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Hydroxyethyl cellulose—gelatin (HEC-GEL) based aerogels were produced by mixing different ratios of cellulose ether
(HEC) with gelatin (GEL) (100%, 80/20%, 50/50%, and 20/80%), and using the lyophilisation technique. CaCl, was
used as crosslinker (C) to increase the reaction of HEC with GEL. The density, porosity, liquid absorption rates for water,
PBS (phosphate buffered saline), methylene blue (MB), and Congo red (CR), as well as water vapor transmission (WVT)
and BET-specific surface area of the prepared aerogels were investigated. Also, the materials were characterized by FTIR
and SEM, and in terms of their antibacterial activity. All aerogels, both with crosslinker and without, had low density
values, in the range of 0.01-0.02 g/cm?. High porosity values were determined for the 100% GEL-C of 98.2% and for
20% HEC-80% GEL of 99.8%. The liquid absorption performance of the aerogels, both with crosslinker and without,
showed higher values with a higher amount of GEL added into the formulation. The addition of the crosslinker into the
HEC-GEL matrix caused minor changes in chemical composition. This simple lyophilization technique provided almost
homogenous compositions, yielding highly porous materials that can be used in different application areas, where high

porosity is required.
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INTRODUCTION

Hydroxyethyl cellulose — HEC — is a cellulosic
derivative that is mainly known for having highly
hydrophilic and nonionic characteristics, in
addition to being biodegradable and biocompatible
(Fig. 1a). The basic production process of HEC is
a reaction between alkali cellulose and ethylene
oxide or chloroethanol, after pretreatment with
sodium hydroxide. At the end of the etherification
mechanism, hydrogen atoms present in the
cellulosic ~ backbone are replaced  with
hydroxyethyl groups. Due to its nonionic character
and solubility in both hot and cold water, HEC is
biocompatible with surface-active materials,
different polymers, and salts.!> Due to its high
solubility, it can be prepared with various
viscosity. Its large number of -OH and -COOH
groups give this polymer the critical property of
being able to store a large amount of water in its
own structure. Due to its properties, HEC has many

applications, especially in the food and painting
industries, where it can be used as thickener,
emulsifier, suspender, binder, stabilizer, dispersant
etc.*3 Also, it has been used in ink applications,®
finishing of textile products,’ food packaging,® oil
and gas industries,” drug delivery,'* tissue
engineering,''> wound dressings'? etc.

Gelatin — GEL — is a hydrolysis product of
collagen, which is the main component of
cartilage, connective tissue, skin, and bone tissues
(Fig. 1b)."* It has a protein content of 85-92%,
mineral salts of 2-4%, and water of 8-12%.'>1¢ It
has weak polyampholyte specifications and is
made up of 13% positive group (lysine and
arginine), 12% negative group (glutamic acid and
aspartic acid), and 11% hydrophobic structure.'
The main production process starts with acidic or
alkaline pretreatment of collagen to remove
impurities from animal skin or bones. Then, its
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triple helical conformation is disturbed!®!'® and as
a result, two kinds of industrial-grade gelatin are
prepared, called type A (acidic pretreatment,
isoelectric point of pH 8-9) and type B (alkali
pretreatment, isoelectric point of pH 4-5). The
molecular weight of these polymers is between
10000 and 400000 g/mol. Due to its characteristics,
such as being a biocompatible and biobased
polymer, having a low antigenic effect, having a
low production cost, easy processing and high
level of purity, an amphoteric character, and being
easy to modify, it has been used in many different
application areas, such as in the foods' and food

packaging industries,? cosmetics,’!
photography,? pharmaceuticals,? and
biomedicals.>**

Rapid advancements in materials science have
led to the development of highly porous, low-
density materials in the form of foams, aerogels,
and hydrogels, utilizing both synthetic and natural
polymers. Aerogels were first investigated by
Kistler and are basically produced by removing the
liquid fraction of the gelous phase by different
techniques, including lyophilization, vacuum
drying, and supercritical drying.?*?® The material
has a rigid three-dimensional structure, low density

