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Abstract. A series of gelatin-based hydrogels was
prepared, and the effects of different crosslinking agents
and agar content were studied in detail. Results indicate
that borax and glutaraldehyde are good crosslinking
agents. Moreover, all samples were described with a
hindered Fickian water diffusion, making it an interesting
choice for medical applications.
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1. Introduction

Nowadays, the utilization of biopolymers has
gained considerable significance for hydrogel fabrication.
Due to their unique swelling properties and
biocompatibility, biopolymer-based hydrogels have
attracted significant attention in various fields, such as
tissue engineering and drug delivery® 2. Hydrogels possess
supramolecular architecture, display complex viscoelastic
properties, and can be synthesized utilizing different
methods. Understanding the swelling kinetics of
hydrogels is essential for optimizing their performance
and tailoring their properties to specific requirements.
Numerous factors, such as polymer concentration,
crosslinking density, or average molecular weight
between crosslinks influence the rate and extent of water
uptake and induce changes in material performance and
overall functionality®. Scientific evidence has also
confirmed the influence of environmental variables like
temperature or pH on the swelling process*’.

Among the diverse range of hydrogel-forming
polymers, gelatin has emerged as a promising candidate for
biomedical applications owing to its biodegradability, non-
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toxicity, low cost, and structure similar to the extracellular
matrix of biological tissues* °. Gelatin is a biopolymer
derived from collagen through partial hydrolysis. Its
characteristics are influenced by factors such as molecular
weight, collagen origin, and production process, which
can include heat and enzymatic denaturation or extraction
under alkaline (gelatin type B) or acidic (gelatin type A)
conditions® °. Gelatin is soluble in water, easily accessible
in the market, more cost-effective than collagen, and
retains essential binding components crucial for cell
adhesion’®. The broad appeal of gelatin stems from its
safety, biocompatibility, and ability to degrade naturally,
making it non-toxic, non-carcinogenic, and
environmentally friendly'®. Gelatin’s advantages make it
widely used in fields such as the food industries and
medicine. However, gelatin-based materials suffer from
poor mechanical properties, thermal instability, and short
degradation time?*.

Gelatin hydrogels can be readily formed with a low
concentration of a few percent when the temperature is
lowered below 30 °C. The physical gelation is attributed to
the conformational transition of gelatin chains from coil to
triple helix, making them desirable for food and
pharmaceutical applications due to the absence of harmful
substances®?. Using an additional crosslinking agent can
strengthen the structure of the material by providing
additional intermolecular interactions between the polymer
chains* °. Crosslinking of gelatin can be achieved through
various physical and chemical techniques such as
employing UV radiation, plasma, dehydrothermal treat-
ment, or enzymes'? 13,

Frequently, studies on hydrogels are focused on two
or more polymers, which are combined to produce
materials with specific properties. Research has demonst-
rated that the incorporation of alternative polymers, such as
polyvinyl alcohol, chitosan, or agar, can impact the
swelling capacity of gelatin-based hydrogels* 1°. Hyd-
rogels composed of protein and polysaccharides have
garnered much attention in the past decade and have been
extensively studied®® 7. These systems form water-in-water
type emulsions, leading to the formation of composite
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structures, which have been reported to enhance intramole-
cular hydrogen bonding between protein and polysaccha-
ride chains compared to intermolecular hydrogen bonding®.

This paper presents a comprehensive investigation
into the rarely discussed swelling kinetics of gelatin-based
hydrogels, focusing on key parameters that affect their
swelling behavior. In this study, agar and gelatin were
chosen as the representative polysaccharide and protein
components. Apart from detailed swelling Kinetics, measu-
rements of contact angle and microscopic observations
were conducted. The influence of different crosslinking
agents and agar content in the material is discussed to
observe and obtain an understanding of the relationship
between its physical and chemical properties.

2. Experimental

2.1. Materials

The synthesis of hydrogel was carried out using:
natural polymers: agar E406 (Biomus, Lublin, Poland),
food grade gelatin 270 bloom (Mr Cook Corp., Katowice,
Poland), crosslinking agents: calcium chloride CaCl,
(Avantor Performance Materials Poland, Gliwice,
Poland), sodium tetraborate (borax) Na,BsO; - 10 H.O
(TechlandLab, Tarnobrzeg, Poland), glutaraldehyde 25 %
solution pure (Chempur, Piekary Slaskie, Poland) and 1%
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class lab water as a solvent and swelling medium. For
contact angle measurement, anhydrous glycerol (Gly)
(Avantor Performance Materials Poland, Gliwice,
Poland), ethylene glycol (EG) (Chempur, Piekary Slaskie,
Poland), and diiodomethane (DJM) (LOBA CHEMIE,
Mumbai, India) were used.

2.2. Methods

2.2.1. Synthesis of Hydrogels

Firstly, set amounts of gelatin and agar were
dissolved in water at a temperature of around 100 °C
under rigorous stirring. After that, crosslinking agents
were added to the polymer solution and allowed to
dissolve. Then, the mixture was left to cool down to
around 60 °C to defoam and poured into petri dishes. To
finish the crosslinking, freeze-thawing was performed:
samples were first frozen at —20 °C for 24 hours, then
thawed at room temperature for 1 hour, and, in the end,
refrigerated at 4 °C for 24 hours. In the next step,
hydrogels were dried using thermobalance MA 50.R
(RADWAG, Radom, Poland) to constant mass at 40 °C
(mass loss below 1 mg/120 s) and placed in distilled water
for 24 hours to remove unreacted compounds. Finished
hydrogels were then dried again, vacuum packed, and
stored at 4 °C. Twelve types of hydrogel were prepared
using this procedure (Table 1).

