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Abstract: Golden berry (Physalis peruviana) is a fruit that is natively cultivated in the Andean region. Due to
its significant nutritional and functional properties, golden berry has been gradually attracting worldwide
attention. In this study, oven and vacuum oven drying of golden berries were performed at 60, 70 and 80
°C. Throughout the experiments, the drying kinetic parameters of effective moisture diffusivity (De«) and
activation energy (E.) were investigated. Moreover, mathematical modeling of drying data was established
with the most known modeling equations presented in literature. Experiments revealed that the drying
times decreased with increasing temperature and with vacuum addition. The highest and lowest drying
times were encountered as 480 minutes in oven drying at 60 °C, and 195 minutes in vacuum oven drying at
80 °C, respectively. D« values were calculated between 1.95x101°-3.80x107° m?/s and 2.20%x107°-5.45%x10"
%' m?/s for oven and vacuum oven drying, respectively. E, values, on the other hand, were found as 32.81
kJ/mol for oven drying and 44.30 kJ/mol for vacuum oven drying. Among the fourteen mathematical models
applied to drying curve data, Midilli & Kucuk model provided the best fit for both oven and vacuum oven
drying.
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1. INTRODUCTION Olszanska et al., 2017; Puente et al.,, 2021). It is

widely used in the field of medicine for the remedy

Golden berry (Physalis peruviana), also called cape
gooseberry, is an exotic fruit that is natively
cultivated in the Andean region of the world
(Etzbach et al., 2020; Junqueira et al.,, 2017). It is
covered by a yellow peel and is protected through a
surrounding dry parchment-like husk, named as
calyx, which serves as a protective shield against
adverse climatic conditions, birds, and insects
(Bravo & Osorio, 2016; Lopez et al., 2013; Nawirska-
Olszanska et al., 2017). It is a functional food that
attracts particular attention due its nutritional
composition and content of bioactive components.
Golden berries contain substantial amount of
vitamins (especially Vitamins A, C, K, and B
complexes), minerals, fibers, ascorbic acid,
polyphenols and carotenoids (Bravo & Osorio, 2016;
Junqueira et al., 2017; Lopez et al., 2013; Nawirska-

of various diseases, due to its anti-parasitic, anti-
infectious, and diuretic properties (Bravo & Osorio,
2016). It was reported that golden berries are used
in the treatment of cancer, hypertension, asthma,
ulcer, hepatitis, dermatitis, malaria, and rheumatism
(Karacabey, 2016; Ramadan, 2011). The high levels
of Vitamin K, which is responsible for protein
synthesis in charge of blood clotting and bone
metabolism, reduce the risk of cardiac diseases and
occurrence of cancer (Ramadan, 2011). Due to its
fructose content, golden berry is also recommended
for diabetics (Nawirska-Olszanska et al.,, 2017;
Ramadan, 2011).

Considering all of the aforementioned desirable
nutritional and functional properties, golden berry is

1 This paper was orally presented at the 1st IKSTC on 1-3 September 2022, Cankiri, Turkey.
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gradually becoming a fruit of particular interest to
the food industry. Nevertheless, golden berry is a
rapidly perishable fruit, a property of which hinders
its desired commercialization. Consequently, this
phenomenon necessitates the investigation of
efficient methods for the extensive preservation of
golden berries. One of these preservation methods
is drying. The main objective of food drying is to
preserve foods and to increase their shelf lives, by
decreasing their moisture contents in order to inhibit
the activities of microorganisms. Moreover,
transport and storage costs are reduced, since the
use of refrigeration systems is not necessary. There
are many conventional methods employed for the
drying of fruits; however among these methods,
oven drying offers the easiest and simplest and
application. Furthermore, it provides a more
homogeneous, hygienic, and rapid drying than the
other conventional methods. In some studies, oven
drying is assisted with the use of vacuum. Vacuum
assistance protects fruits against oxidation, while
simultaneously preserving their nutritional values,
texture, taste, and color (Calin-Sanchez et al., 2014;
Guiné, 2018; Kaleta & Goérnicki, 2010; Pan et al.,
2008).

In this study, oven and vacuum oven drying of
golden berries were investigated. Although there are
numerous articles in the literature regarding the
antioxidant properties of  golden berries,
investigation on their drying characteristics is still
very scarce. This being the motivation of the present
research, golden berry drying experiments were
performed at 60, 70, and 80 °C. Moreover, drying
kinetic parameters including the effective moisture
diffusivities and activation energies were calculated.
Fourteen mathematical models present in the
literature were applied to the drying curve data. The
results obtained for drying with and without the
assistance of vacuum were comparatively
evaluated.

2. MATERIALS AND METHODS

2.1. Sample Preparation

Golden berries used in the experiments, cultivated
in Mersin province of Turkey, were bought from a
local supermarket in istanbul, on October 2021.
Similar sized golden berries were selected for the
experiments with approximate radii of 2 cm. Before
the experiments, the golden berries were
horizontally divided into two pieces for the
investigation of thin layer diffusion process. In each
experiment, 10 g of golden berry samples were
used, which were equivalent to two or three golden
berries for each run. Prior to drying, the initial
moisture content of the golden berries was
determined by AOAC method (AOAC International,
1975), using a KH-45 hot air drying oven (Kenton,
Guangzhou, China) at 105 °C for 2 hours. In this
regard, the initial moisture content of the golden
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berries was determined as 74.93% on wet basis, and
2.989 kg of water/kg dry matter.

2.2. Drying Methods

In this study, two different drying methods were
used for the drying of golden berries, which were
oven drying and vacuum oven drying. In oven
drying, NlUve EV-018 model oven (NUve, Ankara,
Turkey) was used. In vacuum-oven drying, on the
other hand, the same oven was used with KNF
NO22AN.18 model vacuum pump (KNF, Freiburg,
Germany). The pressure inside the oven was
measured as 0.3 atm during the experiments. In
order to calculate the kinetic parameters, the
experiments were performed at three different
temperatures that were 60, 70, and 80 °C. During
the drying process, the golden berries were weighed
by a Radwag AS 220.R2 digital balance (Radwag,
Radom, Poland) in every 15 minutes. When the
weights of the golden berries were reduced to
approximately 5% of the moisture content, the
drying process was stopped.

2.3. Drying Kinetics

In order to calculate the kinetic parameters, the
moisture content (M) as kg water/kg dry matter, the
drying rate (DR) as kg water/(kg dry matterxmin)
and the moisture ratio (MR) as dimensionless were
calculated by using Equations (1), (2) and (3),
respectively (Baslar et al., 2014; Doymaz et al.,
2016; Ismail & Kocabay, 2018):

m
M=—" (Eq. 1)
my
M, —M
DR= t+dt t Eq. 2
di (Eq. 2)
MI_Me
MR= (Eq. 3)
MO_Me

In the aforementioned equations, m, represents the
water content of the golden berries in kg, mq is their
dry matter content in kg, t is the drying time in
minutes and My.q is the amount of moisture during
the time t+dt in kg water/kg dry matter. Mo, M; and
M. represent the amount of initial moisture,
moisture at any time t and moisture at equilibrium,
respectively. Since the moisture Ilevels at
equilibrium are very low compared to the initial and
instantaneous moisture values, M. is neglected in
the calculations (Amiri Chayjan & Shadidi, 2014;
Calin-Sénchez et al., 2014).