CH,OCH,CH,0CH,CH,OH

H OCH,CH,0H ~

(0.003-0.500 g/cm?), and high porosity (80%-
99.8%), which made it highly attractive for many
different uses, from catalysts,”” to tissue
engineering materials.3®3! A cellulose derivative
(HEC) was often reported to be used as a
component in different formulations of composites
in the development of films?? and hydrogels.*?-*

Our literature review revealed that, although
there are studies on HEC-GEL-based materials, to
the authors’ knowledge, no detailed
characterization of HEC-GEL-based acrogels has
been found, specifically when crosslinked with
CaCl,. Therefore, this study primarily aims to
identify the characteristics of aerogels based on
HEC-GEL, both with and without crosslinker
addition, which may be useful for various
application areas. Aerogels were produced by
mixing HEC with GEL in different ratios, with or
without CaCl, crosslinker, and then investigated in
terms of their liquid absorption (water, PBS, MB,
and CR dyes), density and porosity, water vapor
permeability, BET surface area, and antibacterial
activity. Chemical changes were analysed by FTIR
spectroscopy and morphological analysis was
performed by SEM.
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Figure 1: Chemical structure of HEC (a) and GEL (b)'4%

EXPERIMENTAL
Materials

Hydroxyethyl cellulose (HEC) was purchased from
Sigma-Aldrich Chemie GmbH (Taufkirchen/Germany),
and gelatin (GEL), (obtained from bovine skin;
composed of 83-90% protein, 8-12% water, and salts)
was kindly provided by Yigitoglu Chemical Industry
(Istanbul/Turkey). CaCl used as crosslinker, as well as
MB and CR dyes (1% stock solution), were purchased
from TEKKIM Chemicals Inc. (Istanbul-Turkey). The
components for the PBS solution: NaH,PO4, KH,PO4
and NaCl were purchased from Merck KGaA
(Darmstadt/Germany). Deionized water was used
during all experiments.

Methods
Preparing HEC, GEL and PBS solutions

Both stock solutions of HEC and GEL were
prepared by adding 1 g of polymer to water for a total
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volume of 100 mL. The HEC solution was mixed by a
magnetic stirrer for 24 hours. The GEL stock was
prepared at 35-40 °C by mixing at a 400-450 rpm
mixing rate for 40 min, and the solution was used
immediately after the production process due to the high
gelling capacity.

The PBS stock solution was prepared by mixing
0.2M NaH,PO4, 0.2M KH;PO4, and 0.15M NaCl. After
preparation and before use, the pH of the solution was
determined.

Aerogel production

The fundamental solvent casting technique was used
to create both pure and crosslinked aerogels. GEL was
added to the HEC solution in mixing ratios of 80%-20%,
50%-50%, and 20%-80%, after 1% concentrated
polymeric solutions were obtained. For comparison
purposes, 100% pure polymers were also prepared.
Aerogels containing crosslinker were prepared by the



same method, with the exception that 1% CaCl,/g HEC
was added to the mixing compound immediately after
mixing both polymer solutions. HEC-GEL and the pure
polymeric solutions were stirred by a mechanical stirrer
at 300 rpm for 3 hours, and gelous forms, with
homogenous structures, were poured into glass Petri
dishes and cooled at -86 °C for 48 hours in a deep
freezer. At last, samples were lyophilized at -55 °C and
50 mbar vacuum for 48 hours.

The samples were denoted in accordance with their
composition: HEC and GEL (pure polymers), HEC-C
and GEL-C (100% of the respective polymer
crosslinked with 1% CaCl,), 80-20, 50-50 and 20-80
(samples with the corresponding ratio of the two
polymers), 80-20-C, 50-50-C and 20-80-C (samples
with the corresponding ratio of the two polymers
crosslinked with 1% CaCl,).

Determination of density and porosity

The basic method of converting the volume fraction
to the weight fraction was used to calculate the density
values. Aerogels were weighed for this purpose, and the
volume fraction was calculated by measuring their
thickness and radius with a micrometer and caliper,
respectively. The measured weight was converted to
cylindric volume, and density values were calculated.
Porosity values of aerogels were determined by using a
Helium Pycnometer (Quantachrome Ultrapyc 1200E)
and calculated according to Equation (1):

Porosity (%) = L1 x 100 (1)

where V: measured density (cm®) and Va: densities
obtained by the pycnometer (cm?).

