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ARTICLE INFO ABSTRACT

Keywords: Double network sodium alginate/chitosan hydrogels were prepared using calcium chloride
Sodium alginate (CaCly) and glutaraldehyde as the crosslinking agents by the ionotropic interaction method for
Chitosan

controlled metronidazole release. The effect of polymer ratios and CaCly amount is investigated

I];/I:utm:‘:i Z(:e by the developing porosity, gel fraction, and extent of swelling in simulated physiological fluids.
Swe%ling Interaction between the polymers with the formation of crosslinked structures, good stability,

phase nature, and morphology of the hydrogels is revealed by Fourier-transform infrared spec-
troscopy, thermogravimetric analysis, X-ray diffraction, and scanning electron microscopy. A
sodium alginate/chitosan hydrogel (weight ratio of 75:25) crosslinked with two percent CaCl, is
chosen for the in-situ loading of 200 mg of metronidazole. The drug release kinetics using
different models show that the best-fit Korsmeyer-Peppas model suggests metronidazole release
from the matrix follows diffusion and swelling-controlled time-dependent non-Fickian transport
related to hydrogel erosion. This composition displays enhanced antimicrobial activity against
Staphylococcus aureus and Escherichia coli.

1. Introduction

The development of controlled drug delivery systems (CDDSs) emphasizes on drug administration that matches physiological
requirements through a continuous release of the drug at predetermined rates for an extended period of time to attain the right
therapeutic effects [1]. With the conventional formulations, the drug blood level increases after each administration of the drug
reaches the upper dosage, and then falls below the effective limit till the next administration [2]. Whereas, CDDSs regulate drug
delivery keep drug concentration within optimal and effective range, increase the efficacy of a drug, minimize side effects, fewer
dosing frequency, improve patient compliance, enhance the solubility of lipophilic drugs, increase bioavailability, reduce the
development of resistant bacteria, and decrease the wastage of highly water soluble drugs which need slower and extended time of
release [3,4]. On this account, hydrogels emerged as promising polymeric materials for drug delivery systems, because of their ease of
processing, easily controllable physical and chemical properties such as excellent biocompatibility, bio-adhesive, excellent hydrophilic
nature, and capability of swelling [5].
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Hydrogels are crosslinked hydrophilic polymers with 3D network structures capable of absorbing large amounts of water and
physiological fluids, without crumbling and forming swollen state [6]. Hydrogels can undergo significant changes in volume when
exposed to various external environmental stimuli including temperature, pH, ionic strength, and glucose concentration [7].
Hydrogels are often able to be tailored for specific drug release rates and designed to degrade for ease of their removal from the body
[8]. Because of their superior biocompatibility, hydrogels are considered ideal drug carriers.

Crosslinked hydrogels can be synthesized by chemical or physical interactions. Chemical crosslinking of hydrogel is usually based
on the nature bonds between polymer and crosslinking agent, which creates a stronger, more resistant polymer matrix to heat, wearing
and attack by various solvent media. A specific functional group of crosslinkers affects the nature of hydrogel specifically its me-
chanical strength. The physical crosslinking approach of hydrogel preparation involves non-covalent interactions including ionic
interactions, hydrogen bonding, and the crystallization process [9]. As the physical crosslinking method does not require multi-
functional crosslinkers, it does not associate with toxicity and hence, further purification is also not required. The physical crosslinks
are not permanent and yield reversible hydrogel products [10]. Biocompatible and biodegradable natural polymers (e.g., alginate,
chitosan, guar gum, cellulose, and collagen) and synthetic polymers such as poly (vinylpyrrolidone), poly (vinyl alcohol), poly
(ethylene oxide), polyacrylamide, etc. have been used to develop hydrogels for biomedical applications [11-15].

Chitosan is a natural polysaccharide consisting mainly randomly distributed residues of p (1 — 4) linkage of 2-amino-2-deoxy-p-
glucose and 2-acetamido-2-deoxy-p-glucose interconnected structural units [16]. It is produced by the alkaline deacetylation of chitin
and has two functional groups, the primary amine (-NH3) and hydroxyl (-OH) groups, in its structure, which act as electron donors and
help crosslink CS with other polymers [17]. Due to its cationic nature (R-NHZ), chitosan based hydrogels are soluble in dilute acidic
medium and hence exhibit poor mechanical strength [18]. To this end, modification of the chitosan structure by crosslinking with
other biocompatible natural polymers such as sodium alginates is an effective approach to improve its mechanical strength to make
suitable material for use in CDDSs.