To describe moisture diffusion in food drying, which
usually occurs during the falling rate period, Fick's
second law of diffusion is used (Crank, 1975). In the
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present study, in order to perform the analytical
solution of this equation, several assumptions were
made, which are presented as follows:

* The shrinkage of the golden berries
neglected,

* The diffusion coefficient was accepted as constant,
* The mass transfer was assumed to occur
symmetrically with respect to the center, only by

diffusion.

was

Taking into account the foresaid assumptions, the
analytical solution of Fick’'s second law for a thin
layer with a thickness of 2 L is calculated with
respect to Equation (4):

8w 1 —(2n+1)’n’D <t
MR=—; ex .
nznzzll (2n+1) P AL’

(Eq. 4)

In Equation (4) n is a positive integer, D is the
effective moisture diffusivity in m?/s, t is the time in
seconds and L is the half of the sample thickness in
meters. For elongated drying times, n is assumed as
1 (Doymaz et al., 2016; Ismail & Kocabay, 2018).
Thus, Equation (4) can be simplified to Equation (5)
as presented below:

HZDefth

AL (Eqg. 5)
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By using Equation (5), Der can be calculated from
the slope of In(MR) versus t plot. Once D is
calculated, its relation with temperature can be

expressed by Arrhenius equation, which is
presented in Equation (6) (19):
D,.=D —E, ( )
=D exp| —F————— Eqg. 6
o = o P BT +273.15]
In the aforementioned equation D, is the pre-

exponential factor in m?s, E, is the activation
energy in kJ/mol, R is the universal gas constant in
kJ/(molxK) and T is the drying temperature in °C.
The activation energy, E., can be calculated from
the slope of In(Dex) versus 1/T plot.

2.4. Mathematical Modeling of the Drying

Process
For the mathematical modeling of the drying of
golden  berries, fourteen abundantly used

mathematical models present in the literature were
investigated. These mathematical drying models
applied to the experimental data were Aghbaslo et
al., Alibas, Henderson & Pabis, Jena et al., Lewis,
Logarithmic, Midilli & Kucuk, Page, Parabolic, Peleg,
Two-Term Exponential, Verma et al., Wang & Singh
and Weibull models, which are presented in Table 1.
For the models presented in Table 1, a, b, ¢, and g
are coefficients; n is the drying exponent specific to
each equation; k, ki and k, are drying coefficients
and t is the time in minutes (Ismail & Kocabay,
2018; Kipcak et al., 2021; Ozyalcin & Kipcak, 2020,
2020).

Table 1: The mathematical drying models applied to the experimental data for oven drying and vacuum
oven drying of golden berries.

Model Name

Parameter

Aghbashlo et al.

MR = exp(-kit/(1 + k,t))

Alibas MR = a-exp((-kt") + bt) + g
Henderson & Pabis MR = a-exp(-kt)

Jena et al. MR = a-exp(-kt + b®t) + ¢
Lewis MR = exp(-kt)

Logarithmic

MR = a-exp(-kt) + ¢

Midilli & Kucuk

MR = a-exp(-kt") + bt

Page MR = exp(-kt")
Parabolic MR = a + bt + ct?
Peleg MR = a + t/(ky + kat)
Two-Term Exponential MR = a-exp(-kt) + (1 - a)-exp(-kat)
Verma et al. MR = a-exp(-kt) + (1 - a)-exp(-gt)
Wang & Singh MR =1 + at + bt?
Weibull MR = a - b-exp(-(kt"))

In the modelling process, Statistica 6.0 software
(Statsoft Inc., Tulsa, OK) was used for the nonlinear
regressions based on Levenberg-Marquardt
procedure and parameters. While using the
program, the experimental data is entered and
nonlinear regression is selected. Once the selected
mathematical model is defined, the program used
iterative algorithms to find the best fits for the

unknown constants through the reductions in the
sum of the squared errors. During the testing of the
mathematical models, the coefficient of
determination (R?), reduced chi-square (x?) and root
mean square error (RMSE) were calculated for the
experimental and predicted MR values, the formulas
of which are given in various studies in literature
(Alibas, 2014; Uribe et al., 2022; Vega-Galvez et al.,
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2014; Zhu, 2018). The best model to describe the
drying of golden berries was selected as the model
giving the highest R?, lowest x* and lowest RMSE
values (9).

3. RESULTS AND DISCUSSION

3.1. The Drying and Drying Rate Curves

Figure 1 and Figure 2 present the drying curves and
the drying rate curves of oven drying and vacuum
oven drying of golden berries, respectively.
Considering Figure 1 first, it is seen that the drying
times and the final moisture contents decreased
with increasing temperature. Moreover, the drying
times were observed to be shorter for vacuum oven

drying. Similar results were obtained in literature
Oven
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studies (Ozyalcin & Kipcak, 2020). During the
experiments made with oven drying, the drying
times were found as 285, 300 and 480 minutes for
drying temperatures of 80, 70, and 60 °C,
respectively. On the other hand, these times
reduced to 195, 285, and 435 minutes for the same
drying temperatures during vacuum oven drying.
From the moisture content point of view, vacuum
oven drying yielded similar results. The initial
moisture content of the golden berry samples, which
was 2.989 kg water/kg dry matter, reduced to 0.156,
0.208, and 0.291 kg water/kg dry matter for oven
drying at 80, 70, and 60 °C, respectively. For
vacuum oven drying, the final moisture contents
were calculated as 0.154, 0.204, and 0.269 kg

water/kg dry matter for the same drying
temperatures.
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Figure 1: The oven and vacuum oven drying curves of golden berries.

For both of the drying methods, the rising-rate
periods and falling-rate periods were observed as
seen from Figure 2. In oven drying, the rising rate
periods were obtained from the initial moisture
content of 2.989 kg water/kg dry matter to 2.782,
2.798 and 2.861 kg water/kg dry matter for the
drying temperatures of 80, 70,. and 60 °C,
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respectively. Then the falling-rate periods were
encountered until the final moisture contents. For
vacuum oven drying, the rising rate periods were
obtained again from the initial moisture content of
2.989 kg water/kg dry matter to 2.744, 2.799, and
2.827 kg water/kg dry matter for the drying
temperatures of 80, 70, and 60 °C, respectively.
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Figure 2: The oven and vacuum oven drying rate curves of golden berries.
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3.2. Drying Kinetics: Effective Moisture
Diffusivity and Activation Energy Results

For each drying temperature and drying method, Des
values were calculated from the slope of the In(MR)
versus drying time plots, which are presented in
Figure 3. The effective moisture diffusivities
obtained for each method and for each drying
temperature are presented in Figure 4a. As it can be
seen from Figure 4a, D values calculated for
vacuum oven drying are greater than those for oven
drying, due to the lower drying times obtained in the
presence of vacuum. In oven drying, D« values were
found as 1.95x101°, 3.37x107° and 3.80%x10° m?%/s,
for drying temperatures of 60, 70, and 80 °C,
respectively. On the contrary, in vacuum oven
drying, Der values were found as 2.20x107°,
3.72x10° and 5.45x107% m?%s, during the

Oven
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experiments performed at 60, 70 and 80 °C,

respectively.