Water, PBS absorption and dye adsorption capacity
Liquid absorption capacity is an important factor for
porous materials, such as aerogels, foams, membranes,
and films. For this purpose, water, PBS and dye
adsorption values were determined. Briefly, a 0.005 g
aerogel sample was prepared and put into a beaker
containing 50 mL of deionized water at room
conditions. After 24 hours, the aerogels were stabilized
by removing excess water with coarse paper, and then
weighed. The PBS absorption capacity of the aerogels
was also determined by using the same method as for

water absorption.

Liquid absorption capacity (%) = %x 100 2)

where M; is the weight of the aerogel after swelling in
liquid for 24 h (g), and M, is initial dry weight of the
aerogel (g).

The dye adsorption capacities of the aerogels were
determined according to the method proposed by Huang
et al’® Approximately 0.025 g of the sample was
weighed and placed in 10 mL of dye (MB or CR), with
a concentration of 0.5 g/L, with stirring at 200 rpm for
24 h. Dye concentrations were determined by means of
a UV-vis spectrophotometer (Shimadzu UV
Pharmaspec 1700) at different wavelengths. Dye

Hydroxyethyl cellulose

adsorption capacities of the samples were calculated
according to Equation (3):

—[C‘;C‘)] XV 3)

where C. is the equilibrium concentration of the dye
solution (mg/L), Co: the initial concentration of the dye
solution (mg/L), m: the weight of the adsorbent used (g),
V: the volume of the working solution (L).

Dye adsorption capacity (mg/g) =

BET (Brunauer Emmett Teller) surface area

BET surface area of the aerogels was determined by
using the Quantachrome Nova Touch LX4 apparatus.
The prepared samples were first subjected to a vacuum
for 10 hours at 80 °C to remove excess water and dry
the samples completely. According to adsorption-
desorption isotherms, specific surface area values were
determined by using the Brunauer, Emmett, and Teller
(1938) method.’’

Water vapor transmission (WVT)

WVT tests were performed according to ASTM
standard (E 96-90 Procedure D),*® with a slight
modification. Glass bottles (8.5 cm height, 1.2 cm
width), with 6 mL of deionized water, were used as a
template, and the samples were stuck tightly on the top
of the bottles, and then introduced into a dessicator,
which comprised saturated MgCl,.6H,O and provided
40% humidity. The dessicator was then introduced into
an autoclave at 37 °C for 24 hours. The setup,
comprising the bottles containing water and the
samples, was weighed, and then permeability was
calculated according to Equation (4):

Water Vapor Transmission Rate = —(G[( 9 4)

where Gt is the slope of the weight change versus time
(g/h), and A: test area (m?).

FTIR spectroscopy

Chemical characterization of functional groups in
aerogels with different compositions, as well as of the
pure polymeric materials, was performed by using a
Bruker Alpha II FTIR (Billerica/Massachusetts,
A.B.D.). Spectra were recorded by scanning 16 scans in
the range of 400-4000 cm™ at 2 cm™! resolution.

Antibacterial activity

The antibacterial characteristics of the aerogels were
determined using the disc diffusion method. E. coli
grown in SS (Salmonella Shigella Agar) and S. aureus
grown in BHI (Brain Heart Infusion) enriched media
were transferred to agar media via the swap procedure.
Following this, a sample of 1 cm diameter was placed in
contact with the bacterial habitat. The medium was
incubated at 28 °C for 24 hours, after which the
inhibition zones associated with bacterial growth in the
agar medium were measured and averaged from
different sites.
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SEM microscopy

SEM images of aerogels were taken with an FEI
Quanta FEG 450 (USA) at various magnifications to
explore the morphological characteristics of both the
surface and cross-sections of the samples. A scalpel was
used to cut test samples without disturbing the material
structure. A Cressington Spray Coater (Ted Pella Inc.,
USA) was used to coat sample surfaces with gold-
palladium (40 mA current, 50 mbar pressure).

