates that the stretchability and

mechanical strength can be optimized for hydrogels by changing the concentration of SP1.
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The maximum dissipation energy of 8% SPI indicates comparatively high mechanical
properties of the sample suggesting that the sample has a potential to dissipate large
amount of incoming force acting on the optimized concentration for making mechanically
stable hydrogels. By comparing the dissipation energy of different scaffolds, more
application specific material selection can be ensured for tissue implants. Abdel-Sayed P.
et al. found that the scaffolds with higher dissipation energy were associated with
upregulation of the chondrogenic markers’ gene expression whereas the scaffolds with
less dissipation energy downregulated the chondrogenic markers. They also showed that
the dissipation level was higher in scaffolds with higher cross-linking density compared
to scaffolds with less crosslinking under an identical dynamic compression test (Abdel-
Sayed et al. 2014). Overall, the increase in SPI content in cryogel significantly increased
the elastic modulus or stiffness and dissipation energy of the scaffolds. Therefore, from
the above discussion it can be concluded that energy dissipation could be considered as

one of the key mechanobiological factors in tissue engineering.

Cryogelation process produces shape-memory elastic SPI cryogels (Figure 4.14). The
shape volumetric expansion ratio, fixity ratio, and recovery ratio values of SPI cryogels
are presented in Table 4.3. The SPI cryogels showed a decrease in their volumetric
expansion ratio (V) with the increase in SPI content. Furthermore, fixity ratio (Ry) was
also found to decrease from 95 + 0.4 to 77.7 + 1.5% with an increase in SPI content from
4% to 8%. In less than 20 seconds, all the samples regained their initial shape (with a

recovery ratio of 100%) after getting in contact with water.
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Figure 4.14 Shape recovery properties of the cryogel: original state in a wet condition,
before compression, compressed state (fixed shape) after releasing all free water, after
compression recovered shape by reabsorbing the released water.

Table 4.3: Shape fixity ratio, recovery ratio and volumetric expansion ratio of the water-
triggered shape recovery process of the SPI cryogels.

Sample Ry (%) R, (%) Ve
4% SPI 95+0.4 100 5604
6% SPI 81.81 0.7 100 3.7+£0.2
8% SPI 7777+ 1.5 100 1.6£0.2
Ry : Strain fixity ratio; R,.: Strain recovery ratio; Vg: volumetric expansion ratio
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4.3.8 Hemocompatibility of SPI cryogels

Hemocompability is one of the most important criteria for selecting the blood-contacting
biomaterials for in vivo applications. The in vitro hemolysis assay is the most commonly
used method for determining a material's hemocompatibility (Zhao et al. 2018). Figure
4.15 (a) shows the macroscopically colour of supernatants obtained after centrifugation
of all cryogel groups, the negative group (PBS), and the positive group (distilled water).
The positive group appeared to be red in colour, whereas, similar to the negative control
group, the other three cryogel groups were nearly transparent. The absorbance values
obtained from the hemolysis test were 0.0443 + 0.0015, 0.045 £ 0.001, 0.048 £ 0.002,
0.0443 + 0.0013 and 0.6533 + 0.0037, for the samples exposed to 4% SPI, 6% SPI, 8%
SPI, the negative control, and the positive control, respectively. In the presence of 4%
SPI, 6% SPI and 8% SPI samples, the degree of hemolysis was 0.0547 £ 0.2508, 0.1094
+ 0.1896 and 0.6568 + 0.3284%, respectively (Figure 4.15 (b)). In general, a useful
biomaterial should have a hemolysis rate of less than 2%. A higher degree of hemolysis
implies that the biomaterial is not hemocompatible. The obtained results suggest that SPI

cryogel samples provide an adequate level of hemolysis.
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Figure 4.15 (a) Images from haemolytic activity assay of the SPI cryogels using PBS as
negative control (N.C.) and distilled water as positive control (P.C.). (b) Haemolytic
percentage of the SPI cryogels’ dispersion liquids. In vitro hemostatic capacity evaluation
of SPI cryogels (c) in vitro whole blood clotting evaluation of cryogels and controls
(gauze and cotton).