Table 1. Hydrogel samples and their compositions. The hydrogels were prepared using water, gelatin (GEL), agar (AG),
sodium tetraborate (B), calcium chloride (C), and glutaraldehyde (G) used in the presented ratios

Composition, wt. %
Sample . Sodium Calcium
Water Agar Gelatin tetraborate chloride Glutaraldehyde

GEL 98 - 2 - - -
GEL/B 96 - 2 2 - -
GEL/C 96 - 2 - 2 -
GEL/G 96 - 2 - - 2
0.75GEL/0.25AG 98 0.5 15 - - -
0.75GEL/0.25AG/B 96 0.5 15 2 - -
0.75GEL/0.25AG/C 96 0.5 15 - 2 -
0.75GEL/0.25AG/G 96 0.5 15 - - 2
0.5GEL/0.5AG 98 1 1 - - -
0.5GEL/0.5AG/B 96 1 1 2 - -
0.5GEL/0.5AG/C 96 1 1 - 2 -
0.5GEL/0.5AG/G 96 1 1 - - 2

2.2.2. Swelling Kinetics

For the swelling examination, three rectangular
samples with dimensions of 3x1.5 cm were cut out from
each type of hydrogel and dried at 40 °C until reaching
constant mass (mass loss below 1 mg/120s), using the

thermobalance MA 50.R (RADWAG, Radom, Poland).
Next, each of the samples was placed in 20 mL of water at
20 °C, then removed from the medium in the set time
intervals, placed on a piece of paper to remove the excess
water and finally weighed using the analytical balance AS
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110.R2 (RADWAG, Radom, Poland). After weighing, the
sample was placed back in the container with water. The
measurements were conducted after 5, 15, 30, 45, 60, 75,
90, 105, 120, 150 and 180 min of swelling. Swelling
values were calculated using Eq. (1)*

w = % X 100%, (1)

0

where W is swelling [%], m: and mo are the weights [g] of
swollen hydrogel after set time (t) and dried hydrogel,
respectively.

Swelling curves for each hydrogel were presented
using average swelling value with standard deviation
calculated for each time interval (n = 4) using OriginPro 9.0
software (OriginLab Corporation, Northamption, USA).

To analyze the swelling control mechanism,
several kinetic models were chosen to fit the experimental
data (first order, second order, and Korsmeyer — Peppas
models), using OriginPro 9.0 software (OriginLab Corpo-
ration, Northampton, USA).

In the case of the first-order kinetics (LOK), the
swelling value at any time (t) is proportional to the uptake
of a swelling agent, before reaching equilibrium swelling
(Weg)™®. The first-order kinetics is represented by Eq. (2)

L = Ky (Weq — W), 0
where: Weq is equilibrium swelling [%], W is the swelling
at time (t) [%], and K is the first—order swelling kinetics
constant [min-1].

Eq. (2) can be integrated to the nonlinear Eg. (3)

W = Weq(1—e™H45), ®)

Swelling parameters were also calculated accor-
ding to the second-order kinetics (20K) using the Eq.
(4)20

= Ky (Weq — W,)?, @
where Weq is equilibrium swelling [%], W is the swelling
at set time (t) [%], and K is the second-order swelling
kinetics constant [%~! min1].

Eq. (4) integrates to the nonlinear Eq. (5)
KWt
T 1+KWeqt
with the assumption that Wo =W =0and o =t=0.
Korsmeyer — Peppas nonlinear diffusion (KPND)
model can be applied to investigate the mechanism of wa-
ter sorption into the hydrogel matrix (Eq. (6))*. The diffu-
sion exponent (n) defines the sorption and/or release me-
chanism. According to the literature, for values 0 < n < 0.45,
the matrix is characterized by hindered Fickian diffusion,
for n = 0.45 by Fickian diffusion, for 045 < n < 1
anomalous transport, for n = 1 non-Fickian or case Il
transport and lastly for n > 1 super case Il transport??

W = WeqKgpt", (6)
where W is swelling [%], Weq is equilibrium swelling [%],
Kkp is swelling rate constant [min=1], t represents the set
time interval [min], and n is the diffusion exponent.

®)
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All models were fitted using Origin Pro 9.0
software using a nonlinear curve fit function with
instrumental weighing, where the error of swelling
measurement was taken into account.

2.2.3. Density, Average Molecular Weight
between Crosslinks, and Crosslinking Density

The density of hydrogels was obtained using the
analytical balance AS 110.R2 with Density Kit 85
(RADWAG, Radom, Poland) using hydrogel samples
after reaching their equilibrium swelling. Density was
estimated by weighing samples in air and in water. The
measurements were carried out at a room temperature of
20° C. Based on the density values, the average molecular
weight between crosslinks and crosslinking density were
calculated according to Eq. (7)%

L vas

ap(v3-22)

Me == IN(1—-Vy5)+Vas+XVa 52 ()

where M. is the average molecular weight between

crosslinks [g/mol], dp is the density of hydrogel [g/cmq],

Vs is a molar volume of water [-], V2, is a volume fraction
of hydrogel [], which can be derived from Eq. (8)

Vos =1+ 2 (- 1)1, ®)
where dy, and ds [g/cm®] are densities of hydrogel and
solvent, respectively, and Ma, My [g] are weights of
swollen and dried hydrogel, respectively.