Furthermore, in order to calculate the activation
energy for the drying processes, D« values shown in
Figure 4a were employed. The plots of In(De«) versus
1/T are presented in Figure 4b. From the slopes of
the foresaid In(Dex) versus 1/T plots, the values of E,
were calculated by multiplying the slope with the
universal gas constant (R = 8.314x1073 kJ/molxK).
Accordingly, the activation energies were found as
32.81 and 44.30 kJ/mol, for oven drying and vacuum
oven drying, respectively. Since the assistance of
vacuum increased the D values, the activation
energy was also observed to increase during
vacuum oven drying.

Vacuum-Oven
+ 80°C «70°C « 60°C

In(MR)
i

-0.000215x +0.317501
R2? =10.883848

-2.5 Y

0 5000 10000 15000

Time (s)

20000 25000 30000

Figure 3: In(MR) versus drying time plots for oven and vacuum oven drying.
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Figure 4: a) D.r values calculated for each drying temperature and drying method. b) The plot of In(De#)
versus 1/T.

3.3. Mathematical Modeling Results

For the mathematical modeling of the drying of
golden berries, fourteen mathematical models
present in the literature were investigated.
Regarding the model parameters and the statistical
evaluation results (R? > 0.998), the models that
provided the best fit for oven and vacuum oven
drying are presented in Table 2. Among the fourteen
mathematical models that were tested five models,
namely Aghbashlo et al., Logarithmic, Midilli &
Kucuk, Parabolic and Wang & Singh models, gave R?
values higher than 0.998. For oven drying, the

maximum R? (between 0.999799 and 0.999957),
along with the minimum x? (between 0.000004 and
0.000017) and RMSE (between 0.001879 and
0.003807) values were obtained from the model of
Midilli & Kucuk. This model provided the best results
for vacuum oven drying as well. Considering Midilli &
Kucuk model, for vacuum oven drying of golden
berries, R? values were between 0.999648 and
0.999998. x> and RMSE values, on the other hand,
were less than 0.000001-0.000029 and 0.000378-
0.005089, respectively.



Table 2: Drying model constants and statistical parameters (R>>0.998) for oven drying and vacuum oven drying of golden berries.

Oven Drying Vacuum Oven Drying

Model Params 60 °C 70 °C 80 °C 60 °C 70 °C 80 °C
ka 0.003198 0.003936 0.004039 0.002559 0.004231 0.005051
ko -0.000897 -0.001724 -0.001959 -0.000965 -0.001907 -0.003148
Aghbashlo et al. R? 0.998865 0.999198 0.998328 0.999698 0.999977 0.998922
X? 0.000088 0.000070 0.000153 0.000024 0.000002 0.000108
RMSE 0.009057 0.007984 0.011738 0.004718 0.001380 0.009629
a 1.434928 1.904526 2.205490 1.660257 1.735105 3.734810
k 0.002295 0.002245 0.001970 0.001669 0.002824 0.001500
Logarithmic C -0.444364 -0.905562 -1.211370 -0.659638 -0.722035 -2.734230
R? 0.999770 0.999957 0.999908 0.999597 0.999322 0.999997
X° 0.000019 0.000004 0.000009 0.000033 0.000067 <0.000001
RMSE 0.004081 0.001843 0.002755 0.005446 0.007559 0.000465
a 0.997277 0.999061 0.999956 0.990199 0.993081 1.000129
k 0.003482 0.003167 0.003877 0.001446 0.001754 0.002966
n 0.962940 1.013221 0.946609 1.099835 1.197080 1.019046
Midilli & Kucuk b -0.000499 -0.000980 -0.001396 -0.000386 -0.000540 -0.002428
R? 0.999799 0.999948 0.999957 0.999648 0.999852 0.999998
X? 0.000017 0.000005 0.000004 0.000029 0.000016 <0.000001
RMSE 0.003807 0.002036 0.001879 0.005089 0.003535 0.000378
a 0.983405 0.995936 0.991677 0.997178 1.010471 1.000051
b -0.003067 -0.004130 -0.004228 -0.002657 -0.004715 -0.005555
Parabolic C 0.000002 0.000003 0.000003 0.000002 0.000005 0.000004
R? 0.999617 0.999943 0.999856 0.999783 0.999665 0.999996
X 0.000031 0.000005 0.000014 0.000018 0.000033 <0.000001
RMSE 0.005259 0.002122 0.003443 0.003999 0.005311 0.000555
a -0.003217 -0.004183 -0.004342 -0.002680 -0.004572 -0.005554
b 0.000003 0.000004 0.000004 0.000002 0.000004 0.000004
Wang & Singh R? 0.999135 0.999916 0.999743 0.999769 0.999490 0.999996
X2 0.000067 0.000007 0.000024 0.000018 0.000048 <0.000001
RMSE 0.007907 0.002591 0.004604 0.004122 0.006557 0.000556




Kipcak E. JOTCSB. 2023; 6(1): 1-8.

The comparison of the experimental and predicted
MR results obtained from the mathematical model of
Midilli & Kucuk is presented in Figure 5a for oven
drying and in Figure 5b for vacuum oven drying.
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Regarding the figures, as all of the data lied on the
45° line, it can be concluded that the fitted Midilli &
Kucuk model can be excellently used to represent
the experimental drying data.

O60C ©70C +80C

0.4 0.6 0.8
Experimental MR

(b)

0.2 1.0

Figure 5: The plot of experimental MR versus predicted MR for Midilli & Kucuk model, in a) oven drying and
b) vacuum oven drying.

4. CONCLUSION

In this study, oven and vacuum oven drying of
golden berries were investigated, at drying
temperatures of 60, 70, and 80 °C. It was observed
that the increase in drying temperature and the
assistance of vacuum caused shorter drying times.
The duration of drying was between 285-480
minutes for oven drying and between 195-435
minutes for vacuum oven drying, respectively.
Taking into account the drying rate curves, for both
drying methods, a rapid rising-rate period followed
by a falling-rate period was observed. Considering
the drying kinetic parameters, the effective moisture
diffusivities calculated for oven drying were between
1.95x10%° and 3.80x107'° m?s; and for vacuum
oven drying were between 2.20x107° and 5.45%x10
1% m2/s. Calculations regarding the activation energy,
on the other hand, unveiled 32.81 and 44.30 kJ/mol
for oven and vacuum oven drying, respectively.
Furthermore, fourteen mathematical models were
fitted and tested to represent the drying curve data.
Among the tested models Aghbashlo et al,,
Logarithmic, Parabolic and Wang & Singh models
yielded very good fits, having R? greater than 0.998.
For both oven and vacuum oven drying, Midilli &
Kucuk model was found to yield the best fit among
the employed models.
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Abstract: In this research, a composite material was produced by adding diatomite soil to epoxy resin. The
particle size of the diatomite used is in the range of 297 to 149 microns. It was dried at 378 K before being
used as a filling material. By adding 0 kg, 0.001 kg, 0.002 kg, 0.004 kg, and 0.006 kg of diatomite to the
epoxy matrix, the composite was produced under atmospheric conditions. To obtain a homogeneous
structure, certain amounts of Epoxy A component and diatomite were mixed first. A selected amount of
epoxy component B was then added to the mixture. After one day of curing in the laboratory, necessary
tests and analyses were carried out. The surface morphology of the produced composite was examined by
scanning electron microscopy (SEM). As a result of the analyses and tests, it was seen that the increase in
the amount of diatomite increased the porosity in the composite. In addition, it was observed that the
density decreased, and the thermal conductivity coefficient varied between 0.110 W /m.K and 0.095 W /m.K
It was observed that the hardness was linearly in the range of 77-80 shore D. It has been determined that
the addition of diatomite tends to increase the activation energy by modeling the thermal degradation
experiments performed in the PID controlled system in nitrogen environment between 300 K and 900 K.
Activation energy values are calculated according to the one-dimensional diffusion function with the highest
correlation coefficient (R?) according to Coats-Redfern method when the temperature rise is 10 K/min, and
the conversion rate (a) is between 0.15 and 0.85.