4.3.9 In vitro blood clotting performance of SPI cryogels

The cryogels' blood clotting capacity was assessed using the dynamic whole-blood
clotting test, wherein a higher haemoglobin solution absorbance value signifies a slower
clotting rate. Intuitively, lower is the percentage of erythrocytes entrapped by clots, higher
is the percentage of free erythrocytes and in turn higher is the absorbance of haemoglobin
in the water. Thus, absorbance is inversely proportional to the clotting rate or clot size.
Conventional hemostatic agent i.e. gauze and cotton were considered as control groups.
In comparison to control groups, all the tested cryogel samples showed quicker absorption
of blood. Moreover, the obtained BCI of prepared SPI cryogels (4%, 6% and 8%) was
significantly lower than that of the control groups at each time point (Figure 4.15 (¢)).
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The hemostatic mechanism was examined further by studying the morphologies and
surface adherence of blood cells on SPI cryogels, as well as on gauze and cotton (control
groups) (Figure 4.16). In terms of blood cell adherence, all the cryogels were found to be
densely packed with blood cells, whereas significantly lesser number of blood cells were
found on the surface of the two control groups. In all three SPI cryogels, a significant
amount of blood cells adhered to the pore surfaces and aggregated together. Overall, these
findings show that SPI cryogels can effectively clot the blood. This is possibly due to the

high porosity and composition of the fabricated cryogel samples.
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Figure 4.16 SEM images of blood cells adhesion on the SPI cryogels and controls (gauze
and cotton). Scale bar: 100 pm for 400X; 10 pm for 2000X; 2 pm for 10000X.

4.3.10 Cellular biocompatibility of prepared SPI cryogels

To study the suitability of cryogels toward mammalian cells, L929 cells (fibroblast) were

cultured with in the sterilized hydrogels and analysed through fluorescent microscopic
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images up to 10 days. From the in vitro cell culture images, quite high cell density and
good interconnectivity were observed between the cells in all the samples. Blue coloured
nuclei within the samples were clearly visible in the DAPI stained images at high

magnification (Figure 4.17). Cell density was found to be increasing with time.
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Figure 4.17 The above panel of microscopic images represents the culture of 1.929
(fibroblast) cells within the SPI cryogels for over a period of 10 days. Cryogels without
cells were taken as control. Scale bar: 100 um for bright-field, fluorescence, and merged
images. The fluorescence images in the dotted rectangle are at different magnifications to
clearly visualize the nucleus (DAPI staining) of the cultured cells within the SPI cryogels.

Furthermore, SEM images of the L.929 cell-cultured SPI cryogels showed remarkably
good cell adherence, growth, and proliferation (Figure 4.18). For up to 12 days of cell

culture, no substantial physical breakdown of SPI cryogels was observed.
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Figure 4.18 SEM images of L929 (fibroblast) cells cultured on SPI cryogels: 4%, 6% and
8% SPI cryogels. Scale bar: 100 um.

For quantitative analysis, the cellular viability percentage of cells and the
biocompatibility of the prepared hydrogels were determined by MTT assay. From the
results of MTT assay, the cellular viability in cryogel samples was found to be
significantly higher than that in control. The 4% SPI samples showed about 120% cell
proliferation which is significantly greater than that in control (Figure 4.19). Overall,
these results reveal that soy protein cryogels promote cell infiltration, attachment, growth

and proliferation.
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Figure 4.19 Percentage cellular viability of L929 (fibroblast) cells and the compatibility
of the SPI cryogels determined by the MTT assay. In the MTT assay experiment, the
absorbance for the 7¢" day culture of positive control (cultured cells without cryogel
samples) was taken as the reference OD for all the samples. Values are expressed as mean
+ SD (n = 3) and the level of significance as ***p < 0.05.