Furthermore, y is the solvent interaction parameter,
which can be calculated knowing the value of V.5 by
using Eqg. (9)

_ n(1-Vas)tVas
=== ©)
To calculate the average density Eq. (10) was

used?
d

dc = M_i' (10)
where g is the average crosslinking density [mol/dm?], d,
is the density [g/cm®] and M. indicates the average
molecular weight between crosslinks [g/mol].

2.2.4. Contact Angle

To measure the contact angle of dried hydrogel
samples, a goniometer 90-U3-PRO (Rame-Hart, Succa-
sunna, USA) with Drop Image Pro software (Media
Cybernetics, Rockville, USA) was used with anhydrous
glycerol (Gly), ethylene glycol (EG) and diiodomethane
(DJM) as measuring liquids. Three measurements for each
sample and each liquid were taken at room temperature.
Collected data was then used for the calculation of the sur-
face energy of solids using the Good- van Oss-Chaudhury
model embedded in the above-mentioned software.
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2.2.5. Optical Microscopy

The evaluation of changes in the microstructure of
hydrogels was examined using the Delta Optical MET-
1000-TRF optical microscope working in reflection mode
using MTR3CMOS20000KPA camera and ToupView
software.

3. Results and Discussion

3.1. Swelling Kinetics

Swelling kinetic parameters (Weq, K1, n, Kkp) for all
analyzed samples are presented in Table 2, while swelling
graphs are shown in Fig. 1. Values of equilibrium swelling
were obtained from first- and second-order kinetic models.
The highest value of equilibrium swelling was observed for
GEL/C sample, which was equal to 1453 + 29 % and 1617
+ 76 % for first and second order Kinetic respectively. On
the other hand, the lowest Weq was noted for 0.5GEL/
0.5AG/G sample with values of 174.3 + 9.0 % for 10K and
192.5 £ 9.8 % for 20K. The addition of agar to hydrogels
caused a decrease in swelling values compared to corres-
ponding samples with gelatin only, regardless of the used
crosslinking agent. Comparing samples with different agar
amounts, the trend in swelling is not clear — for samples
without a crosslinking agent and with glutaraldehyde, a
significant drop in swelling was observed with higher agar
amount in the composition. On the other hand, such effect
was not observed for samples crosslinked with borax and
calcium chloride. A similar relation was observed by P. M.
Pandey et al. in their work. The researchers investigated
hydrogels based on gelatin with an addition of different
amounts of agar: from a pure 20 % gelatin solution to a 1:4
ratio (20 % gelatin solution: 2 % agar solution), crosslinked
with glutaraldehyde. The obtained results were analogous to
those described above, swelling values of prepared materials
were decreasing with an increase of agar to gelatin ratio in
the structure®. Even though hydrogel compositions with the
addition of agar reached lower swelling values, they were
also characterized by a more rapid swelling process, as they
reached equilibrium swelling faster than samples based on
pure gelatin.

Fig. 1 shows that most hydrogels with the addition
of agar reached their final weight (and swelling as a
result) after approximately 15 minutes of water sorption.
Furthermore, comparing crosslinking agents, the
equilibrium swelling was higher for samples with the
addition of calcium chloride and borax, and, contrastingly,
it was lower after crosslinking with glutaraldehyde. Both
calcium chloride and borax cause physical crosslinking of
the hydrogel structure, while glutaraldehyde leads to the
creation of durable chemical bonds. The chemically
crosslinked hydrogel network (with glutaraldehyde) was

Olga Zawadzka et al.

more densely packed than the network with weaker
physical bonds (created by CaCl, and borax), which
provides higher crosslinking density but, as a result, a
lower ability to absorb water. Interestingly, in the case of
hydrogel without agar but with the addition of CaCl,, swe-
lling results indicate the loosening of the hydrogel
structure as opposed to the expected crosslinking.
Compared to the GEL sample, GEL/C had both higher
Weq and K values regardless of the model. It is probably
due to interactions between Ca?* ions with the carboxylic
acid groups within individual polypeptide chains?*. Such
interactions, also potentially resulting in the blocking of
internal hydrogen bonding in gelatin chains, could also be
justified by the decrease in swelling after 75 minutes of
the experiment, suggesting that loosened hydrogel
structure allowed unbound chains to be slowly dissolved
in water. Such behavior was not observed for the sample
with the addition of borax (GEL/B), probably because
borax has a bulkier structure, allowing different parts of
borax to interact with different gelatin chains, which is not
possible for Ca?* ions.