Sodium alginate (SALG) is also a polysaccharide comprising different proportions of a-(1 — 4)-linked r-guluronic acid (G) and p-(1
— 4)-linked B-mannuronic acid (M) with carboxyl group (-COO-) in its chain [19]. It is a hydrophilic and linear natural polymer
produced from brown algae [20]. SALG has outstanding gel producing behavior in the presence of divalent cations (e.g., Ca%") by
replacing the sodium ions to form networked microbeads [21]. The presence of anionic carboxyl functional group (-COO-) and its
pH-dependent solubility, super biocompatibility, bioadhesive, and biodegradability have made SALG an important candidate for
CDDSs [22,23].

However, SALG alone dissolves in intestinal fluids resulting in the disintegration of the crosslinked structure leading to an un-
controllable drug release [24,25]. For this reasons, hydrogels produced by single crosslinking of SALG with other biocompatible
polymers (e.g., chitosan) have been used for CDDSs applications [15,26]. Chitosan/alginate hydrogel composite for controlled release
of deferoxamine was reported in previous study [27]. It has been reported that ibuprofen loaded chitosan/sodium alginate nano-
particle showed good an in vitro drug release behavior [28]. However, despite its advantages, owing to weak physical interactions
SALG and CS based hydrogels display relatively poor mechanical stability in physiological fluids and disintegrate after swelling [29,
30]. To overcome the above mentioned drawbacks of SALG/CS based hydrogels, double-crosslinking using different crosslinking
agents is needed to produce hydrogels with improved properties suitable for slow drug release applications. Only few studies have
reported double crosslinked SALG/CS hydrogels for controlled drug release applications. It has been suggested that double crosslinked
chitosan/sodium alginate hydrogels had promising application for the controlled release of doxorubicin hydrochloride [23]. Multi-
layered alginate/CS for oral administration of cranberry fruit extract has been reported [31]. To the best of our knowledge, there is no
previous study report on double-crosslinked SALG/CS hydrogel incorporating metronidazole for oral administration application.

Metronidazole (MTZ) is an antibiotic and antiprotozoal drug which is on the list of essential medicines by WHO [32]. It is available
as immediate release in capsule and tablet forms, and no formulation for sustained and controlled release form currently. The con-
ventional administration of MTZ directly to the targeting site is associated with some side effects. The commonly reported side effects
include anorexia, dizziness, nausea, peripheral neuropathy, vomiting, and epigastric pain. The presence of high concentrations of MTZ
in the saliva cause mouth dryness and resistant bacteria strains emergence are reported [33,34]. Thus, to decrease the dosing fre-
quency, and mitigate the side effects developing a controlled release system for MTZ delivery is needed.

This present study reports the development of SALG and CS based double crosslinked hydrogel systems via the ionotropic inter-
action method using CaCl;, and glutaraldehyde crosslinkers for the controlled release of metronidazole (MTZ). In order to achieve this
goal, the hydrogel production was designed in two steps. In the first step single crosslinked hydrogel systems with different polymer
ratios (SALG:CS) were produced using fixed CaCl; crosslinker. These hydrogels were then socked into enough glutaraldehyde cross-
linker to obtain the double crosslinked hydrogels. In the second step, the optimal polymer ratio based on the swelling ratio in simulated
physiological fluids was used to evaluate the effect of CaCly concentration to optimize a formulation suitable for drug delivery ap-
plications. The hydrogels were characterized by FTIR, XRD, SEM, and TGA. Further, the hydrogels were analyzed for swelling behavior
and biodegradation. The drug release profile and the kinetics of release were established using a UV-Vis spectrophotometer at 322 nm
and different kinetic models. The antimicrobial activity was determined for the optimal MTZ loaded hydrogel.