RESULTS AND DISCUSSION
Density and porosity

Density and porosity are basic properties of
porous materials, such as foams, aerogels, films,
and membranes. The obtained density and porosity
values of all aerogels were listed in Table 1.
According to the data, density values were
determined between 0.0121 and 0.0195 g/cm?, but
the maximum density value was recorded for HEC-
C (100% HEC crosslinked with 1% CaCly) as
0.0195 g/cm?, and the minimum value — for
20%HEC-80%GEL-C (20-80-C) as 0.0121 g/cm’.

In addition to density, Table 1 also shows the
porosity values of aerogels, which were
determined to be between 98.2 and 99.8%. The 20-
80 composition of the aerogel had the highest
porosity value, while GEL-C aerogel had the
lowest degree of porosity. It can be seen from the
data that the addition of crosslinker to the
composition caused a small increase in density
values, and at the same time, a slightly decreasing
trend for porosity values, especially for pure
polymeric aerogels.

The addition of high amounts of GEL to HEC
formulations,  without  crosslinker, clearly
increased the porosity values. This situation is
probably due to chemical interaction between
HEC’s OH groups and GEL's cationic reactive
groups, which will be seen in FTIR spectra as a

decreasing of the characteristic band intensities of
HEC (1640 cm™) and GEL (1625 cm™), as will be
further discussed below. This interaction probably
increased the chemical attack between the reactive
sites of the polymers, resulting in much larger pore
sizes formed in the materials during the
lyophilization. In contrast, the addition of CaCl, as
a crosslinker caused almost the opposite behavior
in terms of porosity, due to the interaction of Ca**
with both the -OH groups of HEC and the anionic
sites of GEL. As a result, the unreacted groups of
both GEL and HEC molecules behaved as free
blocks and filled the main skeleton, resulting in a
lower degree of porosity.

Similar results to those reported here regarding
density and porosity were obtained by Simon-
Herrero et al.®° In their research, HEC-alumina-
based aerogels were prepared as lightweight
insulation materials, and the addition of HEC to the
alumina composition caused a decrease in porosity,
in contrast to an increase in density.

BET surface area

Aerogels are classified as low-density, highly
porous materials in addition to having high specific
surface area values. Specific surface area data are
given in Table 1, and according to the results, it can
be seen that all the aerogels show high surface area
values, ranging between 263.13 m*/g and 340.17
m?/g. The highest value was observed for GEL, and
the minimum value — for the HEC-C sample. In
general, pure HEC samples, with or without
crosslinker, showed lower surface area values than
GEL samples. Thus, the addition of GEL into HEC
composition clearly increased the surface area
values.

Table 1

Density, porosity and specific surface area values of aerogels

Sample ]()girclrsrllg})]
HEC 0.0187
GEL 0.0122
HEC-C 0.0195
GEL-C 0.0125
80-20 0.0176
50-50 0.0148
20-80 0.0124
80-20-C 0.0193
50-50-C 0.0146
20-80-C 0.0121

Porosity Surface area

(%) (m?/g)
99.50 280.02
98.90 340.17
99.01 263.13
98.2 313.80
99.60 291.22
99.73 298.56
99.80 305.22
99.40 289.23
99.20 296.73
98.92 299.60
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Low density and high porosity are essential in
different usage areas of related materials, such as
adsorbents, dust collectors, biomaterials, efc. In
biomedical devices, such as hemostatic agents,
wound dressings, and tissue scaffolds, a high
surface area is mandatory, for promoting the
attachment and proliferation of new tissue cells
during the healing process. Similarly, high porosity
is imperative in adsorbents. For example, Gao et
al. prepared HEC-silica-graphitic carbon nitride-
based foams and used the freeze-drying technique,
with and without a gas foaming process, for
obtaining a porous material to be used for dye
adsorption.*’ High dye adsorption was recorded for
both non-gas foamed (HEC/Si0,/C3Ns-50) and gas
foamed (HEC/SiO2/C3Ns-80) samples, which
showed surface areas of 38 and 47 m%g,
respectively. Although both silica and graphitic
carbon nitride have higher specific surface areas,
the samples prepared with HEC had low surface
area values.