4.3.11 In vivo wound healing

We have examined the applicability of the fabricated SPI cryogels as a wound dressing
for skin tissue regeneration. We studied the wound healing process of a full-thickness
wound that had been excised in rat models for up to 16 days. The rats were divided into
three groups: 1% sham- without any treatment, 2"¢ treated with 4% SPI samples, 3™ is
treated with 6% SPI samples. Each group contained 3 rats (n = 3). It was observed that
both 4% and 6% samples got adhered excellently on wound bed (Figure 4.20(b)). Over
the course of time, each of the cryogel samples deteriorated gradually. On day 10, sample
treated groups attained more than 80% wound closure, whereas sham group acquired
closure up to 65% only. On day 14, sample treated groups attained almost 100% wound

closure whereas sham group obtained approximately 90% closure of wound (Figure
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4.20(c)). The protein content and the interconnected porous nature of the cryogel samples
might be the explanation behind accelerated wound healing in sample-treated groups. No
significant difference was observed between the healing rates of both type of samples
treated groups. Intuitively, the wound healing rate in the sample treated groups got
enhanced during the degradation of samples due to the exposure of the adhesive moieties
and peptides present in the soy protein to the wound. No unfavorable effects such as fluid
confinement, infection, granulation tissue bleeding, sepsis, animal death etc. were
observed during the whole experiment. For histological studies, the animal were
sacrificed after the 16™ day and variations in the healed tissues were subsequently
examined using H&E staining. Figure 4.20 (d) shows the H&E staining images of sham,
4% SPI and 6% SPI treated groups. 4% SPI and 6% SPI cryogel treated groups exhibited
complete re-epithelization and thicker epidermis layer compared to the sham group. The
presence of keratinocyte cells in the epidermal layer and the deposition of collagen in the
dermal layer indicated that the wound healing process had been completed. The sham
group presented reduced re-epithelization compared to the treated groups. Furthermore,
in addition to improved reepithelialisation, we noticed the existence of dermal
appendages, including hair follicles and sweat glands, in healed skin tissue after the
treatment with SPI cryogel matrices. From all these outcomes, it can be concluded that
SPI cryogels promoted wound healing by dual effect of cell matrix interactions and excess

exudate absorption, which may also take part in homeostasis acceleration.
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Figure 4.20 Figure showing in vivo wound healing: (a) digital photographs of full
thickness excision wound and application of SPI cryogel to the wound (b) digital
photographs of full thickness wound closure on days 0, 4, 10, 14, and 16. (¢) Graph
depicting a comparison of wound area closed percentage of cryogel treated and sham
(untreated) groups (d) micrographs of H&E stained tissues: (i) sham group, (ii) 4% SPI
treated, (ii1) 6% SPI treated skin tissues; higher magnifications images of histological
sections (H&E stains) of 6% SPI treated skin tissues in dotted rectangle. In cryogel treated
wounds, the connective tissue is found to be more organized and developed than the
untreated wounds. Values are expressed as mean + SD (n = 3) and the level of significance
as ***p < (.05. Scale bar: 50 pm.

4.4 Discussion

We fabricated superporous cryogels (hydrogels) at sub-zero temperatures by the process
of cryogelation, which involves the polymerization of polymeric precursors or monomers.
First, the monomeric or polymeric precursors were dissolved in a solvent, like deionized
water, and then cross-linker was added. The entire combination was then immediately
incubated under freezing conditions. The solvent froze during the creation of cryogels at
sub-zero temperatures, resulting in the development of ice crystals (which act as
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porogen). These ice crystals continued to expand and linked with one another. Some
solvent or solute molecules in the solution were not completely frozen (known as the
unfrozen liquid microphase). It is important to note that SPI and GA concentrations rise
dramatically in liquid microphase volume, and this process of solute enrichment is called
the cryo-concentration effect. This occurs because as the solvent crystallizes, the
concentration of solutes increases due to their ejection into the volume of liquid
microphase. These concentrated solute precursors polymerize and crosslink in the liquid
microphase, resulting in the creation of polymeric reactions and a cross-linked gel like
structure (cryogel) (He et al. 2021). Interestingly, such cryo-concentration effects not
only entirely overcome the unfavourable effects of low temperature, but also significantly
lowers the critical concentration of gelation of the polymer and cross-linker (precursors),
with respect to that observed for the gelation in the same initial systems at positive
temperatures. As a result of these cryo-concentration effects, the rate of chemical
reactions and intermolecular interactions in unfrozen inclusions, which operate as
microreactors, is significantly accelerated (Lozinsky 2002). Here, we found that cryogels
could be produced at a substantially low concentration of polymer as well as cross-linker
at -12 °C for 24 h; however we were unable to produce bulk gels of the same
concentrations at room temperature or temperatures higher than 0 °C for 24 h or longer
period of time. A similar observation was reported by Mu et al. where they showed that
cryogels were formed when collagen/dialdehyde starch (DAS) solutions were stored at
15 °C for 72 hours. However, no bulk gels were produced when the same solution was

stored at 4 °C for 3 days or longer. (Mu et al. 2010)