Keywords: Diatomite, Epoxy Composite, Density, Hardness, Thermal Conductivity.

Submitted: September 13, 2022. Accepted: December 27, 2022.

Cite this: Dag, M. (2023). Obtaining Diatomite Reinforced Epoxy Composite and Determination of Its
Thermophysical Properties. Journal of the Turkish Chemical Society, Section B: Chemical Engineering, 6(1),
9-16.

*Corresponding author. E-mail: mudag@karatekin.edu.tr.

1. INTRODUCTION limited resources. Although the origin of composites

dates back thousands of years and the first

Due to the increase in the need for raw materials in
proportion to today's technology, which is defined as
the age of science, industry has led to the fact that
it continues to search for resources at an increasing
rate. The limited resources in the world and the lack
of sustainable features of existing resources force
researchers to develop renewable resources. In this
context, the use of natural minerals and ores in
nature as well as bio-resources is one of the driving
forces of the solutions found for this resource
generation. As another type of solution, it can also
be said that the development of materials with
different properties and the number of properties
can be increased. It can be said that the
development and production of composite materials
with multiple properties is of vital importance to
keep up with the speed of technology developing
with innovation and to take maximum advantage of

composites consisted of mud bricks mixed with
straw, their importance has become more
understandable in recent years. In addition, it is
known from the literature that developed countries
have devoted significant resources to the
development and production of sustainable and
renewable composites in recent vyears. The
properties of composites are generally; low density,
wear resistance, favorable fatigue and toughness
properties, energy saving, low cost, resistance to
oxidation, etc. can be mentioned. Its usage areas
can be counted as military technologies, automotive
industry, aviation, space technologies, clothing,
packaging, medicine, and cleaning products. Such
as the superior properties of composites, the cost of
raw materials, the precision of production methods,
and forming problems also have weak properties. In
the production of composites, there are three basic
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parts, namely matrix, filler, and additive materials.
The use of these parts with appropriate materials
ensures the production of a composite with the
desired properties. Especially at the production
stage, a good selection of the matrix element helps
to produce a quality composite. Different matrix
materials can be used according to different
industries (epoxy, polyurethane, polyester, etc.).
The matrix element in question in this study is
epoxy resin. The superior properties of epoxy resin
can be said as the reasons for using it. The density
of the epoxy resin is 1140 kg/m*® at 298 K. The
hardness of the epoxy resin takes a value between
70-90 in terms of shore D, depending on the
condition of the material. In addition, the thermal
conductivity of the epoxy resin can be between
0.15-0.2 W/m.K. These features can be said as

excellent adhesiveness, chemical and thermal
resistance, electrical insulation, thermoset resin
property, chemical stability, low cost, curing

shrinkage, and good mechanical properties. Due to
these characteristics, it has a wide range of uses
from aviation to the energy industry, from the
construction sector to adhesives, and from marine
vehicles to installation materials (Arat et al., 2022;
Aydogmus, 2022; Aydogmus et al., 2022a, 2022b;
Dag et al.,, 2022; George & Bhattacharyya, 2021;
iNal & Atas, 2018, 2018; Kaya, 2016; Ozdemir, 2019;
Sahal & Aydogmus, 2021; Yalcin, 2010; Yanen et al.,
2022). In the literature, it has been seen that
inorganic or organic filling materials such as
graphene, nano silica, nanoclay, polyimide, cellulose
nanofiber, etc. are added to epoxy matrices to
impart various properties. Apart from the
outstanding properties of epoxy resins, there are
also various weaknesses. Due to the three-
dimensional network structure, high internal stress,
high brittleness, poor fatigue resistance, microcrack
formation, strength reduction during the high-
temperature curing process, etc. can be counted. In
this context, the study of eliminating weak
properties by adding some additives and fillers
continues to research. Epoxy resins are produced by
the reaction of crosslinking monomers with curing
agents during production. The epoxies used in the
market are bisphenol A (BPA) based industrially
produced petroleum-based resins. The use of
petroleum-based ones in European and American
continental countries is increasingly hindered since
they cause health problems. Studies are continuing
the elimination of harmful properties in composite
production (Chen et al., 2019; Dahmen et al., 2020;
Guo et al., 2021; Huang et al., 2012; Koo et al.,
2016; Li et al., 2018; Ma et al.,, 2019; Mantecén et
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al., 1987; Pathak et al., 2016; Rad et al., 2019;
Seachrist et al.,, 2016; Serra et al., 1986;
Sogancioglu et al., 2017; Sun et al., 2014, 2015,
2020; Wongjaiyen et al., 2018; Xu et al., 2018; Yang
et al., 2020). In recent years, research has been
conducted on the use of diatomite in composite
production. The most striking physical property of
diatomite is its high porosity and low specific
gravity. The thermal conductivity of diatomite is
approximately 0.09 W/m? at low temperatures. This
low thermal conductivity is explained by the porous
structure and low density of diatomite. The specific
gravity of the dry diatomite has a value between
150 and 400 kg/m?3. Diatomite also has properties
such as being in the form of SiO,.nH,O, being
abundant, has a high-water holding capacity, having
a hardness of 1.5-6 Mohs, and is abrasive. It also
suggests that due to its high chemical resistance, it
will help to give the desired properties to composite
material (Davis et al., 2016; Karaman et al., 2011; Qi
et al.,, 2007; Qin et al., 2015; Tas & Cetin, 2012;
Wang et al., 2015; Zhang et al., 2017) (33-39). In
this study, it was aimed to produce diatomite added
composite, which is a material of organic origin, by
adding diatomite to epoxy resin. In addition, it is
aimed to produce more effective composites by
utilizing the superior properties of diatomite such as
high porosity and low specific gravity.

2. MATERIAL AND METHOD

Epoxy A and Epoxy B components used in
experimental studies were supplied by Turkuaz
Polyester company. In addition, diatomite used as a
filler was purchased from the Turkish diatom
company. Diatomite is added to the epoxy resin A at
different rates (0 wt.%, 1 wt.%, 2 wt.%, 4 wt.%, and
6 wt.%) and mixed at 1000 rpm for 5 min.

After adding epoxy resin B, respectively, at room
temperature at a mixing speed of 1200 rpm for 90
seconds, they are poured into standard molds. After
waiting 24 hours for the curing of the obtained
samples, necessary tests and analyses have been
carried out. In addition, mold release agents are
applied to standard steel cylindrical molds, allowing
the samples to come out easily. In Figure 1, the
epoxy composite production scheme in
experimental studies is expressed. Here, both the
quantities of the ingredients and the order of use
are very important. Also, the fillers should provide a
homogeneous distribution to the synthesized
composite.
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Diatomite

1000 rpm
5 min,

Epoxy A

-b

Epoxy B

1200 rpm and 90 s

Curing time: 24 hours

Figure 1: Production scheme of diatomite reinforced epoxy composite.