2. Experimental
2.1. Materials

CS (>75% deacetylated having bulk a density of 0.15-0.3 g/cm® and viscosity >200 Cp) was purchased from Sisco Research
Laboratory Pvt. Ltd (India). Sodium alginate (food grade, purity 91%), calcium chloride (CaCly, 99%, AR), glutaraldehyde solution
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(grade-II 25% in water), glacial acetic acid (CoH4CO2, purity 99.75%, AR), and ethanol (C2HgO, 97.6%, AR), sodium hydroxide (NaOH,
99%, AR) and hydrochloric acid (HCI, 37%, AR) were all purchased from Loba Chemie Pvt. Ltd (India). Sodium chloride (NaCl, 99.5%,
AR), potassium chloride (KCI, 99.5%, AR), dibasic sodium phosphate (NagHPO4, 99.5%, AR), potassium phosphate monobasic
(KH2POy4, 99.5%, AR) are used for the preparation of the phosphate buffer solution (PBS) and Mueller Hinton Agar (MHA) [OXOID
CMO0337] were purchased from Sigma-Aldrich. Pristine MTZ (f-lactam antibiotic) drug was provided by Ethiopian Pharmaceuticals
Manufacturing Sh. Co. (EPHARM) Ethiopia. Double distilled deionized water (DDW) was used all through this study.

2.2. Synthesis of SALG/CS hydrogels

The SALG/CS hydrogels were prepared by ionotropic synthesis method [23]. To prepare CS solution the composition of the
polymer (Table 1) was dissolved in 200 mL aqueous solution of 2% (v/v) acetic acid. A separate SALG solution was prepared by
dissolving the requisite amounts (Table 1), in 200 mL of DDW. The two solutions were then blended using an overhead stirrer at speed
of 700 rpm for 90 min at room temperature. Under stirring, aqueous solution of 1.0 M NaOH was added to adjust the pH of the
SALG/CS solution to pH 5 using. This blend was added into a separate 200 mL of 2% (w/v) CaCl, aqueous solution under constant
stirring at 700 rpm dropwise at 60 drops/min. Subsequently, standing for over 4 h, the solution blend was washed with DDW and
filtered. Then, the microbeads formed were soaked in 25% (w/v) glutaraldehyde solution for 48 h. The double crosslinked microbeads
were then transferred into glass Petri dishes plates and dried in a vertical thermostatic shaking incubator (LFZ-TSI series, China) at
40 °C. The dried hydrogels were stored in a desiccator to avoid moisture adsorption till required.

The hydrogel bead, B1 (determined as optimal based on the swelling ratio in simulated physiological fluids) was used to evaluate
the effect of the cationic crosslinker concentration (CaCly) by varying the concentration shown in Table 2.

2.3. Synthesis of MTZ loaded SALG/CS hydrogel beads

200 mg of MTZ was loaded into the hydrogel B1-C1 (determined as having the optimal swelling capacity in the simulated
physiological fluids). CS solution was prepared by dissolving 2 g of CS in 200 mL of aqueous solution of 2% (v/v) acetic acid. Then, 100
mL aqueous solution of MTZ drug was mixed with the CS solution (B1) while stirring by overhead stirrer at room temperature. 6 g of
SALG was dissolved separately in 200 mL of DDW. The two separate solutions were then mixed and stirred using an overhead stirrer at
700 rpm for 80 min at room temperature. Afterward, the same steps were repeated as for the preparation of SALG/CS hydrogel beads.

2.4. Preparation of simulated physiological fluids

Three simulated physiological fluids of different pH including gastric fluid (SGF), intestinal fluid (SIF), and colon fluid (SCF) were
produced using a previously reported procedure [35]. To prepare SGF, 2 g NaCl and 7 mL of 0.2 N HCl were mixed in DDW to a final
volume of 1L solution with the pH adjusted to 1.2 & 0.1. To prepare SIF with pH 6.8, KHyPO4 (6.8 g) and NaOH (0.94 g) were mixed in
1 L DDW and then pH was adjusted using 1 M NaOH. To prepare SCF with pH 7.4, 8 g NaCl, 0.2 g KCl, 1.15 g NapHPOy4, and 0.2 g
KH,PO4 were mixed in DDW to a final volume of 1 L and the pH adjustment of the physiological fluid made using 1 M HCl/1 M NaOH.

3. Characterization
3.1. Swelling behavior

To evaluate the effects of polymer ratio (Table 1) and crosslinker concentration (Table 2) on the pH responsive nature of the
synthesized hydrogels, the swelling ratio of the hydrogel compositions was determined gravimetrically by soaking a pre-weighed (W)
microbeads in the prepared simulated physiological fluids (SGF, SIF, and SCF) and incubated in the vertical thermostatic shaking
incubator at 37.2 °C mixing at 100 rpm [36]. The hydrogel samples were removed from the simulated physiological fluids after time
intervals of 10, 30, 60, 90, 120, 150, 180, 210, and 240 min, gently wiped between Whatman filter paper No.2 and weighed (Wy). This
step was repeated until the constant mass of the hydrogel sample was determined. The calculation of the swelling ratios was performed
by using eq. (1).