Obtained swelling kinetic constants were in the
range from 0.0438 + 0.0049 min~ to 0.70 + 0.11 min™*
and for 10K and from (0.515 + 0.048) - 10* %! min~! to
(39.4 £ 5.3) - 10* % min~ for 20K respectively. The
values of K and K> were the highest for samples with 1:1
gelatin-to-agar ratio and the lowest for samples without
the addition of agar. The more agar was added to the
composition, the higher were the K; and K> values. An
exception for this trend was observed for
0.75GEL/0.25AG/C sample, for which K, was equal to
(260 + 280) - 109%™ min-L. This deviation is due to the
decrease of swelling after 15 minutes of the experiment,
which could indicate that although Ca?* ions crosslinked
the agar in the hydrogel structure, the gelatin was not
bound and could be slowly rinsed from the structure,
resulting in lowered sample mass at later experiment
stages. The 20K model is especially sensitive to such
swelling changes in the first measurement points, thus for
this sample, a rather sudden drop in its weight led to a
standard deviation higher than the actual value.

The fitting of the Korsmeyer — Peppas model did not
lead to obtaining equilibrium swelling values but allowed to
calculate diffusion exponent (n) instead. All compositions
were characterized by an n value lower than 0.45, which
indicates a hindered Fickian water diffusion through the
hydrogel matrix. The highest n was observed for the GEL
sample (0.233 + 0.025), which was the closest to reaching the
Fickian diffusion mechanism (n = 0.45)%, while the lowest n,
equal to 0.065 £ 0.012, was noted for 0.75GEL/0.25AG.
Overall, higher n values were obtained for samples based on
pure gelatin and were slightly lower for samples with the
addition of agar. An exception was 0.5GEL/0.5AG/G sample
which was characterized by a higher value (n = 0.203 £
0.017) than other gelatin-agar compositions.
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Table 2. Equilibrium swelling and swelling kinetics constant values of the gelatin-based hydrogels
First order (non-linear) Second order (non-linear) Korsmeyer — Peppas
Sample Weg, K1, ) Weg, K, x107%, ) Kk, 2
% min R % % min™ R n min R
1135 0.0438 1267 0.515 0.233 364
GEL £20 | 00049 | 9997 | +16 | o048 | 99| o025 | a4 | 099
521.1 0.095 547.4 2.53 0.1729 217
GEL/B x00 | +0021 | 9982 | 4754 +049 | 998 +o0002 | +11 | 9%
1453 0.0618 1617 0.54 0.230 500
GEL/C +29 | 00076 | %97 | 76 +018 | 99| so061 | x140 | %97
436.6 0.1180 472 4615 0.168 213
GEL/G +63 | 00063 | 999 | +13 | o650 | 99| +o0020 | 23 | 0980
075GEL0.25AG | 29g | A0 | oegs | 43> | 178 ) ogeg| 0005 | 308 oom
0.75GELI0.25AGB | 4008 | 03180 | 0999 | 4202 | B3 |ogee | XM 2721 o974
0.75GELI025AGIC | Yoo | 070 | ogeo | 437 | 20 |o0gee | KB 23 o060
0.75GELI025AGIG | 2R%Z | OLI% | ogrs | 325 1 1101 gges | 0413 ) 1828 1 ggg7
270.8 0.428 277.7 37.0 0.095 185
0.5GELI0.5AG +32 | +0077 | 9989 | o5 74 |99 o017 | 13 | 0962
05GEL0SAGE | 420 | B3 L ogee | 4B | RL osee | KO0 | 278 | 09es
05GELIOSAGIC | 4272 | B8 | gges | 30 | M8 1ogeg | 121 23| 0977
05GEL0SAGIG | L3S | OATE | ogo7 | 1925 ST ome | 2203 | 29| 0900
a ) 1600 o GEL b 1600 o GEL
& 0.75GELID.25AG ®-- 0.75GEL/0.25AG
1400 4 ® - 0.5GELI0.SAG | 1400 < - (5GELD.SAG
12004 : 12004
& 1000 +; $ * : & 1000+
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Fig. 1. Swelling behaviour of gelatin-based hydrogels. Samples: a — without crosslinking agent;
b — with sodium tetraborate; ¢ — with calcium chloride; d — with glutaraldehyde
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3.2. Density, Average Molecular Weight
between Crosslinks and Crosslinking
Density

The density of obtained materials was in a range
from 1.0096 + 0.0013 g/cm? to 1.0338 + 0.0064 g/cm?®
which was only slightly higher than the value of water
density (equal approximately to 1 g/cm®) because most
(96-98 wt. %) of all hydrogels’ compositions was water.
Measurements of density and swelling allowed us to
further calculate the average molecular weight between
crosslinks (Mc) and crosslinking density (gc) of
hydrogels’, presented in Table 3.

The lowest M. (79 = 12 g/mol) and the highest gc
(13.1 £ 2.3 mol/dm?3) were obtained for 0.5GEL/0.5AG/G
sample, which was characterized by the lowest equilibrium
swelling. Respectively, the highest M¢ (1418 + 72 g/mol)
and the lowest gc (0.714 + 0.034 mol/dm3) were noted for
the sample with the highest swelling — GEL/C. High qc
values indicated a high crosslinking level of the polymer
network, which led to high crosslinking density, low
average molecular weight between crosslinks, and, as a
result, lower ability to absorb high amounts of medium.
Analogously to swelling results, the addition of agar to
gelatin composition caused a decrease in average molecular
weight between crosslinks and an increase in crosslinking
density. The hydrogels with 1:1 gelatin-to-agar ratio were
characterized by the lowest M¢ and the highest gc out of
non-crosslinked compositions. Furthermore, samples with
glutaraldehyde that are strongly, chemically crosslinked
were characterized by the highest gc and lowest Mc, while
compositions crosslinked physically with CaCl, and borax
reached much lower gcand higher M values.