Salerno et al. produced GEL-based porous
composites by using type A and type B gelatin, by
the combined sol-gel technique and sCO, drying,
with/without crosslinker 3-
glycidoxypropyltrimethoxysilane (GOTMYS).
According to the obtained results, the highest
specific surface area values were achieved by the
addition of 30% GOTMS for type A and type B-
based samples — of approximately 150 and 70 m%/g,
respectively; while those for the pure GEL were
~20 m*g and ~60 m?%/g for type B and type A GEL,
respectively.*! The highly different surface area
values reported in the described study and in this
work can be explained by the difference in the
characteristics of the materials and the reaction
mechanisms between the components.

Water, PBS and dye adsorption performance
The absorption performance of the aerogels
produced with/without crosslinker towards water
and PBS is illustrated in Figure 2 (a-b), which
reveals a high absorption capacity of the samples.
The maximum liquid absorption performance was
recorded for the 20-80 samples, as 966% and 550%
for water and PBS, respectively. It should be noted
that no absorption value could be determined for
the pure GEL composite because of its fast
dissolution in both liquid media. This situation can
be explained by the fact that GEL is a highly
hydrophilic material and easily dissolves in these
media. However, the addition of GEL to the HEC
for a composite formulation clearly improved
liquid absorption at a higher level, compared to that
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of the pure HEC sample due to GEL’s
hydrophilicity. Moreover, porosity values also
explain the aerogels’ liquid absorption behavior.
Increasing amounts of GEL in the HEC matrix
generally provide increasing porosity values,
which is a critical factor affecting the absorption
behavior of porous materials.

In Figure 2 (b), the liquid absorption (water and
PBS) performances of CaCl, added aerogels are
given. When compared to mnon-crosslinked
samples, it can be clearly seen that both water and
PBS absorption values were determined to be
lower. Water and PBS absorption values decreased
from 700% to 585% and from 450% to 355%,
respectively. These results were supported by both
porosity and surface area values, which show a
clearly decreasing trend with the addition of CaCl,
to the HEC matrix. The absorption performance of
the 100% GEL sample could not be determined,
and even the addition of 1% CaCl, crosslinker into
the composition could not fully prevent the
dissolution of GEL. Similarly to the case of non-
crosslinked samples, the addition of GEL to the
HEC matrix provides increasing absorption values
for both water and PBS. A lower absorption degree
is an expected result due to the high reactivity
between the -OH groups of HEC and the reactive
groups of GEL with Ca*" ions, resulting in
blocking of the hydrophilic nature of both
polymers. This situation is clearly in agreement
with the porosity and surface area results of all the
samples, where crosslinked samples had lower
porosity and surface area values. In addition to
testing the adsorption of the aerogels towards water
and PBS, two different dyes (MB and CR) were
also used to characterize the aerogels’ adsorption
behavior. Figure 3 shows the results of this test. As
seen in the figure, the adsorption behavior of some
samples could not be determined because of the
high gelation of the samples. The two types of dyes
showed different behavior in different composite
mixtures. However, high adsorption values were
determined for all the composites. The highest MB
adsorption value was determined for the 20-80
formulation as 138 mg/g, whereas the lowest value
— for the pure GEL sample as 2.22 mg/g. It should
be noted that, similarly to the water and PBS tests,
GEL behaved in the same manner, meaning that
there was high dissolution and gelation in a few
minutes, and it was difficult to remove this sample
from the dye solution. In contrast to the pure GEL
without a crosslinker, the crosslinked GEL sample
had a significant level of MB adsorption. This
situation clearly shows that the interaction between
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GEL and CaCl, provides a firmer structure,
without decomposition, and this situation resulted
in a higher absorption capacity in the pores of the
related sample. Although the crosslinked GEL
shows a lower degree of porosity and surface area
than the non-crosslinked samples, this firm
structure ensured higher adsorption towards MB.
When investigating HEC-GEL composites, MB
adsorption values show parallel results with
porosity changes. A decreasing trend of porosity
clearly showed a decreasing trend of MB

adsorption. Similar to the results of this study, it
was reported previously for HEC-silica-carbon
nitride foams produced with high porosity and pore
volume, which led to high adsorption values, of
132.45 mg/g for MB and 206.62 mg/g for
methylene violet.*> When compared to our results,
it should be stated that the differences in the
composition may explain the different liquid
adsorption behavior of the materials.
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Figure 2: Water and PBS absorption capacity of (a) non-crosslinked, and (b) crosslinked aerogels

