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Abstract: (HEC/SA/HA/AgNP hydrogels) were successfully prepared using Hyaluronic acid (HA),
Sodium alginate (SA), Hydroxyethylcellulose (HEC, and Silver nanoparticles (AgNPs).
HEC/SA/HA/AgNP hydrogels were cross-linked via Ca?* ions. The structural, chemical and physical
properties of the hydrogel have been studied, which include: swelling ratio, antibacterial and antifungal
activity, and also UV-Vis, FTIR, SEM, EDX after making sponges via the freeze-drying technique. The
characteristic peak of UV-Vis spectra revealed the formation of AgNPs in the compound at 411 nm.
The FTIR curves showed new peaks that confirmed the oxidation of HEC, and showed the chemical
interaction of the three polymers with AgNPs and Ca?. The SEM images showed monodispersed
AgNPs with a size ranging (from 8.2 to 32 nm ). The results from these studies showed that the hydrogel
has an excellent performance in swelling ratio. Furthermore, the hydrogel activity against bacteria and
fungi was also measured for 72 h, and the results showed that these hydrogels were more effective
against the microbes. These results suggested that the crosslinked hydrogel (HEC/HA/SA) with AgNPs
might be an excellent dressing for wounds.
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1. Introduction

A wound occurs when there is damage to the protective tissue by internal or external
stimuli [1]. Wounds are mostly healed using films or hydrocolloids, gels, foams, and gauzes of
fibers [2, 3]. Hydrogel is a polymer material that can hold a large amount of water because of
the hydrophilic group inside, which can strongly combine with water molecules. Extensive
research is being carried out with hydrogels as wound dressings since they have a great
absorbent capacity and soothing and cooling effectsn addition to that, they create a moist
wound healing environment and allow easy exchange of gases [4-6]. Several polymers produce
wound dressings, including natural and synthetic ones like polyethylene glycol (PEG),
polyurethane, collagen, chitin, chitosan, alginates, starch derivatives, and so on [7-12].

Hydrogels from polysaccharides are extensively studied because they are
biocompatible, biodegradable, mechanically strong, cost-effective, and easily available.
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Hyaluronic acid (HA) or hyaluronan is an acidic linear polysaccharide with a high
molecular weight with repeating disaccharide units of N-acetyl glucosamine and D-glucuronic
acid. Each repetitive disaccharide unit is attached via B-1,4 glycosidic bonds [13]. The
molecular weight of HA ranges from 10 to 10000 KDa, which depends on the extraction,
source, and purification used. Increasing the concentration and higher molecular weight of
hyaluronic acid increases its viscosity [14]. Due to having hydroxyl groups in its structure, it
is considered a highly hydrophilic polysaccharide with the effect of moisturizing as this group
can bind with water molecules tightly to the chain of the polymer by hydrogen bonds [15].
Through this process, the hyaluronic acid absorbs a large amount of water as it can contain up
to 1000 of the volume of the solid substance itself [16].

Sodium alginate ( SA) is a natural linear polysaccharide that is composed of blocks of
(1-4)B-D- mannuronic acid (M) and (1-4)a-L-guluronic acid (G) residues [17]. The polymer
chains contain a random sequence of M and G blocks and intersperse with regions of alternating
MG blocks. In general, alginates are known as stiff molecules because of the rigid six
membrane sugar rings and restricted rotation around glycosidic linkage. There is electrostatic
repulsion between the polymer chain's charged group, which increases the rigidity of the
chains. The chain's stiffness depends not only on the ionic strength but also on the composition
of alginate, increasing in the following order MG < MM < GG. Hence, the mechanical and
physical properties of alginates are strongly based on the sequence of the blocks [18]. Through
crosslinking with di- or tri- valent ions, alginate can form a uniform hydrogel, insoluble in
water and thermally irreversible at room temperature. The commonly used crosslinking agent
is calcium chloride [19]. The crosslinking results in a strong bond between the divalent ions
such as Ca?* and the carboxyl group in the G-block of SA [20].