The dependence between M. and swelling values
was observed in many experimental works by others, but
one of the first mentions was found in an article from
1976 by N. Peppas and E. W. Merrill, where the authors
determined M. based on swelling results of PVA-based
hydrogels?®. The relation between swelling behavior,

average molecular weight between crosslinks, and
crosslinking density was also described by G. Hoti et al.,
where researchers were investigating ester-bridged f-
cyclodextrin nanosponges. G. Hoti et al. observed higher
swelling ability in aquatic media for samples with higher
M and lower qc values, similar to the obtained
experimental results®®.

3.3. Contact Angle

Measurements of contact angle, surface energy,
and work of adhesion for the obtained hydrogels in their
dehydrated state were investigated in contact with three
measuring liquids: glycerol, ethylene glycol, and
diiodomethane. Results of measurements with glycerol
were presented in Table 4, while a comparison of contact
angles for 0.75GEL/0.25AG-based  compositions
measured with three liquids, as well as calculated polar
and dispersive components of surface energy, were shown
in Table 5. All the results were also presented in the form
of graphs in Fig. 2.

Glycerol contact angle (CA) values were in a range
from 41.5 £ 7.1° for the GEL/G sample to 63.7 £ 3.3° for
the GEL sample. Most of the samples were characterized
by comparable CA values, reaching approximately 60°,
while crosslinking with glutaraldehyde caused a visible
decrease of contact angle for all gelatin-agar compo-
sitions, falling under 50°. The observations may indicate
an increase of hydrophilicity for chemically crosslinked
samples, while for other samples the differences were
within measuring error. The direct measurement of the
water contact angle was not possible due to the rapid
absorption of the liquid. Surface free energy (SFE) of
hydrogels was in range from 38.3 + 1.9 mJ/m? (GEL) to
50.2 + 3.6 mJ/m? (GEL/G). The values of SFE were
opposite to CA, the highest SFE value was observed for
the lowest CA. Contrastingly to SFE, work of adhesion
(WA) (range from 91.0 + 3.3 mJ/m?to 110.1 + 5.2 mJ/m?)
was higher for the samples characterized by higher CA
and lower SFE.

Table 3. Density, average molecular weight between crosslinks and crosslinking density of the gelatin-based hydrogels

g g mol
Sample dp m—3] Mc E] Pe ﬁ]
GEL 1.024 +0.024 1101 £59 0.931 +0.043
GEL/B 1.0174 +0.0045 303+19 3.33+0.15
GEL/C 1.0178 +0.0042 1418+72 0.714 +0.034
GEL/G 1.0096 +0.0013 209 +50 50+12
0.75GEL/0.25AG 1.023+0.015 2148+9.1 4.77+0.15
0.75GEL/0.25AG/B 1.0289 +0.0058 225+ 27 4.63 +0.60
0.75GEL/0.25AGIC 1.019+0.012 244 + 24 4.21+041
0.75GEL/0.25AG/G 1.031+0.015 140.7+9.7 7.35+0.42
0.5GEL/0.5AG 1.019+0.017 111+15 93+11
0.5GEL/0.5AG/B 1.0338 + 0.0064 23015 4.41+0.27
0.5GEL/0.5AG/C 1.012+0.018 229+ 22 4.54 +0.37
0.5GEL/0.5AG/G 1.0184 +0.0084 79+12 13.1+23
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Fig. 2. Contact angle investigation on gelatin-based hydrogels. a — glycerol contact angle; b — one liquid surface free energy; ¢ — one
liquid work of adhesion; d — comparison of one and three liquids total free surface energies for 0.75GEL/0.25AG based samples

Table 4. Contact angle, surface energy and work of adhesion in contact with glycerol of the gelatin-based hydrogels

Sample Contact angle, ° Surface free energy, mJ/m? | Work of adhesion, mJ/m?
GEL 63.7+3.3 38.3+1.9 91.0+3.3
GEL/B 61.7+13 39.41+£0.68 93.0+1.2
GEL/C 60.4+3.0 40.2+1.7 94.3+29
GEL/G 415+71 50.2+3.6 110.1+5.2
0.75GEL/0.25AG 57.0+46 42.0+25 97.4+42
0.75GEL/0.25AG/B 61.8+34 39.4+£19 92.9+3.3
0.75GEL/0.25AG/C 50.1+26 409+15 954+25
0.75GEL/0.25AG/G 48.6+4.1 46.6 £2.2 104.7+3.4
0.5GEL/0.5AG 58.6 £5.9 41.1+33 95.9+5.6
0.5GEL/0.5AG/B 59.6+3.2 40.6+1.8 95.0+3.1
0.5GEL/0.5AG/C 63.0+4.9 38.7+28 91.7+49
0.5GEL/0.5AG/G 48.7+79 465+4.2 1045+6.7