The pore interconnectivity in scaffolds plays a major role in their performance,
particularly for cell mobility for tissue regeneration, mass flow, and the development of

bioreactors, amongst other things (Tripathi and Melo 2019). SEM analysis of lyophilized
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cryogels revealed microporous mesh-like topologies with pores that were interconnected
to each other. Moreover, these structures are accountable for rapid water movement,
which is evident from the findings of the swelling research, in which all SPI cryogel
samples had good swelling capabilities. These results show that the porous structure and
SPI cause samples to swell well, which is one of the most important prerequisites for
wound dressings to be able to soak up excess wound fluid. This is most likely the result
of the interconnected porosity structure as well as the fact that charged amino acids, such
as aspartic acid and glutamic acid, are present in SPI in relatively large quantities in
comparison to hydrophobic amino acids, such as leucine. It has been shown that a moist
environment significantly accelerates the rate of healing in comparison to a dry
environment (Kim et al. 2008; Jones, Grey, and Harding 2006; Winter 1962). The MWC
values for the prepared SPI cryogels were found to be in the range of 92 to 96%, which
is significantly higher than the natural water content of normal stratum corneum which
ranges from 15 to 30% of dry tissue weight (Wong, Ashton, and Dodou 2015; Silva et al.
2007). As a result of their high water content, the SPI cryogels could also be employed
as transdermal drug delivery patches, as water can act as a natural penetration facilitator
via hydration and high humidity. Hydration inhibits moisture loss from the skin tissue,
which can affect the water level of the stratum corneum, allowing drug molecules to easily

diffuse into the skin (Winter 1962; Wong, Ashton, and Dodou 2015).

We were able to achieve an average pore size of 45-92 um, which is suitable for cell
attachment, long-term cell growth, and proliferation. The obtained results demonstrate
that the lyophilisation process deforms the porous structure of 2% SPI cryogel, resulting
in a considerable reduction in porosity. It could be because the low polymer content
makes the walls of the pores very thin. This makes the material too soft and unable to

keep its shape. Moreover, we observed a reduction in the pore size and porosity of
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produced SPI cryogels with increase in the SPI content. Therefore, the porosity and pore
size of SPI cryogel can be adjusted by varying the concentration of SPI. Vlierberghe et
al. studied the influence of polymer content on gelatin cryogel pore size. In their work,
they have reported that increasing the polymer concentration leads to a reduction in

porosity and pore size (Van Vlierberghe et al. 2007).

Mechanical integrity is an important aspect of TE during scaffold preparation (Sharma et
al. 2013). The mechanical strength of SPI cryogels was evaluated through compression
analysis. The stress was found to increase with the applied strain from 50% to 80%, and
it was observed that 4%, 6%, and 8% SPI cryogels returned to their original state
following unloading. The prepared SPI cryogels could be compressed to one-fifth of their
original length without any irreversible distortion or fracture formation. The obtained SPI
cryogels were porous, elastic, and mechanically strong in nature. Furthermore, they did
not get distorted when an external pressure was applied to them or when all of the solvent
that was contained within the swelled cryogel was squeezed out. This is because these
produced SPI cryogels are spongy and can return to their previous shape after being
submerged in water or an aqueous medium again. The polymer concentration had a
significant impact on the mechanical strength of produced cryogels, since, compressive
modulus and maximum compressive strength of the cryogel increased dramatically as the
SPI concentration increased. Kirsebom et al. have reported that the mechanical
characteristics of transglutaminase-catalyzed gelatin and casein cryogels get significantly
affected by protein concentration. They observed that the increment in polymer
concentration of gelatin and casein cryogels led to an increase in mechanical strength
(Savina, Zoughaib, and Yergeshov 2021). In the instance of a cross-linking reaction
taking place during the creation of SPI cryogel using GA as a cross-linker, the amino

groups present in SPI may crosslink with the aldehyde group of GA, resulting in the
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synthesis of imine. These potential bond forms were validated by FTIR, which
demonstrated the presence of peaks at various wavenumbers which can correspond to
functional groups and certain linkages. It has been reported that commonly used
aldehydes, like formaldehyde, react with the primary amino groups and sulfhydryl groups
in proteins, forming cross-links between the molecules (Curt, Subirade, and Rouabhia

2009).