Cellulose is one of the most widely available polysaccharides globally and attracts the
attention of researchers due to its ability to biodegrade, biocompatibility, and its ability to
renew. Cellulose is a linear polysaccharide composed of repeating units of D- glucopyranosyl
linked by B-1,4 glycosidic bonds [21]. Due to a large number of hydrogen bonds between
glucose rings in the structure, cellulose is not only difficult to dissolve in organic, inorganic
solvents, or water but also can not be melted, which limits its use in many applications [22].
Hydroxyethylcellulose (HEC) is a cellulose derivative and is a non-ionic compound that is
soluble in water. It is made by treating cellulose with ethylene oxide. This compound contains
a large amount of a hydroxyl group in its structure, which can be linked with other functional
groups. This excellent property makes it suitable for biotechnology, biophysical, and industrial
applications. HEC is used in wound dressing materials, scaffolds in tissue engineering, and is
commonly used in cosmetic products and as a thickener for foods and paints in addition to its
use in protective colloids in the polymerization process [23,24].

Antibacterial dressings were developed to treat wounds, and the emergence of drug-
resistant bacteria drove this development. Antibacterial properties in wound dressings are very
important to prevent tissue damage due to bacterial contamination and infection. AgNPs have
been used as a powerful antibacterial agent that has a significant and long-Ilasting effect on
microbes and drug-resistant pathogens. Several techniques have been developed to synthesize
AgNPs, such as chemical reduction, irradiation, electrochemical, thermal, biological, etc.
Among these methods is chemical reduction, the most reliable method for its direct and concise
approach. However, nano-silver particles tend to form aggregates, which poses a constant
problem in their composition and reduces their efficiency in resisting bacteria. The composition
of nano-silver in polymer materials such as alginate-based hydrogel, cellulose, collagen, and
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clay minerals prevents agglomeration and precipitation of the nanoparticles. They work as
capping, reducing, and stabilizer agents [25,26].

Our research aims to produce a novel wound healing hydrogel using many natural
polymers, polysaccharides, in a green chemistry approach by eliminating toxic chemicals like
glutaraldehyde formaldehyde glyoxal, and others. The chemical structure using FTIR, and
basic properties like gelation time, in-vitro stability in PBS solution, swelling ability, and
antibacterial properties were investigated. The results have shown that this novel hydrogel has
excellent properties and can be a promising wound healing hydrogel.

2. Materials and Methods

2.1. Materials.

All materials that are used in this work are commercially available. Hyaluronic acid
(HA) (50 KDa ) was purchased from a local company. Hydroxyethylcellulose (HEC), Sodium
hydroxide (NaOH), calcium chloride ( CaCly), and silver nitrate (AgNOs3) were purchased from
SIGMA-ALDRICH, Germany. Sodium alginate (SA) was purchased from S.D FINE-CHEM
Limited, India. All the chemicals used in this study were of high purity and were used without
further purification. All the solutions were prepared using distilled water.

2.2. Preparing HEC/AgNPs solution.

Hydroxyethylcellulose (HEC) powder (1.25 g) was dissolved in 63 ml of distilled water
and stirred for two hours at room temperature to make sure that all the powder was dissolved
and became a clear solution. This homogeneous solution was separated into two beakers.
(Beaker 1 = 23 ml, beaker 2 = 40 ml). The second beaker ( 40 ml ) was used to prepare silver
nanoparticles by adjusting the solution to pH 10 and adding dilute sodium hydroxide ( 0.1M )
solution. This solution was heated at 90 °C. A diluted 300 pl silver nitrate solution AgNO3 (0.1
M ) was added to the mixture during the heating process. The reaction mixture ( AgNOz-Na-
HEC ) was put under continuous stirring and was heated for 30 min. The color of the reaction
mixture changed to a clear yellow and developed to dark brown at the end of heating, which
indicated the formation of silver nanoparticles (AgP).

2.3. Preparation of SA/HA solution.

Sodium alginate (SA) powder (0.2g) was mixed with 0.1g of hyaluronic acid (HA)-50
KDa. This powder mixture (HA-SA) was dissolved with 7 ml of distilled water in a glass of
100 ml. Then, the solution was transferred to magnetic stirring for 1 hour until the mixture
became a homogenous and clear solution.