Swelling ratio (%) = (Wt — Wi) / Wix 100 )

Table 1
Composition of SALG/CS hydrogel beads.

Hydrogel sample code SALG/CS wt. % ratio (Total polymer mass 8 g) CaCl,

Concentration (%)
SALG CS

Bl 75 25 2

B2 67 33 2

B3 50 50 2

B4 33 67 2

B5 25 75 2
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Table 2
Hydrogel B1 modified by varying the concentration of CaCls.
Hydrogel sample code SALG/CS wt. % ratio (Total polymer mass 8 g) CaCl,
i 0,
SALG cs Concentration (%)
B1-C1 75 25 2
B1-C2 75 25 4
B1-C3 75 25 6
B1-C4 75 25 8
B1-C5 75 25 10

3.2. Porosity

The ethanol solvent replacement method was used for porosity measurement [37]. The porosity of the hydrogels (Table 1) and
(Table 2) was determined using a stoppered 25 mL beaker by taking the weight of the empty stoppered beaker as W;. A pre-weighed
hydrogel sample (Wp) was placed into the beaker and 20 mL of ethanol (C2Hs0) was added to the hydrogels in the beaker, and the total
weight (W5) was recorded. The hydrogel samples were removed from the beaker after 24 h standing and the weight of the remaining
components determined (W3). It is assumed that the volumes of the ethanol full in the hydrogel pores were taken as the porosity of the
hydrogels. The calculation of the porosity of the hydrogel samples was performed by using eq. (2). In the equation, pe, is the density of
absolute ethanol.

Porosity (%) = (W2 - W3 -Wh) / (W1 - W3 +20pe) x100 (2)
3.3. Fourier-transform infrared spectroscopy (FTIR)

The FTIR data of the pristine CS, SALG, MTZ, unloaded hydrogels (B1-C1, B1-C2, B1-C3, B1-C4, and B1-C5) and the drug loaded
hydrogel MTZ-B1-C1 were recorded by an FTIR spectrometer (Alpha-T, Bruker, Germany). The microbeads samples were ground and
compressed with KBr to obtain pellets. The FTIR measurements were performed at a scanning rate of 120 scans per minutes in the

wavelength range of 4000-500 cm ™, with resolution of 4 cm ™.

3.4. X-ray diffraction (XRD)

X-ray diffraction of pristine CS, SALG, MTZ, unloaded hydrogels (B1-C1, B1-C2, B1-C3, B1-C4, and B1-C5) and the drug loaded
hydrogel MTZ-B1-C1 were obtained from an XRD-7000, SHIMADZU, Japan with CuKa radiation source (1.5406° A), steps at a
scanning rate of 20 3°/min, applied voltage of 40 kV and current of 30 mA in the 20 range 5°-40° at room temperature.

3.5. Thermogravimetric analysis (TGA)

TGA of pristine SALG, CS, MTZ, unloaded hydrogels (B1-C1, B1-C2, B1-C3, B1-C4, and B1-C5) and the drug loaded hydrogel
MTZ-B1-C1 was carried out using a DTA-TGA instrument (ATAT 2012, BJ HENVEN) at a heating rate of 15 °C per minute under
nitrogen flow of 20 mL min~! and within the temperature range of room temperature to 650 °C.

3.6. Gel fraction

The gel content of the prepared hydrogel microbeads (Table 1) and (Table 2) was determined by immersing a measured weight (Wi)
of the sample in DDW for 48 h at room temperature to remove out the non-crosslinked polymer fractions [38]. The extracted hydrogels
were filtered, washed copiously with deionized water, and dried at 60 °C till constant weight (W) was obtained. Eq. (3) was used to
calculate the percentage gel content of the hydrogel microbeads.

Gel fraction (%) = Wf/Wi x 100 3)
3.7. Invitro biodegradation assay

Pre-weighed (W) of the unloaded hydrogels (B1-C1, B1-C2, B1-C3, B1-C4, and B1-C5) were immersed in SCF (pH = 7.4) and
incubated in vertical thermostatic shaking incubator at 37.2 °C under shaking at 80 revolutions per minute for 30 days. After an
interval of 2-3 days, the hydrogel microbeads were taken out from the buffer solution, gently wiped out using clean filter paper
(Whatman filter paper No.2) to eradicate the surface solution, and weighed (W) was recorded. The immersion solution was replaced
with fresh SCF and incubated at the same temperature. Eq. (4) [37], was used to calculate the weight loss percentage.