200

I3

z

= 150

s [ |

B |

= |
<4 100

<

L]

E

(]

2 50

L)

=

=

o

Z 9 |

20-80 GEL

200
|
150 &
&
£
s
100'.3_
u 5
| 3
<
50 E
. =]
7]
5
0 o
80-20 20-80-C GEL-C

Composition

Figure 3: MB (blue symbol) and CR (red symbol) adsorption performance of aerogels

In addition to MB, the CR adsorption capacities
of the aerogels were also investigated, and the
results are also shown in Figure 3. As mentioned
above, the test could be completed for some
samples, as they either dissolved or easily turned to
a gelous form, and could not be removed from the
dye solution. Absorption values between 72.663
mg/g and 168.268 mg/g were determined. The pure
GEL, without crosslinker, had an adsorption
performance in the higher range, which can be
promoted by the higher reactive components
present in GEL molecules. Conversely, the
crosslinker blocked the anionic sites easily during
aerogel production. As a result, the cationic sites of
the GEL molecule showed high efficiency for
anionic CR dye. Similar to water and PBS
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absorption results, the 20-80-C sample showed the
highest CR adsorption value, and this can be
explained by the fact that more cationic sites in
GEL’s composition probably reacted with the
anionic dye and Ca?" ions of the crosslinker reacted
with the -OH groups of the HEC molecule.
According to the adsorption results, the
aerogels prepared in this study could be suitable for
use in different areas where high absorption
capacities are needed. Although some formulations
have low resistance, such as 100% HEC, 50-50,
and their crosslinked samples, it can be assumed
that the addition of a higher amount of crosslinker
will probably promote higher resistance and lower
absorption values, according to our results.



Water vapor transmission (WVT)

Another important charateristic of porous
materials is water vapor transmission. This
property is mainly affected by the pore volume,
pore diameter, porosity, specific surface area
values, and crystalline structure of polymers. In
Figure 4 (a-b), the WVT results for non-
crosslinked and crosslinked aerogels are presented.
As may be noted, the results range between 155.4
and 256.69 g/m* h, where the maximum value was
obtained for the composite with a higher amount of
GEL in the HEC matrix (20-80). The high porosity
and surface area values obviously lead to higher

Hydroxyethyl cellulose

area values of the 80-20 sample increased, as
compared to the pure HEC sample, the WVT result
revealed a nearly negligible decreasing trend.
When the level of GEL in the primary matrix is
increased, there is an increasing trend of WVT,
which is caused by the wide surface area and high
porosity values. Furthermore, the high hydrophilic
nature of GEL may explain why it has a lower
WVT than pure HEC, as high moisture content
(40%) during the test may promote the gelation of
GEL and the pores of the material collapsed and
were closed by GEL. As a result, vapor
transmission through the sample was retarded.

vapor transmission in 24 hours for this
formulation. Although the porosity and surface
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Figure 4: Water vapor transmission results of non-crosslinked (a) and crosslinked (b) aerogels

In Figure 4 (b), the WVT results of crosslinked
acrogels are given. Similarly to the non-
crosslinked materials, the highest value was
observed for the 20-80-C sample — of 256.69 g/h
m?. Also, it is clear that the pure GEL sample had
a higher WVT than the crosslinked GEL sample,
which can be clearly corelated with the decrease in
both porosity and surface area value with the
addition of crosslinker. However, a lower value
was also observed for 50-50-C, compared to the
non-crosslinked sample. This situation is also
likely caused by the nature of the pure GEL, which
led to decreasing porosity and surface area values.
According to our results, this material has quite
high WVT results.