3D scaffolds are used as tissue substitutes in TE. Thus, after implantation, the scaffold
should degrade at a rate that is approximately equal to the rate at which the body's own
tissue regenerates (Sharma et al. 2013). Overall, the rate of degradation of cryogel
samples was modest in PBS solution, but under in vivo environment, this rate got
accelerated owing to the presence of several enzymes and factors. Similar observation
has been reported by Har-el et al. wherein they have demonstrated that soy-based
scaffolds are highly susceptible to enzymatic (proteolytic) degradation in vitro and that
after subcutaneous implantation, the scaffolds get rapidly degraded and completely
absorbed in about 14 days (Har-el et al. 2014). Thermal stability is a key feature for end-
use product applications; the SPI cryogels exhibited no noticeable weight loss in
between room temperature and 150 °C. From this finding it can be inferred that the
prepared cryogels may be sterilized in an autoclave (121 °C), which is critical for

biomaterials.

The emergence of biomaterials having adequate hemocompatibility not only improves
the tolerability but also reduces the undesirable side effects including thrombus formation
in the body. As a result, not only mechanical and chemical properties, but also
hemocompatibility, should be considered while developing novel blood-contacting
medical implants (Weber et al. 2018). Materials can be classified into three groups based

on hemolysis: materials with more than 5% hemolysis are categorised as hemolytic, those
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between 5% and 2% hemolysis as moderately hemolytic, and those with less than 2%
hemolysis as nonhemolytic (Totea et al. 2014). All the fabricated SPI cryogels (4%, 6%
and 8% SPI) were found to be nonhemolytic. Furthermore, they all possessed an
interconnected porous architecture with a high expansion ratio, which enabled them to
absorb a significant volume of blood with a high swelling capacity, blood-concentrating
effects, and a good absorption ability for blood cells. These characteristics all contributed
to the cryogels' adequate in vitro blood-clotting outcome. The good hemocompatibility
of SPI cryogels as a hemostatic agent and wound dressing was evidenced by the obtained

hemocompatibility results of Figure 4.15.

The exceptional quality of being able to absorb large amounts of water in a short amount
of time can make SPI cryogel a good candidate as a wound dressing. This is because it
can easily absorb the excess exudate from the wound area, thereby creating a moist
environment that helps lower the infection risk, and enhance the process of wound
healing. In addition to allowing cells to move within the scaffold, the microporous
architecture can also provide high oxygen permeability while simultaneously protecting

the wound from further damage.

The biocompatibility of a scaffold is one of the most crucial requirements for TE
applications (Tripathi, Kathuria, and Kumar 2009). Biocompatibility of the SPI cryogels
is depicted by the obtained cell proliferation experimental results. Upon seeding L.929
cells on SPI cryogels, the cells adhered and proliferated, as evidenced by fluorescent and
SEM images. The findings also showed that using GA as a cross-linker had no
detrimental effect on cell growth. The cell proliferation and metabolic activity of the L.929
cells with in the SPI scaffold were validated by MTT assay. A significant difference in
the cell proliferation was observed on 2-D surface (96-well plate) as compared to the

prepared 3D SPI cryogel scaffolds. Large and interconnected pores were found in the
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prepared scaffolds, which can facilitate the nutrient transport, waste and gaseous
exchange. These matrices had pores in micrometre range, allowing for effective cell
movement and ECM deposition. Additionally, these large and interconnected pores also
facilitate the movement of nutrient medium, lowering the chances of cell death when
seeding densely. Furthermore, all cryogel matrices exhibited a high pore volume,
inferring that cells can easily attach to pore walls and proliferate by producing significant
amounts of ECM. These matrices' high porosity enables for effective gaseous exchange,
which supports cellular proliferation even in the sample's deeper regions. These
properties positively impact the cell migration, growth and proliferation on these

samples. Each of these attributes support the use of SPI cryogel matrices in TE.