The amounts of each ingredient used are expressed
in Table 1. The amounts of other components are

kept constant, except for the filler (diatomite) used
here.

Table 1: Production plan of diatomite-reinforced epoxy composite.

Epoxy A Epoxy B Diatomite
(kg) (kg) (kg)
0.067 0.033 0
0.067 0.033 0.001
0.067 0.033 0.002
0.067 0.033 0.004
0.067 0.033 0.006

The devices and standards used for analyses in
experimental studies are as follows: Shore D
hardness tests have been carried out by the ISO 868
(ASTM D 2240) standard, and dielectric properties
have been measured with the Novacontrol Alpha-A
impedance analyzer at a temperature of 300 K in
the frequency range of 10 Hz and 10 MHz.

3. RESULTS AND DISCUSSIONS

The variation of the density of the obtained epoxy
composites is shown in Figure 2 depending on the
diatomite ratio by mass. It is understood from the

1125 4
1120 4

1115

Density (ko/me)

1110 4

1185 H

i

3

graph that diatomite reduces the density of the
epoxy composite linearly. Obtaining a linear graphic
can be interpreted as an indication that the mixture
is homogeneous and well dispersed. When the
distribution is not good, graphs with parabolic or
different features are obtained in positive or
negative directions. Based on the literature, it can
be said that the addition of diatomite, which has a
lower density than the epoxy resin, to the epoxy
caused a tendency to decrease the density of the
epoxy. For this reason, increasing the diatomite
ratio played an active role in reducing the density of
other samples.

4

Diatomite ratios (wt. %)

Figure 2:
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The effect of diatomite reinforcement on the density of epoxy composite.
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In the graphs shown in Figure 3, it is seen that the
hardness of the synthesized epoxy composites
increased with diatomite reinforcement. Shore
hardness unit is used to determine the hardness
value of polymer or flexible materials, while Mohs
hardness unit is used for the hardness value of ores
or minerals. It is known in the literature that epoxy
resins have a hardness between 70-90 as shore D.
The hardness of diatomite is between 1.5 and 6 in
Mohs. As can be seen in Figure 3, while pure epoxy
Shore D is at the value of 77, it is seen that this
value increases as the proportion of diatomite added
to it raises. this suggests that this is since diatomite
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provides good physical adhesion during uniform
dispersion in epoxy resin. Because Mohs hardness is
based on the principle of measuring the hardness by
drawing the sample. the deeper a sample is drawn,
the less its hardness. The deep lines of the
diatomite, which has a Mohs hardness of 1.5-6,
formed good physical bonds with the epoxy and this
can be interpreted as an increase in the hardness of
the composite. As it is known, the more roughness
there is in a material, the more adhesion and
adhesion occur. Considering the adhesive properties
of epoxy resins, this result has contributed to the
accuracy of the interpretation.

4

Ratios {wt %)

Figure 3: The effect of diatomite reinforcement on the hardness of the epoxy composite.

=]
(=]

=]
=
ra

Thermal Conductivity Coefficient (Wm.K)

2

3

Ratios (wt %)

Figure 4: The effect of diatomite reinforcement on the thermal conductivity of the epoxy composite.

It is seen from the literature that the thermal
conductivity of epoxy resin is between 0.15-0.2
W/m.K. The thermal conductivity of the diatomite
added as an additive is approximately 0.09 W/m.K.
When Graph 4 is examined, it is seen that while the
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thermal conductivity value of pure epoxy is 0.11
W/m.K, as the diatomite added to the composite
increases, the thermal value gradually decreases,
very close to the linear characteristic. The fact that
the graph is close to linearity can be interpreted as
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a good mix and distribution, but not fully linear due
to the effect of different reasons. As other reasons, it
is thought that air gaps remain in the parts of the
diatomite which have a porous structure in the inner
regions during mixing and the thermal conductivity
in the mortar affects the total thermal conductivity
value. In addition, although the curing time is
expected to be 24 hours, it is thought that there is
no escape of air from the diatomites in the inner
regions. It is also possible for the epoxy matrix to
absorb air during mixing at 1000-1200 rpm.

Activation energy (Ea) values are calculated
according to Coats-Redfern (Table 2). Activation
energy (Ea), Arrhenius constant (4), and

temperature rise rate (B) values were expressed.
Coats-Redfern (Eq. 9) model are shown in the below
equations.

RESEARCH ARTICLE

AR _Ea
Ea RT

In =In

g;f‘) (Eq. 1)

Plotting 1/T versus In(g(a)/T?) according to Coats-
Redfern method, the slope will give the value -Ea/R.
Since the value of R = 8.314 J/mol-K here, the slope
can be easily calculated. Coats-Redfern method has
been preferred because it found the most
compatible results with the n-order function. In this
method, the highest correlation coefficient was
obtained with three-dimensional diffusion equation.
Activation energies of the pure epoxy and epoxy
composites reinforced with fillers are calculated in
thermal decomposition experiments carried out at a
heating rate of about 10 K/min at 878 K.

Table 2: Activation energies of pure and diatomite reinforced epoxy composites.

Ratio Activation
(wt.%) Energy (kj/mol)
0 185.26
0.99 189.65
1.96 194.70
3.85 199.86
5.66 207.43

200 pm EHT =15.00 kV

WD =32.0 mm

Signal A = SE1
Mag= 100X

Figure 5: SEM image of diatomite (5.66 wt.%) reinforced epoxy composite.

In the SEM image, it was observed that the addition
of diatomite increased the number of pores in the
epoxy resin. Here, the addition of 5 percent
diatomite led to the appearance of prominent pores.
It is known from the literature that the SEM images
of pure epoxy resin are in the form of a non-porous
and flat surface. Here, it was observed that the
pores started to appear in the diatomite additive at
a low percentage. It is of no doubt that denser pores
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will be seen with the increase in the diatomite
percentage. It has been observed in some
experiments that the diatomite layer above a
certain ratio causes irreversible breaks and cracks
on the epoxy resin. The porosity of the matrix can
provide significant advantages compared to the
areas to be used (Conradi et al., 2020).
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4 .CONCLUSIONS