Weight loss (%) = [(Wt — Wi) / Wi]x 100 “@
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3.8. Field emission scanning electron microscopy (FESEM)

FESEM (ApreoS, Thermo Fisher Scientific, Singapore) was used to examine the morphology of the unloaded hydrogels (B1-C1,
B1-C2, B1-C3, B1-C4, and B1-C5) and the drug loaded hydrogel MTZ-B1-C1. Before imaging, the samples were coated with a thin film
of gold.

3.9. In vitro MTZ release

The in vitro cumulative MTZ percentage release from the hydrogel MTZ-B1-C1 was determined by immersing the hydrogel
microbeads in 50 mL of the simulated physiological fluids (SGF, pH 1.2; SIF, pH 6.8; and SCF, pH 7.4) under continuous shaking at 100
rpm at 37.2 °C [39]. Then, after time intervalsof 1, 2, 3,4,5,6,7,8,9,10, 11, 12,13, 14, 15, and 24 h, the supernatant was withdrawn
and replaced with fresh simulated physiological fluids. Absorbance measurement was performed using a UV-visible spectropho-
tometer (Maalab Scientific Equipment Ltd., India) at a wavelength of 322 nm. The released drug concentration was determined in
triplicate against a calibration curve derived from standard solutions of MTZ (0.5, 2, 4, 6, 8, 10, 12 pg/liter)). Eq. (5), was used to
calculate the percentage cumulative amount of MTZ released.

Cumulative release (%) = Ct/Ci x 100 (4)

where, C; is the quantity of MTZ released at time t and C; is the quantity of MTZ loaded into the SALG/CS hydrogel.

3.10. Drug release kinetics

The following kinetic models such as zero-order, first-order, Higuchi, and Korsmeyer-Peppas were fitted by in vitro MTZ release
data to evaluate the kinetics and the mechanisms of MTZ from the SALG/CS hydrogel.

3.11. Antibacterial activity test

The antibacterial activity of MTZ-B1-C1 hydrogel was tested using inhibition zone method against gram-positive Staphylococcus
aureus (ATCC25923) and gram-negative bacteria Escherichia coli (ATCC25922). The test was carried out in Mueller Hinton Agar (MHA,
OXOID CMO0337] medium. The sterilized agar media was dispensed into Petri plates and solidified. Freshly preparedmicroorganism
cultures (1 x 10% CFU mL ™!, CFU, colony-forming units) were evenly apportioned on the surface of the solidified media. As soon as UV
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Fig. 1. (a, b). Schematic diagram indicating interactions of (a) CS and SALG polymers (b) CS, SALG and MTZ via glutaraldehyde crosslinker.
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rays sterilized hydrogel, MTZ-B1-Cl1 it waspositioned on the agar nutrient in the plates that contained 20 pL of bacteria cell suspension.
Upon incubation at 37 °C for 24 h, the plates were appraised for an inhibition zone. On the plate medium, a clear zone surrounding the
sample indicated resistance against the bacteria. A ruler measured the zone, describing the region as the inhibition zone. The hydrogel
B1-C1 was used as the negative control and the pristine MTZ as the positive control.

3.12. Statistical analysis

The statistical data analysis and figures were done using origin 2021b version software (Origin Lab Corporation, USA). All ex-
periments were performed in triplicate and the data are expressed as mean + standard deviation (SD).

4. Results and discussion

Double-crosslinked SALG/CS hydrogels with different ratios of the polymers using CaCl; and glutaraldehyde crosslinking agents
were successfully prepared. The possible polymer-polymer and polymer-drug interaction mechanisms are shown in Fig. 1(a, b).
Glutaraldehyde crosslinks the amino (-NH3) end of CS chains through covalent bonding [37], and SALG chains are crosslinked by
electrostatic interactions between the Ca®* ions and the anionic alginate carbonyl ends (-COO-) forming an "egg-box" polymer net-
works by replacing the Na® [40]. The -COO- ends of SALG also interact with the cationic amino groups (-NH$) of CS chains via
electrostatic interactions [41]. The distinct inter-chain interactions between the polymer components resulted in the formation of
denser double crosslinked interpenetrated networks. Similarly, MTZ, which is a hydrophilic drug is incorporated into the inter-
penetrated networks through different physical interactions, such as electrostatic and hydrogen bonding between polar groups of the
drug and the polymer chains. The possible interaction mechanisms between SALG and CS have been reported in the literature [42,43].