Total surface energy, as well as its polar and
dispersive components, were calculated based on the
results of measurements with three (polar and
nonpolar) measuring liquids. Total SFE gives us
information about the wettability of the measured
materials’ surfaces. With an increase of SFE values,
the wettability of the surface also increases. Similarly

to the measurements with glycerol, only samples
crosslinked with glutaraldehyde exhibited different
results (22.10 + 0.83 mJ/m?), while for other samples
obtained SFEs were around 41 mJ/m?. Interestingly,
concerning samples crosslinked with borax and CaCly,
despite having similar Weq and total SFE, the polar
component was largely different.
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Table 5. Contact angle and surface free energy values for selected compositions, calculated based on the results of
measurements with 3 measuring liquids for 0.75GEL/0.25AG-based hydrogels

Contact angle, ° Surface free energy of solid, mJ/m?
Sample Glycerol Ethylene Diiodomethane Polar Dispersive Total Polar Polar
glycol [+] [-]
1.90 40.90 42.80 0.03 28.7
0.75GEL/0.25AG 57.0+46 | 374+43 375+54 +0.99 +037 +097 | +0.04 +49
15 40.40 41.90 1.30 0.46
0.75GEL/0.25AG/B | 61.8+3.4 | 36.9+25 39.7+5.2 +04 +033 +051 | +013 | +029
-3.10 43.50 40.40 2.40 0.97
0.75GEL/0.25AG/C | 59.1+2.6 | 30.1+25 31.8+3.2 4071 +0921 +075 | +016 | +039
-21.50 43.6 22.10 0.95 121.0
0.75GEL/0.25AG/G | 48.6+4.1 | 33.0+1.2 315+49 +0.94 +03 +083 | 007 123

3.3. Optical Microscopy

The surfaces of the obtained hydrogel samples
were examined using optical microscopy. The
micrographs were presented in Fig. 3 for dried
0.75GEL/0.25AG hydrogels and in Fig. 4-6 for swollen
GEL, 0.75GEL/0.25AG and 0.5GEL/0.5AG hydrogels,
respectively. Main differences were observed between
samples containing various crosslinking agents. Hydrogel
samples without crosslinking agents were characterized
by significantly smoother surfaces. Materials modified
with glutaraldehyde had the most uneven, rough surface in
comparison to other hydrogel compositions. On GEL,
GEL/B, and GEL/C surfaces several cracks could be
observed. Single bubbles that could be seen on some of
the surfaces were probably a result of transferring the
hydrogel solution into a Petri dish to solidify. The
observed pattern, strongly visible mainly in Fig. 3, a and
Fig. 4, b and c is a result of dehydrating the samples on a
Teflon mat to avoid adhesion to the container.

4. Conclusions

In this work, the effects of the type of crosslinking
agent and agar content on the swelling Kinetics, contact
angle, and microstructure of gelatin-based hydrogels were
presented. Results indicate the pronounced effect of
glutaraldehyde on the hydrogels affecting all measured
properties. The most optimal properties were observed for
gels with the addition of agar and crosslinked with borax
(0.75GEL/0.25AG/B and 0.5GEL/0.5AG/B). These two
gel types had uniform structures and were characterized
by moderate equilibrium swelling values, which were
rapidly achieved just after 15 minutes of immersion in
water. Furthermore, these gels were characterized by
contact angles and SFEs in the optimal range for cell
growth. Therefore, these composite hydrogel structures
may be an interesting option for use, e. g., wound
dressings, bioinks, or cell scaffolds. Future studies in this
regard should focus on cell viability, rheological
properties, and swelling in physiological mediums.

Fig. 3. Micrographs of the dried 0.75GEL/0.25AG hydrogels: a — without crosslinking agent;
b — with sodium tetraborate; ¢ — with calcium chloride; d — with glutaraldehyde
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Fig. 4. Micrographs of the swollen GEL hydrogels: a — without crosslinking agent;
b — with sodium tetraborate; ¢ — with calcium chloride; d — with glutaraldehyde

; B pey el : -‘&y, A (.
Fig. 5. Micrographs of the swollen 0.75GEL/0.25AG hydrogels: a — without crosslinking agent;
b — with sodium tetraborate; ¢ — with calcium chloride; d — with glutaraldehyde

b — with sodium tetraborate; ¢ — with calcium chloride; d — with glutaraldehyde



268

Acknowledgements

Financial support of these studies from Gdansk
University of Technology by the DEC-10/2/2023/IDUB/
111.1Ra/2023 grant under the Radium Learning Through
Research Programs — “Excellence Initiative — Research
University” program is gratefully acknowledged.

Financial support of these studies from Gdansk
University of Technology by the DEC-20/1/2022/IDUB/
I11.4c/Tc grant under the Technetium Talent Management
Grants — “Excellence Initiative — Research University”
program is gratefully acknowledged.