In this study, a composite material was produced by
adding diatomite to epoxy resin. Various tests were
carried out on composite materials prepared by
adding different amounts of diatomite. As a result of
these tests, with the addition of diatomite, results
were obtained in the form of a decrease in the
density of the epoxy matrix, an increase in its
thermal conductivity, and a low-slope linear increase
in its hardness. When the SEM image is examined, it
can be considered that the increase in porosity is
the reason for the decrease in density. The increase
in porosity also indirectly affected the thermal
conductivity. It has been observed that it reduces
the thermal conductivity by 13 percent. The
increase in the activation energy can be interpreted
as the addition of diatomite increases the thermal
stability on the epoxy resin. As suggestions for
future studies, the following points can be drawn:
Lower diatomite sizes can be used in the matrix to
reduce porosity, the effect of temperature can be
examined by producing in different temperature
environments, trials can be carried out with a
second or third matrix partnership with epoxy resin.
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Abstract: Cryogels are suitable candidates to be used as drug release systems due to their
interconnected pore structures, high surface areas, high liquid absorption capacities, and elasticity. With
this purpose, we aimed to produce a cryogel structure to be used in drug release applications with the
approach of tissue engineering. As biodegradable and biocompatible polymers chitosan and gelation were
selected. The cryogels were fabricated using the combination of these polymers in the presence of
glutaraldehyde under cryogenic conditions. The produced optimum gel scaffold was first characterized
using FTIR, SEM, porosity, swelling ability, and degradation analyses. Successfully crosslinked gels
exhibited an interconnected pore structure with an average pore diameter of 52.95 um. As a result of the
examination of the time-dependent weight change, it was also revealed that the cryogels have a liquid
absorption capacity of about 500 times their dry weight and are biodegradable. The mainly characterized
cryogel sample was evaluated for potential drug loading and release applications using methyl orange
(MO) as a model drug. Gels, which swell in a short time, absorb the dye quickly and the cumulative
release of the dye indicates that the gels are suitable for extended-release systems.
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1. INTRODUCTION the side effects of drugs on the non-targeted

tissues as compared to the traditional drug
The main goal of tissue engineering is restoring, delivery treatments (Yusop et al., 2018). In other
repairing, and maintaining damaged tissue words, the selectivity ability of drugs in treating
functions with cells, scaffolds, and growth factors targeted cells for disease treatment is important to
(Biondi et al., 2008). Recently, incorporating protect healthy parts of the body (Surya et al.,
different drugs (drug active ingredients, small 2020). In light of this knowledge, the porous
molecule chemicals, proteins, growth factors, structure of the scaffolds has been loaded with
cytokines, and other bioactive molecules) into various drug types such as painkillers, anti-
tissue engineering scaffolds has gained a lot of inflammatory, antimigraine and anti-cancer agents
attention, and has great potential in biomedical and hormones (Piazzini et al., 2019). Hydrophobic
applications (Mondal et al., 2016). Drug delivery or and hydrophilic model drugs (PKH26 or PKH67,
device system provides optimum dose control on methyl orange, methylene blue, etc.) have also
the specific targeted tissues and also decreases been loaded into scaffolds (Kim et al., 2005). In
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recent years, using natural or synthetic polymers
has attracted wide attention in producing different
types of scaffolds and combining them with drugs.
Various scaffold production techniques, such as
gas foaming, electrospinning, thermal phase
separation, emulsification, solvent casting, freeze
drying, cryogelation, etc., are used to produce
scaffolds. Natural (silk, chitosan, gelatin, starch,
pectin, cellulose, etc.) and synthetic polymers (poly
(vinyl alcohol) (PVA), poly (lactic-co-glycolic acid)
(PLGA), poly-L-lactide (PLA), etc.) based scaffolds
obtained by using different techniques have been
reported for controlled drug delivery applications in
various studies (Shera et al., 2018; Wang et al.,
2019). Curcumin-loaded PLGA particles (Yusop et
al., 2018), vitamin Bl2-loaded alginate scaffolds
(Bhasarkar & Bal, 2019), recombinant human bone
morphogenetic protein 2 and dexamethasone-
loaded silk fibroin/PLGA scaffolds (Yao et al., 2019),
5-fluorouracil-loaded nanocellulose/gelatin cryogels
(Li et al., 2019) and doxorubicin containing
chitosan hydrogel (Han et al., 2008) are impressive
examples produced in different researches with
updated strategies to design biomimetic scaffolds.

In this study, chitosan and gelatin natural polymers
and cryogelation technique were used to produce
porous cryogel scaffolds for potential drug loading
and release experiments. Chitosan and gelatin are

widely used natural polymers due to their
favorable properties such as biological
compatibility, biodegradability, non-toxicity, and

high water absorption capacity (Ayaz et al., 2021).
On the other hand, cryogelation is a favorable
method to produce three-dimensional structures
with highly interconnected porosity (Rogers &
Bencherif, 2019). The excellent features of
chitosan and gelatin and the use of cryogelation
technique are notable for accepting the fabricated
scaffolds as excellent candidates for biomedical
applications. Up to now, in different research
studies, chitosan and gelatin have been
incorporated as implantable scaffolds such as
wound dressing, bone tissue engineering, neural
regeneration, and vehicles for controlled delivery
of therapeutic molecules (drug, protein, gene, etc.)
(Bhat et al., 2011; Kemenge & Bolgen, 2017, 2017;
Lu et al., 2004; Nagahama et al., 2009). Our study
aims to reveal the drug loading and release
potential of scaffolds prepared in a combination of
chitosan and gelatin. For this, first of all, plain
chitosan, plain gelatin, and half by weight of
chitosan and gelatin cryogels were prepared. After
the scaffolds were evaluated structurally,
characterization studies were carried out with
composite scaffolds. The cryogels were analyzed
by wusing chemical composition, morphology,
swelling ability, and degradation behavior
experiments. Then, preliminary studies on drug
loading and drug release experiments were carried
out by using methyl orange as a model drug. The
results obtained from the study will contribute to
the estimation of real drug release profiles,
determine the basic physicochemical properties of
a biocompatible and biodegradable material that
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can release drugs, and shed light on the future
biological studies of the material.

2. EXPERIMENTAL SECTION

2.1. Materials

Chitosan with low molecular weight was purchased
from Sigma Aldrich, USA. Gelatin (for
microbiology), glutaraldehyde (25%, v/v), glacial
acetic acid (100%, v/v), and methyl orange azo dye
were received from Merck, Germany. Aqueous
solutions and dilutions in experiments were
prepared with distilled water.

2.2. Preparation of Gelatin: Chitosan
Composite Cryogels

The solvent of the polymers was selected
according to our previous studies as acetic acid
with a volumetric ratio of 6%. To prepare the
polymer solution, chitosan and gelatin were
dissolved separately in an acetic acid solution and
distilled water, respectively. Chitosan solution (2%,
v/v) was prepared by dissolving the calculated
amount of chitosan in 20 mL of 6% acetic acid
solution by stirring for 24 hours. Also, the pre-
determined amount of gelatin was dissolved in 20
mL of distilled water and stirred for 24 hours.
Homogeneous gelatin: chitosan solution was
obtained by thoroughly mixing the prepared
chitosan and gelatin solutions at different
volumetric ratios (100:0, 50:50, and 0:100, gelatin:
chitosan). 0.5 mL of glutaraldehyde solution was
added immediately to 2 mL of polymer solution
and the as-prepared solution was loaded into a 2.5
plastic syringe to give cryogel a monolithic shape.
The syringe was rapidly placed in cryostat and
incubated at -16 °C for 3 h. At the end of the
incubation time, the sample was stored for 24 h in
the freezer at -16 °C. The prepared samples were
thawed at room temperature and washed
repeatedly with distilled water to remove the
unreacted ingredients. The samples were then
freeze-dried. The dried samples were stored in the
refrigerator at +4 °C for further analysis.

2.3. Characterization Studies of Cryogels
Different physical, chemical, and morphological
analyses were used to characterize the fabricated
cryogels for further usage in drug loading and drug
release studies.

Main chemical groups and, interactions between
polymers and crosslinking agents were determined
using Fourier Transform Infrared spectroscopy
(FTIR) (PerkinElmer, FTIR/FIR/NIR Spectrometer
Frontier-ATR, USA). The infrared spectra of the
scaffold and polymers were measured in the
wavenumber range of 4000-450 cm™.