2.4. Preparation of hydrogel/AgNPs composites.

The hydrogel was prepared by taking 3 ml of HEC solution and 5 ml of HEC-AgNPs
solution and were mixed with HA-SA solution together. The final solution was placed in
stirring for 5 minutes until the solution became homogenous. The hydrogel was split into well-
plate, each one containing 1.5 ml of the hydrogel. Finally, 1 ml of CaCl (0.1 M) was added to
each one until the hydrogel started crosslinked and conglomerated.
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2.5. Characterization of the hydrogel.
2.5.1. UV-visible Spectroscopy.

Silver nanoparticles in the hydrogels have been detected using a Spectrophotometer
(UV-1800, Shimadzu Japan) with a wavelength range (300 — 700) nm. All spectra were
recorded in the absorbance mode, and the optical spectra were acquired using quartz cuvettes
(1cm) path length.

2.5.2. Scanning electron microscope (SEM).

The microstructures of porous scaffolds were characterized by Scanning Electron
Microscopy (SEM) (JEOL JSM 6510LA, Japan) at an accelerating voltage of 15 kV. The dried
scaffolds were sputter-coated with a thin layer of platinum in double 30 s consecutive cycles
at 45 mA to reduce charging and produce conductive surfaces (JEOL, JFC-1600, Japan).

2.5.3. Fourier transform infrared spectroscopy (FTIR).

To evaluate the structural changes in the hydrogel, the Fourier Transform Infrared (
FTIR ) spectra of the sodium alginate ( SA ), hyaluronic acid ( HA ), hydroxyethyl cellulose (
HEC ), a mixture of (SA-HA-HEC) with calcium chloride and AgNPs were recorded and
compared by FTIR IRPrestige-21 (Shimadzu) spectrometer. All samples were dried by Freeze-
dryer and then ground with pure KBr and compressed to form discs. The analysis was carried
out in the range of 400 to 4000 cm™ with 128 scans recorded at 4 cm™ of resolution.

2.5.4. Swelling ratio.

The evaluation of swelling degree or water uptake was analyzed for 7 days. Three
samples of the crosslinked hydrogel were taken and weighed separately in the analytical
balance and written as (WO0). Then, samples were immersed in vials containing 7 ml of
Phosphate Buffer Solution PBS (pH=7) and left to swell at 37 °C in an incubator for a certain
period of time (1, 3, and 7 days ). After one day, the first sample was taken out of PBS to
determine the wet weight (Wt) after removing the excess liquid using a filter paper. This
process was repeated with the second and third samples as well. Each experiment was done in
triplicate.

The swelling ratio ( Sr % ) was calculated according to the following equation :

_ _ Wt — W0
Swelling ratio (S#% ) = ———— x 100
wWo
here, Wt is the mass of the hydrogel in the swelling state at time t, and Wy is the mass of the

hydrogel before being immersed.

2.5.5. Antibacterial and fungal activity test.

Small pieces (0.5-3 g) of crosslinked hydrogel containing AgNPs and others without
AgNPs were prepared and kept in airtight containers until use. Two mediums were prepared,
one of them was potato dextrose agar (PDA) to measure the growth of fungi (A. niger) and the
other nutrient agar (NA) for measuring bacteria (E.coli) growth. Then, the pieces of crosslinked
hydrogel with and without AgNPs were placed in the two mediums for 72 hours in an incubator
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at 28 °C. For the antibacterial and antifungal studies, E.coli and A. niger were used,
respectively.

3. Results and Discussion
3.1. Synthesis AgNPs via HEC.

The silver nanoparticles were synthesized in a green chemistry way. At first, drops of
sodium hydroxide were added to the HEC solution, which helped activate the polysaccharide
through alkalization. Then, the heating process was done, and 300 pl of silver nitrate was
added. The reduction process changed silver ions (Ag™) to silver nanoparticles (Ag°®) due to the
presence of HEC, which acted as the reducing and stabilizing agent (HEC) [26]. All alcohol
groups in the HEC structure were transformed into carboxylic groups.