The WVT of different composites with
different physical forms has been investigated in
the literature. Bioplastic films with HEC and HEC-
polyvinylpyrrolidone (HEC-PVP) mixtures were
produced by Anwar ef al. (2024), and their WVT
were found as 91.91 g/m? h and 91.93 g/m? h for
pure HEC and HEC-PVP 5:3, respectively.
Compared to the mentioned study, higher WVT
results for pure HEC in this work are probably due
to the differences in the micromorphological
structure. As known, aerogels and foams have

highly porous structures due to interconnected
pores, which provide holes through the main
skeleton; however, films and membrane structures
are compressed and packed densely. The results
obtained in our study show that the developed
materials could be promising for areas where high
WVT values are required, such as in wound
dressings, but for such uses the materials need to
be subjected to biocompatibility tests.**

FTIR analysis

Chemical changes during the preparation of
composites have been investigated by FTIR
spectroscopy. The FTIR spectra of non-crosslinked
and crosslinked aerogels, in addition to those of
pure polymeric samples, are shown in Figure 5. In
Figure 5 (a), FTIR spectrum of pure HEC shows
characteristic peaks at 3397 cm™ and 2871 cm!
associated with the H stretching vibrations of -OH
groups and C-H groups, respectively.*
Additionally, the peaks at 1641 cm™, 1064 cm™ and
1015 cm™ are associated with glycose ring tension,
C-O interaction, and tension vibration of C-OH
groups.***® The main characteristic peaks of
gelatin normally occur at 1631 cm™!, 1530 cm™ and
1229 cm™!, being associated with C=0 stretching
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vibration of amide-I, N-H bending vibration of
amide-II, and C-N stretching vibration,
respectively. In this study, the spectrum of the pure
GEL sample shows these peaks at 1635 cm™, 1543
cm! and 1237 cm’!, respectively.’®! When
analyzing all the spectra in Figure 5 (a), the
characteristic peak of GEL at 1625 cm™ is clearly
seen in all compositions at different intensities.

However, the active peak at 1640 cm™, which is
attributed to HEC, shifted towards 1625 cm™! and
lost its intensity. A similar situation is noted in the
GEL structure: the 1530 cm™ peak intensities,
which correspond to the N-H bending vibration of
amide I, varied with the quantity of HEC present.
This situation definitely shows the chemical
interaction that occurred between polymers.
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Figure 5: FTIR spectra of (a) non-crosslinked, and (b) crosslinked aerogel samples

The FTIR spectra of crosslinked aerogels
presented in Figure 5 (b) show similar peak
behavior to that of non-crosslinked samples, with
different peak intensities. The reduction of peak
intensity of the reactive groups was the most
significant modification visible in the FTIR spectra
with the addition of the crosslinker. It is noted that
the addition of CaCl, to the pure polymer samples
(HEC and GEL) clearly led to reactions with the
active groups of the polymers, as can be observed
by the decrease of basic peak intensities that
shifted from 1635 cm™ to 1612 cm™ and from 1641
cm! to 1625 cm™! for GEL and HEC, respectively.
This is most probably caused by the reaction of
Ca?" ions present in the crosslinker with the -OH
groups of HEC and also with the anionic fractions
of GEL, such as glutamic and aspartic acids. The
FTIR spectra of the composite samples also show
the same trend as their corresponding non-
crosslinked samples, with decreasing peak
intensities in the regions around 1500 and 1620 cm
I, Also, it is clearly seen that the addition of the
crosslinker obviously led to lower peak intensities
in the region around 1620 cm™.

Antibacterial efficiency

The antibacterial activity is one of the essential
properties of materials that are intended to be used
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as wound healing and hemostatic agents, tissue
scaffolds, and food packaging systems in the form
of films, foams, aerogels, hydrogels, etc. The
results obtained by the disc diffusion method can
be seen in Figure 6. As may be noted, the aecrogels
had no antibacterial effect on the tested bacterial
strains (S. aureus and E. coli). Moreover, the
addition of the crosslinker to the formulation did
not provide an antibacterial effect either. It is
obvious that both biopolymers were used as raw
nutrients by bacteria, as may be remarked by the
bacterial colonies that moved toward the center of
the samples.