In the context of in vivo wound healing study in rat model, the favourable benefits of the
SPI cryogel scaffolds manifested in terms of the quality of wound healing. It has been
hypothesized that degradation products of soy-based materials contain cryptic peptides
that play a crucial function in accelerating wound healing (Har-el et al. 2014). The above
findings are consistent with previous research works validating the good biocompatibility
and promoted cell attachment, growth, and proliferation of the SPI-based materials. Luo
et al. observed higher growth and proliferation of L929 fibroblast cells when they were
grown on cellulose/SPI scaffolds than on cellulose scaffolds alone. This result was
attributed to SPI hydrolysis in the nutrient medium, which made the scaffolds more
porous for cell ingrowth while also delivering nutrients as degraded products of SPI
during incubation (Luo et al. 2010). Lee et al. showed that the supply of low
concentration of soy protein hydrolysates in culture serve as a nutrient source for human-
derived epidermal keratinocyte cells and also found that the cell proliferation increased
by about 200% (Lee et al. 2008). Har-el et al. demonstrated the potential of nanofibrous

soy-based scaffold (SPS) as a wound dressing for the full-thickness excisional wound in
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a pig model. The findings of this study indicate that SPSs have the ability to enhance re-
epithelialization and wound healing processes in a more natural way that resembled the
mature tissue (Har-el et al. 2014). Huang et al. prepared a tannin-functionalized SPI-based
adhesive hydrogel as a wound dressing. In an in vivo study, they showed that their SPI-
based hydrogel enhanced skin wound healing rate (Huang et al. 2022). Khabbaz et al.
synthesized GA-crosslinked PVA and SPI nanofibrous mats and films for wound healing.
They suggested, based on an in vitro cell culture investigation, that the soy-based
materials possess great potential for use as wound dressings (Khabbaz, Solouk, and
Mirzadeh 2019). Moreover, the inflammatory reaction of the wound tissue caused by
dressing materials is known to alter re-epithelialization at the wound site. As a result, scar
formation might get decreased if the inflammatory reaction could be inhibited,
particularly at an early stage. In this context, soy phytoestrogens such as genistein and
daidzein have been shown to promote wound healing, particularly during the
inflammation period (Regal et al. 2000; E. Park et al. 2011), by reducing the activity of
immune cells such as lymphocytes, monocytes, and macrophages through antioxidant and
anti-inflammatory activities (Santin et al. 2007). SPI and its peptides have also been
proven to improve wound healing by stimulating collagen deposition (Zhang et al. 2020).
Hence, the developed SPI cryogel scaffolds in this work exhibit tremendous potential and

significance as bioengineered implants for soft tissues.

4.5. Summary

SPI cryogels were successfully prepared using cryogelation technique. The average pore
sizes were obtained in the range of 45 to 92 pm from morphological examination of all
the prepared cryogel scaffolds using SEM micrographs. Scaffolds were found stable in
aqueous medium (PBS, lysozyme containing solution DMEM medium) up to 12 days.

Swelling study showed the superabsorbent nature of the SPI cryogels. All the fabricated
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SPI cryogels had highly porous and interconnected pore morphology which facilitated
quick absorption of blood and hence showed a better hemostatic effect than cotton and
gauze. In the context of in vivo wound healing study in rat model, the favourable benefits
of the SPI cryogel scaffolds manifested in terms of the quality of wound healing. All of
these findings demonstrated that SPI cryogels possessed superior mechanical properties,
such as good mechanical strength, high robustness, swift recovery, and stability. Thus the
outcomes suggest that they may have the potential to be utilized as blood-triggered shape
recovery hemostatic agents for the treatment of deep wound hemostasis. Cell culture
results demonstrated that the manufactured SPI cryogel scaffolds had outstanding
biocompatibility, with adequate cell attachment and proliferation. In 4% SPI samples, an
excellent growth of 120% was seen after 4 days of culture. The outcomes of in vitro and
in vivo studies indicate that the prepared soy protein scaffolds could be the potential
material for skin substitution, wound healing, drug delivery and other various biomedical

applications.
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