References

[1] Suberlyak, S.; Petrina, R.; Grytsenko, O.; Baran, N.; Komar, A;
Berezhnyy, B. Investigation of the Sorption Capacity of
Polyvinylpyrrolidone Copolymers As the Basis of Hydrogel
Cosmetic Masks with Plant Biomass Extracts. Chem. Chem.
Technol. 2022, 16, 555-563.
https://doi.org/10.23939/chcht16.04.555

[2] Jacob, S.; Nair, A. B.; Shah, J.; Sreeharsha, N.; Gupta, S.; Shinu,
P. Emerging Role of Hydrogels in Drug Delivery Systems, Tissue
Engineering and Wound Management. Pharmaceutics 2021, 13,
357. https://doi.org/10.3390/pharmaceutics13030357

[3] Bukartyk, M. M.; Nosova, N. G.; Maikovych, O. V.; Bukartyk,
N. M.; Stasiuk, A. V.; Dron, I. A.; Fihurka, N. V.; Khomyak, S. V.;
Ostapiv, D. D.; Vlizlo, V. V., et al. Preparation and Research of
Properties of Combined Alginate/Gelatin Hydrogels. J. Chem.
Technol. 2022, 30, 11-20.
https://doi.org/10.15421/jchemtech.v30i1.242230

[4] Qiao, C.; Cao, X.; Wang, F. Swelling Behavior Study of
Physically Crosslinked Gelatin Hydrogels. Polym. Polym. Compos.
2012, 20, 53-58. https://doi.org/10.1177/0967391112020001-210
[5] Pandey, P. M.; Nayak, S. K.; Shaw, G. S.; Uvanesh, K.;
Banerjee, I.; Al-Zahrani, S. M.; Anis, A.; Pal, K. An in-Depth
Analysis of the Swelling, Mechanical, Electrical, and Drug Release
Properties of Agar-Gelatin Co-Hydrogels. Polym. Plast. Technol.
Eng. 2017, 56, 667-677.
https://doi.org/10.1080/03602559.2016.1211694

[6] Liu, T.; Zhang, Y.; Sun, M.; Jin, M.; Xia, W.; Yang, H.; Wang,
T. Effect of Freezing Process on the Microstructure of Gelatin
Methacryloyl Hydrogels. Front. Bioeng. Biotechnol. 2021, 9.
https://doi.org/10.3389/fbioe.2021.810155

[7] Omer, A. M.; Sadik, W. A.-A.; El-Demerdash, A.-G. M,;
Hassan, H. S. Formulation of PH-Sensitive Aminated Chitosan—
Gelatin Crosslinked Hydrogel for Oral Drug Delivery. J. Saudi
Chem. Soc. 2021, 25, 101384.
https://doi.org/10.1016/j.jscs.2021.101384

[8] Alipal, J.; Mohd Pu’ad, N. A. S.; Lee, T. C.; Nayan, N. H,;
Sahari, N.; Basri, H.; Idris, M. I.; Abdullah, H. Z. A Review of
Gelatin: Properties, Sources, Process, Applications, and
Commercialisation. Mater. Today Proc. 2021, 42, 240-250.
https://doi.org/10.1016/j.matpr.2020.12.922

Olga Zawadzka et al.

[9] Mohanto, S.; Narayana, S.; Merai, K. P.; Kumar, J. A.; Bhunia,
A.; Hani, U.; Al Fatease, A.; Gowda, B. H. J.; Nag, S.; Ahmed,

M. G., et al. Advancements in Gelatin-Based Hydrogel Systems for
Biomedical Applications: A State-of-the-Art Review. Int. J. Biol.
Macromol. 2023, 253, 127143.
https://doi.org/10.1016/j.ijbiomac.2023.127143

[10] Mushtaq, F.; Raza, Z.A.; Batool, S. R.; Zahid, M.; Onder, O.
C.; Rafique, A.; Nazeer, M. A. Preparation, Properties, and
Applications of Gelatin-Based Hydrogels (GHs) in the
Environmental, Technological, and Biomedical Sectors. Int. J. Biol.
Macromol. 2022, 218, 601-633.
https://doi.org/10.1016/j.ijbiomac.2022.07.168

[11] Skopinska-Wisniewska, J.; Tuszynska, M.; Olewnik-
Kruszkowska, E. Comparative Study of Gelatin Hydrogels Modified
by Various Cross-Linking Agents. Materials (Basel) 2021, 14, 396.
https://doi.org/10.3390/ma14020396

[12] Yang, Z.; Hemar, Y.; Hilliou, L.; Gilbert, E. P.; McGillivray,
D.J.; Williams, M. A. K.; Chaieb, S. Nonlinear Behavior of Gelatin
Networks Reveals a Hierarchical Structure. Biomacromolecules
2016, 17, 590-600. https://doi.org/10.1021/acs.biomac.5b01538
[13] Maikovych, O.; Nosova, N.; Bukartyk, N.; Fihurka, N.;
Ostapiv, D.; Samaryk, V.; Pasetto, P.; Varvarenko, S. Gelatin-Based
Hydrogel with Antiseptic Properties: Synthesis and Properties. Appl.
Nanosci. 2023, 13, 7611-7623. https://doi.org/10.1007/s13204-023-
02956-6

[14] Ali, S.; Ranjha, N. M.; Ahmad, B.; Khan, A. A.; Hassan, F. U.;
Aziz, T.; Alharbi, M.; Alshammari, A.; Alasmari, A. F.; Alharbi,

M. E. Sustained Release of Drug Facilitated Through Chemically
Crosslinked Polyvinyl Alcohol-Gelatin (PVVA-GE) Hydrogels. A
Sustainable Biomedical Approach. Polish J. Chem. Technol. 2023,
25, 56-65. https://doi.org/10.2478/pjct-2023-0017