3.2. The crosslinked hydrogel preparation.

The crosslinked hydrogels were prepared by adding Ca®* to HEC-AgNPs and a mixture
of HA-SA. HEC solution that contained Ag° particles and also HEC without silver
nanoparticles were added to the mixture of SA and HA. Then the hydrogel was divided into
24-well plates, each plate containing 1.5 ml. Finally, 1 ml of calcium chloride was added to
each one to start the hydrogel to agglomerate, forming a crosslinked hydrogel. The three
polymers are intertwined and interconnected with each other via crosslinking agent Ca?*
through COO" groups in the three polymers. We speculate that Ca?* ions crosslinks with SA
molecules [27], and also hydrogen bonding interconnects this crosslinked SA with HA and also
HEC together with the AgNP.

3.3. UV-Vis absorbance spectroscopy.

The UV-Visible instrument was used to confirm the presence of nano-silver particles
in the prepared hydrogel. AgNPs generate surface plasmon resonance due to the free oscillating
electron present in metallic nanoparticles. As reported in the literature, silver nanoparticles
have a surface absorbance of Plasmon between 400 and 420 nm [28, 29]. Figure 1 clearly shows
a plasmon absorption at 411 nm for our hydrogel, which corresponds to the surface plasmon
resonance of the Ag nanoparticles in our hydrogel.
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Figure 1. UV-Visible absorption spectra of the hydrogel composed of AgNPs.
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3.4. Microstructure study-Scanning electron microscope (SEM) and EDX.

The scanning electron micrograph of the dried sample is shown in Figure 2. Wound
healing hydrogels with good porosity are highly desirable. The interconnected porous structure
is clearly shown in the micrograph. The EDX results confirm the presence of the silver
nanoparticles.
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Figure 2. SEM micrographs of interconnected porous scaffolds.
3.5. FTIR studies.

FTIR spectroscopy was performed to determine the possible interactions between the
functional groups in the three polymers, calcium ions, and silver nanoparticles. The FTIR
spectra of HA/HEC/SA/Crosslinked hydrogel are presented in Figure 3. There are major
common peaks, such as those above 3000 cm™, due to hydroxyl group (-OH) stretching
vibration mode, the peaks shown at 2923 cm™ correspond to the stretching vibration of a
methylene group (C-H), and the peak at 1108 cm™ is due to C-O group in stretching vibration.

Pure HEC represents a broad peak at 3375 cm™, which refers to O-H stretching
vibrations, and 2929 cm refers to C-H aliphatic stretching vibration. HEC also show specific
bands in 1456, 1360, 1310, 933 cm™ [30]. These bands correspond to the characteristic of the
amorphous region's potential heterogeneity over the distribution of replaced groups in the
polymer chain. The band at 1081 cm™ is assigned to C-O, and there was a band at 1655 cm™
due to the ring stretching of glucose cm™ [31]. FTIR spectra of pure SA represent the same
characteristic bands at 3430 cm™ assigned to the absorption of stretching of the O-H (hydroxyl
group) and a peak at 2929 cm™ due to C-H stretching in the glucose ring. The spectra also
represent a peak at 1412 and 1613 cm™ due to asymmetric and antisymmetric —COOH
(carboxylate groups) that will link with Ca*? [32]. For the pure HA spectra, there is a broad
peak between 3000 and 3600 cm™ due to the hydroxyl group stretching. Also, there are bands
at 1605 and 1405 cm™ assigned to carboxylate symmetric and asymmetric stretching vibration,
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respectively. Peaks at 1027 and 1145 cm™ C-O-C stretching vibration of the skeleton HA. Two
small peaks at 1322 and 1560 belong to amide bands [33].