In the current study, the proposed chemical and physical interactions between the polymer components and the drug are further
confirmed by FTIR analysis.

4.1. Swelling behavior

The swelling of hydrogels owing to the absorption of physiological fluids helps the penetration of a drug into the hydrogel matrices
and, in turn, leads to the diffusion of the drug providing the controlled drug release properties of the hydrogels. Fig. 2a-c shows the
swelling ratios of B1 to B5 hydrogels (Table 1) in SGF (pH 1.2), SIF (pH 6.8), and SCF (pH 7.4). It is apparent that the swelling behavior
of the SALG/CS hydrogels is varied based on the pH of the simulated physiological fluids and the composition of the polymers. In acidic
medium (SGF), hydrogel B1 (SALG/CS wt.% 75/25) shows the lowest swelling ratio of ca. 84% compared to hydrogel B5 (SALG/CS wt.
% 25/75), which has the highest swelling ratio of ca. 121%. This implies that SALG is stable in an acidic media, and as the CS wt.%
increases, so does the swelling ratio, which is also confirmed by the swelling ratios of B2 to B4 hydrogels. In hydrogels B1 to B5, the
ionic interaction between the ammonium cations (NH3) in CS and -COO— groups present in SALG in SGF contribute to the reduction in
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Fig. 2. (a—c). Swelling ratio of hydrogel beads B1to B5 in (a) SGF (b) SIF (c) SCF.
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the swelling ratio. As the CS wt.% increases, so do the degree of ionic interaction and crosslinking between CS and SALG, resulting in
more rigid networks [23].

The swelling degree of the hydrogel microbeads in the physiological fluids, irrespective of pH, can be divided into three time-
dependent zones. In SGF, during the first time zone of 30 min, there is rapid uptake of SGF; in the second time zone, between 30
and 120 min, the uptake gradually slows down, and in the third time zone, between 120 min and 240 min, the uptake begins to taper
towards equilibrium. This infers the stability of SALG in acidic media. However, the observed trend of swelling with increasing CS wt.
% in SGF is reversed as the pH increases, i.e., in SIF and SCF.

Hydrogel B1 now shows the highest swelling ratio of ca. 334% and ca. 407%, respectively, compared to the swelling ratios of ca.
128% and ca. 177%, respectively, for hydrogel B5. This shows the pH responsiveness of the hydrogels. Other hydrogels (B2 to B4) also
show similar responses with increased pH of the simulated physiological fluids. In SIF, the swelling behaviour of the hydrogels is
divided into three time-dependent zones. Fluid uptake is rapid in the first time zone spanning the first 30 min; in the second time zone,
beginning from 30 min to ca. 180 min, fluid uptake is gradual; and from 180 min to 240 min, the uptake tapers towards equilibrium.

The swelling behaviour of the hydrogel microbeads in SIF and SCF indicates that as the SALG wt.% increases, swelling increases,
and CS attribute to the structural integrity of the hydrogel networks. The results show that among the hydrogels B1 to B5, hydrogel B1
could be a potent composition for possible MTZ loading and release based on its swelling behaviour, i.e., the low swelling ratio in SGF
and increasing swelling in SIF and SCF. Thus, this composition was further studied for the consequence of varying the CaCl, amount on
swelling to confirm the choice. Fig. 3a-c displays the swelling behaviour of hydrogels B1-C1 to B1-C5 as a function of increasing CaCly
concentration from 2% to 10% in SGF, SIF, and SCF. It is seen that while a similar trend of increasing swelling ratio with pH as for the
hydrogel B1 is obtained in all three physiological fluids, there is a reduction in the swelling ratio with increasing concentration of
CaCly. The obtained extent of swelling reflects the crosslinked network density, which increases with CaCl, concentration [44]. Due to
this, the hydrogels become more compact and rigid, and the extent of swelling decreases [40,45].