The morphology and microstructure of cryogel
were investigated using scanning electron
microscopy (SEM, FE-SEM Zeiss/Supra55, Quanta
400F Field Emission, USA). The cryogel samples
were prepared by coating them with a thin layer of
platinum before analysis. SEM was operated at the
acceleration of 5 kV and the magnification was
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200x. The average pore diameter was calculated
by measuring at least 50 pores of cryogel using
Image-) software.

The water absorption capacity of the completely
dried cryogels was determined using the
gravimetric method. Dry cryogels were weighed
and (a cylindrical shape with 9 mm diameter and 5
mm height, n=3) were immersed in PBS at 37 °C.
At certain time intervals, the swollen cryogels were
gently transferred to a filter paper to remove the
excess water from the surface and weighed again.
The swelling ratio of the samples was calculated
according to Eq. 1;

M,-M,
SR (%)= (M,-M) X100 (Eq. 1)

i

where Mi is the initial dry weight of the scaffold, Mf
is the swollen weight of the scaffold and SR is the
swelling ratio (Demir et al., 2020).

The cryogels were cut into cylindrical pieces
(radius= 9 mm, height= 3 mm, n=3) and the dry
weight of cryogels was recorded. After that, the
samples were incubated in 20 mL centrifuge tubes
filled with sterile PBS solution at 37 °C in a shaking
water bath (Daihan Scientific Co. Ltd., WiseBath
WB-22, Korea). At pre-determined time intervals,
samples were washed with distilled water and
freeze-dried. After the drying process, the weight
of each sample was recorded and the weight loss
percentage was calculated according to the Eq. 2;

(Wi—w))

DD(%)= X100 (Eq. 2)

i

where Wi is the initial dry weight of the scaffold, Wf
is the final dry weight of the scaffold, and DD is the
degree of degradation or degradation rate (Demir
et al., 2021).

2.4. Model Studies with Dye for Drug Loading
and Drug Release

MO was used as the model drug to investigate the
drug loading and drug release potential of the
fabricated Gel:Cs cryogel scaffold, similar to the
use of different dyes as model drugs in other
studies previously (Demir et al., 2018; Hauck et al.,
2022; Khansari et al., 2013; Pancholi et al., 2009).
For the loading of the dye, the cryogel sample was
immersed in 5mL of MO solution (0.05mg/L) at
room temperature. After 48 h incubation, samples
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were removed from the dye solution and rinsed
with a known volume of pure water. The weight of
dye was analyzed by UV-Vis spectroscopy (Chebios
Optimum-One UV-vis, Italy) at a wavelength of 554
nm. The dye encapsulation efficiency of each
sample was calculated using Eq. 3.

dye,i_ Cdye,w

EE ,%wt= X100 (Eq. 3)

dye, i

where EE is the encapsulation efficiency, Caye 1 is
the concentration of dye in the initial solution, and
Cayew is the concentration of dye in the washing
solution.

The release of MO from the cryogels was evaluated
in phosphate buffer saline (PBS at pH 7.4) solution.
MO-loaded samples were immersed in plastic tubes
filled with 10 mL of release medium. The tubes
were incubated in a shaking water bath at 37 °C
with 100 rpm. 3mL of release medium were
withdrawn at pre-determined time intervals (5, 15,
30, 60, and 240 min) and replaced with an equal
volume of fresh medium. Weight of MO release was
quantified by UV-Vis spectroscopy. The percentage
release of the MO was calculated as cumulative
using Eq.4.

Cumulative Dye Release, %wt= [(Weight of dye
released)/(Weight of dye in the cryogel)]*100 (4)
The dye absorption and release experiments were
done in triplicate and results are presented as
mean * SD.

3. RESULTS AND DISCUSSION

3.1. Cryogel Synthesis and Characterization
The experimental setup, cryogelation process, and
typical crosslinking between gelatin and chitosan
with glutaraldehyde are summarized in Figure 1.
Cryogelation technique, in other words, crytropic
gelation, was used in the production of scaffolds to
create an interconnected macroporous structure
for more effective drug absorption and release
studies. In the cryogenic process, gelation occurs
at subzero temperatures, leading to the formation
of a polymeric network crosslinked around the icy
crystals. Then, with the thawing of these crystals,
an interconnected macroporous structure
surrounded by highly dense polymeric walls
remains. In this study, we used gelatin and
chitosan as naturally derived polymers to fabricate
cryogels. A general overview of the experimental
setup, crosslinking mechanism, and cryogelation
technique was shown in Figure 1.
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Figure 1: General overview of the experimental set-up, crosslinking mechanism, and cryogelation
technique.

Before using chitosan and gelatin together, we
wanted to observe the potential for scaffolding by
using chitosan and gelatin separately. As the
structural properties are shown in Table 1, gelatin
alone exhibited a looser structure, while chitosan
exhibited a more brittle and hard structure. When
both polymers are used alone, materials that are
not easy to apply and that are not stable enough

have been produced. The composite produced with
the use of chitosan and gelatin by half by weight,
on the other hand, exhibited a stable, water-
capable structure that could return to its original
state after releasing the absorbed water. For this
reason, in the continuation of the study, the
composite scaffold was selected as the optimum
sample.

Table 1: Effect of chitosan: gelatin ratio on the production of cryogel (Other parameters are the same).

Chitosan:Gelatin Ratio Morphology
100:0 Fragile
50:50 Spongy
0:100 Bursting with high swelling

The chemical bond structure of the polymers used
and the changes in their structures as a result of
crosslinking with glutaraldehyde were analyzed
with the FTIR spectra presented in Figure 2. Both
polymers exhibited general characteristic bond
structures before processing. For chitosan, the
absorption bands around 2977 and 2888 cm™ are
related to C-H symmetric and asymmetric
stretching, respectively. The peaks found at 1645,
1550, and 1380 cm™ are attributed to Amide |
(C=0 stretching), Amide II (N-H bending), and
Amide lll (C-N stretching), respectively (Demir et
al., 2016; Fernandes Queiroz et al., 2014). For
gelatin, there are four major peaks located at
3230, 1631, 1524-1315, and 1240-698 cm™ which
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correspond to Amide A, Amide I, Amide Il, and
Amide Il regions, respectively (Pradini et al.,
2018). After crosslinking the polymers in the
presence of glutaraldehyde, it was observed that
the intensity and positions of the peaks changed
significantly. The absorption peak of the free amino
group (Amide A) and OH group shifted from 3230
to 3300 cm™. The spectrum showed four strong
absorption peaks at 1640, 1555, 1405, and 1068
cm™® which were formed by the overlapping of the
chitosan and gelatin peaks. In addition, a new
absorption peak was formed at 1030 cm™ which
was attributed to C-O-C-O-C structure after cross-
linking (Qian et al., 2011).
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Figure 2: FTIR spectra of gelatin, chitosan, and crosslinked Gel:Cs cryogels.

To investigate the morphology of crosslinked
Gel:Cs cryogel SEM images were obtained as seen
in  Figure 3A. The scaffold showed an
interconnected porous structure as a result of the
cryogelation process. In the SEM image, the gray
parts represent the crosslinked polymer walls,
while the dark parts show the pores. The porous
structure of the material is important for cell
adhesion, diffusion, migration, and proliferation in
terms of tissue regeneration/new tissue formation,
while it is important for drug release studies in
terms of providing high drug absorption capacity
and drug diffusion. In this context, it is also
necessary to determine the diameter of pores.