In the crosslinked hydrogel, there are two absorption peaks at 1420 and 1620 cm™,
representing the symmetric and asymmetric carbonyl group (C=0) due to the presence of Ca?*.
The signal 1420 cm™ in the hydrogel is reduced in intensity compared to the corresponding
peak in the pure SA, HA, and is shifted to a high frequency in the Ca?" presence, from 1415 to
1420 cm™. The asymmetric stretch peak is also shifted higher from 1605 to 1620 cm™. The
area between 1150 to 1000 cm™ was a strong signal for the presence of crosslinking caused by
C-C and C-O stretching. The signal at 1040 cm™ indicates the stretching of C-C, which shows
a high intensity, and 1040 cm™ for C-C stretching [34]. In addition, there is an absorption band
at ~3265 cm, corresponding to the O—H stretching in pure SA, this peak becomes broader and
shifts to a higher frequency due to decreased intramolecular bonding in the hydrogel spectra.
The stretching of —-COO asymmetric peak at 1620 in the hydrogel resulted from the interaction
between the —COO group and Ca?* [35].

Hydrogel
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Figure 3. FTIR studies of the hydrogel, sodium alginate (SA), hydroxyethyl cellulose (HEC), hyaluronic acid
(HA).

3.6. Swelling ratio.

The absorption of wound secretions is important for wound healing because the
secretions contain different biological entities necessary that are essential for the healing
process. Therefore, the swelling of this hydrogel was checked over a period of 1, 3, and 7 days
as illustrated in Figure 4. The results for the first day showed a high amount of swelling (29.5
% ), indicating the response of the hydrogel structure that contained a large number of
hydrophilic groups able to absorb water. Strong hydrogen bonding and Van der Waals
interactions between the polymers chains displayed a high water absorption capacity and
swelled to a large extent without dissolving in the PBS [36].

On the third day, the swelling was equal (34.28%). After 7 days, there was a slight
increase compared to the increase between the first and third day, where the swelling rate was
(36.21%). With the increase in the duration of the hydrogel immersion in the solution, the rate
of swelling increased until it reached a maximum capacity of swelling and degraded due to the
polymer chains breakdown [37].
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Figure 4. The swelling ratio of the hydrogel during 1, 3, 7 days.

This breakdown in the polymer chains and thus the stability can be controlled with the
cross-linker concentration (calcium ions).

3.7. Antibacterial and fungal activity of AgNPs.

The antibacterial and antifungal activity was evaluated by placing a sample of
crosslinked hydrogel containing silver nanoparticles and a sample of the hydrogel without
silver nanoparticles in nutrient agar (NA) medium to measure antibacterial activity and potato
dextrose agar (PDA) to measure the antifungal activity. The results after 72 hours showed the
growth of bacteria as well as fungi in the samples that did not contain silver nanoparticles, as
shown in Figure. The results also showed the absence of any growth of bacteria and fungi in
the samples containing AgNPs, inconsistent with the literature [38, 39], which proves the
ability of our hydrogels to inhibit the growth of bacteria and fungi. Many studies have proved
that Ag° particles have antibacterial activity by binding to the bacteria cell wall and rupturing
the negative charge on it or destabilizing the outer cover of bacteria, which facilitates access to
the mitochondria and then interference with the respiratory chain [40].

Figure 5. (a, ¢) Antifungal activity and (b, d) antibacterial of hydrogels: (a) PDA medium for hydrogel without
AgNPs; (b) NA medium for hydrogel without AgNPs; (c) PDA medium for hydrogel with AgNPs; (d) NA
medium for hydrogel with AgNPs.
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4. Conclusions

The development of wound dressings is a hot topic for skin wound care. The wound
dressing should provide a moist environment at the wound site, cover the wound completely,
absorb the secretions of the wound and facilitate the healing process. This study prepared a
hydrogel from three biopolymers, namely hydroxyethylcellulose, hyaluronic acid, and sodium
alginate, loaded with silver nanoparticles via the green chemistry method. The physicochemical
properties of the hydrogel were characterized in vitro. The results represented that the hydrogel
was swollen and deteriorated somewhat well and showed the hydrogel's ability to resist
microbes from fungi and bacteria due to the silver nanoparticles. In addition, the hydrogel
showed its ability to promote cell growth and the process of wound healing. In conclusion, the
present study showed that the prepared hydrogel loaded with silver nanoparticles could be
considered a functional wound dressing material.
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