4.2. Porosity

Porosity in hydrogels is among the critical physical features for their application as CDDSs [46]. The porosity of the hydrogels B1 to
B5 is shown in Fig. 4a. It is seen that with an increase in the content of CS from 25 wt% (hydrogel B1) to 75 wt% (hydrogel B5), the
porosity decreases from ca. 92% to ca. 75%, respectively. The reduction in porosity is attributed to glutaraldehyde crosslinking of CS
chains resulted in the formation of acetal and Schiff base -OH and -NHj groups which are otherwise free. The modification in the
structural arrangements of the polymer chains arising from crosslinking reduces the free space within the matrices of the hydrogels
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leading to a reduction in porosity [47].

The variation in porosity of the SALG/CS hydrogels B1-C1 to B1-C5 as a function of the CaCl; ionic crosslinking agent concen-
tration is shown in Fig. 4b. The figure shows that the porosity of the hydrogels decreases proportionally to the crosslinking agent
concentration, with the highest porosity of ca. 87% obtained for the hydrogel B1-C1 with a 2% crosslinker concentration and the
lowest of ca. 69% for the hydrogel B1-C5 with 10% crosslinking agent. This implies the formation of smaller pores with increasing
crosslink density of the hydrogels. Based on the above results, hydrogel B1-C1 was selected for the loading of MTZ.

4.3. Fourier-transform infrared spectroscopy (FTIR)

Fig. 5a shows the FTIR spectra of SALG and CS. SALG shows a broad range band between 3000 and 3700 cm ™' assigned to the
stretching vibrations of O-H groups. The stretching vibrations C-H (aliphatic) are at 2920 cm™!; C=0 vibration (asymmetric and
symmetric); COO- stretching are at ca. 1595 cm ™! and ca. 1394 cm ™! respectively. The stretching vibration of G-O is observed at ca.
1287 cm™ L. The small band at ca. 1084 cm ™! is related to the stretching vibrations of C-O, C-C, and COC bonds. Besides, the strong
band at 1017 cm™ ! is attributed to C-C and COC bond vibrations [48]. The band at ca. 816 cm s assigned to Na-O [41].

CS shows a broad band of strong intensity between 3700 and 3000 cm ™!, attributed to the O-H groups and the N-H bonds of the
primary amine groups overlapping stretching vibrations. The bands at 2920 and 2851 cm ™! are assigned to the stretching of the G-H of
the methyl (-CH3) groups and alkyl (-CH2-) chains [49]. The presence of chitin is clearly observed by the amide carbonyl peak at
1600-1800 cm ™~ because of the incomplete deacetylation of chitosan. Amides I, II, III, and N-H out-of-plane vibration are observed at
ca. 1638, 1554, 1315, and 605 em™! respectively [50,51]. Bands at 1418 and 1381 em™! are due to the methyl (CHs) symmetrical
deformation mode, and those conforming to the saccharide structure of CS are at 1150 and 897 em~! [52].

Fig. 5b shows the spectra of the hydrogels B1-C1 to B-C5 as a function of the content of the polymers. The Na-O peak characteristic
of sodium alginate at ca. 816 cm™! is present in all the hydrogels. It is seen from Fig. 5a and b the carbonyl (C—0) peak in the SALG
spectrum (1595 cm™!) shifts to 1634 cm ™. This shift of the band to a higher wavenumber is at due to CS present in the hydrogels. The
amide I (C=0) and amide II (C-N) peaks of CS at 1642 cm ™! and 1554 cm ™! are replaced by this peak due to the interaction of the
carboxylic groups (-COO-) present on alginate chain adjacent accumulates into a network matrix and the peak of the amino group at
1173 cm ™! disappears. These observations infer the presence of interactions between the anionic alginate carbonyl groups and cationic
amino groups of CS (Fig. 1a) [41].

Fig. 5c shows the FTIR spectra of pristine MTZ and MTZ-B1-C1 hydrogel. From the figure, it is observed that the spectrum of pristine
MTZ shows an absorption band at 3221 cm ! (O-H stretching vibrations), band at and 3099 cm ! (imidazole, C=C-H, stretching
vibration) [53,54], and the C-H of the methyl (~CHs) groups and alkyl (-CHy-) chains stretching vibrational bands are at 2937 and
2853 cm ™! [55].