According to the porous structure of the scaffold
and the hydrophilic structure of the polymers, it
was estimated that the gels can absorb high
amounts of liquids. For this reason, the swelling

Therefore, the diameter of at least 50 pores was
measured and a histogram was obtained as seen in
Figure 3B. It is seen that the pore diameter range
varies between 27.89 and 97.49 um. The mean
diameter was calculated at 52.95 um. When other
studies are examined, these values vary between
10-50 um for silk cryogels (Ak et al., 2013), 15-45
pm for chitosan pectin cryogels (Demir et al., 2021)
and 30-100 um for pHEMA -poly(ethylene glycol)
diacrylate-gelatin cryogels (Singh et al., 2011). In
addition, the porosity of cryogel was examined
gravimetrically using the ethanolic penetration
method and was found as 57.05%.

Avarage pore diameter: 52.95 um
4 Porosity: 57.05%

0
0

Pore diameter, pm

Figure 3: A) SEM image showing the porous structure of the Gel:Cs cryogels and B) Pore diameter
histogram of Gel:Cs cryogel

ratios and equilibrium swelling ratios were
calculated by gravimetrically measuring the
change in weight of the completely dry samples
after they were kept in PBS for certain periods (5,

21



Demir, D., Ceylan, S., Bolen, N. (2023).

15, 30, 60, 90, 120, 150, and 180 min). In Figure
4A, it is seen that the cryogel starts to absorb
water within the first 5 minutes and reaches the
equilibrium point at the end of 180 minutes. The
high liquid absorption ability of the gels
(approximately 500 times its own dry weight) is an
important feature shows that the drug solutions
can be absorbed easily into the structure of the gel
scaffold. This hydrophilicity is due to the presence
of carboxyl, amino, and hydroxyl groups in the
polymer backbone as well as the highly porous
structure of the sample (Hezaveh et al., 2012; Vo
et al., 2021). When other studies are examined, it
is seen that the swelling ratio values are quite
high, especially for cryogels with highly
interconnected macroporosity (Meena et al., 2018).

The degradation behavior of the cryogel was
studied to determine whether it affects its stability
and drug release behavior. For this purpose, dry
gels were taken into PBS and the change in their
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weight was recorded for 4 weeks, and their
degradation rates were monitored (Figure 4B). The
sample began to degrade by 6.68+0.61% of its
initial weight within the first week. Afterward, it lost
20.95x1.81% of its initial weight in 1 month.
Degradation of polymeric biomaterials occurs as a
result of the breaking of hydrolytic or enzymatically
sensitive bonds that cause polymeric erosion. In
the meantime, molecules such as drugs loaded in
the polymeric system can be released into the
environment depending on the degradation rate
(Ghanbarzadeh & Almasi, 2013). Therefore, the
drug release rate varies depending on the
degradation rate of the materials. For example, in
a therapy where a long duration is needed,
materials with slow degradation kinetics are
needed (Martins et al., 2018). Here, chitosan and
gelatin, as biodegradable natural polymers, appear
to exhibit faster degradation behavior than
synthetic polymers, suggesting that Gel:Cs cryogel
can be used as drug delivery systems for therapies
with shorter durations.
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Figure 4: A) Swelling ratio versus soaking time of Gel:Cs cryogel in PBS pH 7.4 and B) Degradation rate
of cryogel up to 28 days.

3.2. Dye Loading and Dye Release Behavior
of Cryogels

After determining the main physicochemical
properties of cryogel sample, dye loading and dye
release studies were performed (Figures 5A and
4B). In these experiments, MO was used as a
model drug. The cryogel samples in disc shapes
were placed in an aqueous concentrated MO
solution and allowed to equilibrate. It is seen that
the cryogel discs absorb approximately 45% of the
initial dyestuff amount after 120 minutes. In order
to find the equilibrium value, the cryogels
continued to hold in the dye solution and the
amount of dye loaded at the end of 4 days was
calculated as 50.45+4.02%. The color change in
the cryogel due to the orange color of the MO
before and after dye loading is also seen in the
images embedded in Figure 5A. This situation can
be explained by electrostatic interactions between
active sites of adsorbent (Gel:Cs cryogel) and
adsorbate (MO) molecules. The amine -NH, group
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in chitosan was able to accept a proton from a
hydronium ion. As a result, electrostatic interaction
easily occurred between NH;* and MO-; therefore,
the cryogel showed good entrapment efficiency
against MO (Loc et al., 2022). Based on the results,
it can be said that Gel:Cs cryogels are suitable
drug release systems for loading water-soluble,
anionic, and weakly acid drug molecules such as
MO.

To demonstrate the drug release behavior of MO-
loaded gels, the cumulative release was monitored
over time in a PBS buffer. The cumulative release
of MO as a function of time is presented in Figure
5B. During the first 5 minutes of release, the
cryogel provided about 3% of the MO release, while
in the 90 minutes it released about 18%. The
release rate reached 34.88+2.87% at the 30th
minute and then slowed down and approached the
equilibrium (32.94+4.01%) at the 180th minute.
The rate of drug release from a polymeric system
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can be affected by different events, from drug
dissolution to water absorption, polymer swelling,
drug dissolution through the polymer network,
diffusion, and polymer erosion (Sarkaya & All,
2021). In our study, we can mainly relate the
release during this 1 day to the rapid swelling
properties of the cryogels. The high swelling
capacity of the gels may have both accelerated the
diffusion rate of the penetrant into the matrix and
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facilitated MO dissolution and diffusion of the
swollen matrix through the gel layer, exhibiting a
faster drug release profile up to the equilibrium
swelling point of the cryogel (The cryogel reached
equilibrium at a swelling rate of 4535.57+277.93%
in 180 minutes, as presented in Figure 4A). The
results obtained here are that a slow release
occurs due to the swelling kinetics only, as a result
of the strong electrostatic interactions between the
MO and the polymers.
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Figure 5. A) Color change in cryogel after dye adsorption, B) MO adsorption capacity versus time, and C)
Time-dependent release of MO.

4. CONCLUSION

In this study, glutaraldehyde crosslinked cryogel
scaffolds were fabricated, characterized, and then
evaluated for drug adsorption and release studies.
Considering that polymer type and the ratio is a
critical production variables in cryogel production,
plain chitosan, plain gelatin, and a composite
scaffold combined half by weight of chitosan and
gelatin were evaluated. It was observed that the
composite scaffold exhibited mechanically a more
stable and water-capable structure, and the study
was continued with this sample. The composite
cryogel showed an open network with an
interconnected porous structure. The ability of
cryogel as an adsorbent for MO from an aqueous
dye solution was examined. In light of the
experiments, the results indicate that
glutaraldehyde crosslinked Gel:Cs cryogel has good
characterization properties for drug loading and
release applications. Using the appropriate formula
and fabrication method can affect the cryogel
scaffold stability and release MO, which can be
targeted for drug or growth factor release for cell
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migration, proliferation, and formation of new
tissue for future studies. This study demonstrates
that we can optimize the formula of Gel:Cs
cryogels and maximize the role of polymer ratio for
further drug loading and release applications.
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