[15] Moshayedi, S.; Sarpoolaky, H.; Khavandi, A. Fabrication,
Swelling Behavior, and Water Absorption Kinetics of Genipin -
crosslinked Gelatin—Chitosan Hydrogels. Polym. Eng. Sci. 2021, 61,
3094-3103. https://doi.org/10.1002/pen.25821

[16] Dron, I.; Nosova, N.; Fihurka, N.; Bukartyk, N.;
Nadashkevych, Z.; Varvarenko, S.; Samaryk, V. Investigation of
Hydrogel Sheets Based on Highly Esterified Pectin. Chem. Chem.
Technol. 2022, 16, 220-226.
https://doi.org/10.23939/chcht16.02.220

[17] Heidarian, P.; Kouzani, A. Z. A Self-Healing Nanocomposite
Double Network Bacterial Nanocellulose/Gelatin Hydrogel for
Three Dimensional Printing. Carbohydr. Polym. 2023, 313, 120879.
https://doi.org/10.1016/j.carbpol.2023.120879

[18] Kundakei, S.; Ogiit, H. G.; Uziim, O. B.; Karadag, E. Swelling
Characterization and Adsorptive Features of Acrylamide/ltaconic
Acid Hydrogels and Semi-1PNs for Uranyl lons. Polym.-Plast.
Technol. Mater. 2012, 51, 1550-1561.
https://doi.org/10.1080/03602559.2012.716132

[19] Uspenskaya, M. V; Sitnikova, V. E.; Dovbeta, M. A;
Olekhnovich, R. O.; Denisyuk, I. Y. Sorption Properties of Clay and
Pectin-Containing Hydrogels. Recent Res. Polym. 2018.
https://doi.org/10.5772/intechopen.71190

[20] Katime, I.; Mendizébal, E. Swelling Properties of New
Hydrogels Based on the Dimethyl Amino Ethyl Acrylate Methyl
Chloride Quaternary Salt with Acrylic Acid and 2-Methylene



Investigation on the Swelling Kinetics of Gelatin Based Hydrogels

Butane-1,4-Dioic Acid Monomers in Aqueous Solutions. Mater.
Sci. Appl. 2010, 01, 162-167.
https://doi.org/10.4236/msa.2010.13026

[21] Sharma, S.; Dua, A.; Malik, A. Biocompatible Stimuli
Responsive Superabsorbent Polymer for Controlled Release of
GHK-Cu Peptide for Wound Dressing Application. J. Polym. Res.
2017, 24, 1-8. https://doi.org/10.1007/s10965-017-1254-z

[22] Fosca, M.; Rau, J. V.; Uskokovi¢, V. Factors Influencing the
Drug Release from Calcium Phosphate Cements. Bioact. Mater.
2022, 7, 341-363. https://doi.org/10.1016/j.bioactmat.2021.05.032
[23] Bukhari, S. M. H.; Khan, S.; Rehanullah, M.; Ranjha, N. M.
Synthesis and Characterization of Chemically Cross-Linked Acrylic
Acid/Gelatin Hydrogels: Effect of PH and Composition on Swelling
and Drug Release. Int. J. Polym. Sci. 2015, 2015, 1-15.
https://doi.org/10.1155/2015/187961

[24] Xing, Q.; Yates, K.; Vogt, C.; Qian, Z.; Frost, M.C.; Zhao, F.
Increasing Mechanical Strength of Gelatin Hydrogels by Divalent
Metal Ion Removal. Sci. Rep. 2014, 4, 4706.
https://doi.org/10.1038/srep04706

[25] Peppas, N. A.; Merrill, E. W. Poly (Vinyl Alcohol) Hydrogels:
Reinforcement of Radiation-crosslinked Networks by

269

Crystallization. J. Polym. Sci. Polym. Chem. Ed. 1976, 14, 441-457.
https://doi.org/10.1002/pol.1976.170140215 [26] Hoti, G.; Caldera,
F.; Cecone, C.; Rubin Pedrazzo, A.; Anceschi, A.; Appleton, S. L.;
Khazaei Monfared, Y.; Trotta, F. Effect of the Cross-Linking
Density on the Swelling and Rheological Behavior of Ester-Bridged
B-Cyclodextrin Nanosponges. Materials (Basel) 2021, 14, 478.
https://doi.org/10.3390/ma14030478

Received: April 26, 2024 / Revised: June 20, 2024 /
Accepted: June 28, 2024

JOCJI/UKEHHS KIHETUKN HABYXAHHSA
I'TIPOI'EJIIB HA OCHOBI KEJIATUHY

Anomauin. OOepoicano HU3Ky 2iopoeeni¢ Ha OCHOBI
JHcenamury ma OemanbHO BUSYEHO 6WIUE DISHUX 3UUBAIOUUX
azenmie i emicmy acapy. Pesynemamu noxazyiome, wo 6ypa i
2nymapanvoezio € Xopoutumu suuearouumu azenmamu. Kpim moeo,
yci 3pasku. ONUCAHO YMPYOHeHOoIo QiKiecbKoto Jughysicio 600u, wo
POOUMB IX YIKABUM BUOOPOM OISt MEOUYHUX 3ACMOCYBAHD.

Knrouoei cnosa: oswcenamun, aeap, Kinemuxa HAOyXaHmHs,
BUUBAHHS, 2I0PO2elb.