HEC’s negative performance against bacteria
was also established in a study by Wei ef al.,’! in
which acrylic acid-N-N’ methylene bisacrylamide-
based single-stage copolymerization products were
produced in a polyhexamethylene-HEC mixture.
Results showed that the addition of HEC to
polyhexamethylene guanidin hydrochloride, which
was used in papermaking, decreased the
antibacterial effect when compared to pure
polyhexamethylene guanidin hydrochloride.

Also, the lack of antibacterial activity of pure
GEL was confirmed by earlier research. For
example, Ye et al>? developed bacterial cellulose-
GEL-based porous sponge materials for wound
dressing applications, incorporating the model



drug ampicillin. They showed that the aerogels
without the model drug showed no antibacterial
activity against E. coli, C. albicans and S. aureus.
Other studies also confirmed the need to

S. aureus

Hydroxyethyl cellulose

incorporate an antibacterial agent into GEL-based
formulations in order to obtain an antibacterial
performance of the materials.****

Figure 7: SEM images of pure HEC sample: surface (a-b) and cross-sectional (c-d) views

SEM analysis

Surface and cross-section SEM images of a
pure HEC sample are seen in Figure 7. The porous
structure of the sample is clearly seen in Figure 7
(a-b), and the network structure of HEC can be
identified. SEM images reveal mostly a dense
structure, which is in agreement with the porosity
values discussed above. Although the sample had
a dense and compact structure, it was noted that it
had fast liquid absorption. The cross-sectional
SEM images in Figure 7 (c-d) shows similar
morphology, of a dense structure, with small pores.

In Figure 8, surface and cross-sectional SEM
images of HEC-GEL 50-50 formulation, with and
without crosslinker, are presented. Surface images
of both samples clearly show porous structures;

however, the presence of the crosslinker led to a
denser structure, compared to that of the same
formulation without crosslinker. This confirms the
effect of the crosslinker in the polymer
formulation, causing the macromolecular chains of
the polymers to interact closer in the HEC-GEL
structure. Compared to the pure HEC, the cross-
sectional views of the HEC-GEL 50-50 samples
revealed some differences. The fast diffusion
mechanism occurring during the lyophilization
process probably caused this effect, considering
that the low-viscosity GEL fraction probably
diffused out of the matrix faster. The findings
confirm the results for both porosity and surface
area discussed earlier in the paper.
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Figure 8: SEM images of H-GEL 50-5 a-d) ad 50-50- -) sampl a, b, e,f — surface views, and ¢, d, g, h —
cross-sectional views)

CONCLUSION

HEC-GEL aerogels were produced by adding
varying amounts of GEL into the HEC matrix, with
and without the addition of 1% CaCl, crosslinker.
Samples were produced by the conventional
freezing-lyophilization approach. The water, PBS
and dye adsorption (MB and CR), WVT, specific
surface area and antibacterial activity of the
materials were determined. Also, the FTIR spectra
and SEM images of the samples were examined.
According to the findings, all the aerogels had low
density, ranging between 0.0121 g/cm? and 0.0195
g/cm®, and high porosity values between 98.2-
99.8%, which are important characteristics for
materials intended for adsorption and biomedical
applications. In addition, the samples had high
liquid absorption performances for water (700-
966% for non-crosslinked, 585-682% for
crosslinked), PBS (450-550% for non-crosslinked,
355-488% for crosslinked), and for MB and CR
dyes. It should be noted, however, that the integrity
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of the materials was affected in some cases for both
non-crosslinked and crosslinked samples. FTIR
spectra revealed comparable patterns, but the
chemical interaction between the biopolymers and
the crosslinker was clearly visible by the decrease
of the basic peak intensities from 1635 cm™ to 1612
cm™ and 1641 cm™ to 1625 cm™ for GEL and HEC,
respectively, with crosslinker addition. The
materials had no antibacterial activity in
themselves, but their porous structure, as
confirmed by SEM, could be helpful for the
incorporation of antimicrobial agents. Thus, the
prepared aerogels could be promising precursors
for the development of advanced materials for
application areas where high porosity is required.
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