The bands at 1807 cm ™! and 1473 cm ™! are due to N-O stretching (asymmetric and symmetric asymmetric) of NO2 bonds [56]. The
bands at 1535 and 1367 cm ™! (nitroso, N-O stretching), 1263 cm ! (—C=C- stretching), 1186 cm~? (—C=N stretching), 1072 em™!
(C-O stretching), 824 cm Y(C-H stretching) [16,53]. The observed FTIR spectra in MTZ-B1-C1 at 1645 em~! (C=0 stretching), at
1110 em ™! (C-H of benzene ring deformation vibration), and 1381 cm™! (-CH, bond bending vibrations). The newly appeared peak at
1534 cm ™ is due to the N-O bond stretching of MTZ, confirming the presence of MTZ in the hydrogel and the absence of other peaks of
MTZ in the hydrogel shows the presence of interactions between the polymers and the drug (Fig. 1b) [55]. The result indicates the
stability of MTZ in the hydrogel. The interaction of MTZ with the hydrogel matrix occurs via this end which reveals MTZ is successfully
incorporated into the hydrogel through different physical interactions such as hydrogen bonding and electrostatic attractions.

4.4. X-ray diffraction (XRD)

X-ray diffractograms of pristine CS and SALG are shown in Fig. 6a, of pristine MTZ is shown in Fig. 6b, and of the hydrogels B1-C1
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to B1-C5 and hydrogel MTZ-B1-C1 in Fig. 5¢. SALG is normally a crystalline biopolymer. Alginate chains are interconnected via strong
hydrogen bonding interactions. SALG shows three diffraction peaks. The first, at 20 value of 13.6°, is the reflection of the plane (110),
originating from the polyguluronate unit; the second, at a 20 value of 21.5°, is the reflection of the (200) plane from polymannuronate,
and the third at 26 value of 39° is the reflection from the amorphous halo [57]. The diffraction pattern of pristine CS shows the typical
crystalline peaks of the polymer with four peaks at 20 values of 9.6°, 20.2°, 21.3°, and 38.7° corresponding to (020), (200), (201) and
(143) diffraction planes, respectively [58]. The first two peaks at 20 values of 9.6° and 20.2° are slightly lower than the a and p crystal
forms of chitosan implying that they are the hydrated form of CS [59]. Metronidazole (Fig. 6b) shows peaks at 20 values of 12.3°,13.8°,
24.7° and 29.3. The pattern is similar to those reported in the literature for the drug [60,61]. Due to the crosslinking of CS and SALG the
characteristic XRD peaks of each polymer component were disappeared. The XRD spectra of the hydrogels B1-C1 to B1-C5 show a
progressive broadening of the peak centered in the range of ca. 17.12° to 17.28° with increasing CaCl, concentration implying a
reduction in crystallinity. During the formation of SALG/CS hydrogels, the hydrogen bonding exist between the -NH, and —~OH groups
in CS is broken, leading to amorphous structures of the SALG/CS complex [62].

The decreased crystallinity of the hydrogels also implies that the ionic interaction between SALG and CS led to their excellent
compatibility, especially with increasing CaCly concentration. The values of 26 of SALG/CS hydrogels indicate the semi-crystalline
nature and the presence of interactions between the polymer chains. The decrease in the intensity of the peaks in the crosslinked
hydrogel bead implies the elimination of hydrogen bonding between the -NH; and ~OH groups of chitosan (Kiti & Suwantong, 2020).
In the hydrogel MTZ-B1-C1, the sharp diffraction peaks observed in the diffraction pattern of the pristine MTZ are suppressed, probably
due to the predominance of the amorphous nature of the hydrogel which shows the molecular miscibility and interaction between the
drug and the components. The result confirms that MTZ has been successfully loaded into the hydrogel.

4.5. Thermogravimetric analysis (TGA)

Fig. 7 shows the thermograms of SALG, CS, the hydrogels B1-C1 to B1-C5, and the hydrogel MTZ-B1-C1. The thermogram of SALG
shows three steps of mass loss. The first step due to water loss is up to 158 °C with a weight loss of ca. 12%, including free water loss
(evaporating between 40 and 60 °C), water interacting with —~OH groups (released up to 120 °C), and water bound to carboxyl groups
(released up to 160 °C) [63]. The second step, a steep major degradation step, from 205 to 345 °C, with a weight loss of ca. 38% is due
to the complexity of the degradation of the alginate backbone (glucosidic bonds) [63] leading to the formation of water, CH4 and
release of CO, by the degradation of the carboxylate group and also the formation of Na;CO3, The third weight loss of ca. 26% between
350 °C to 700 °C is due to the degradation of the fragments and monomeric units of the alginate into Na,CO3, and degradation of
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NayCO3 to NaO and CO, [64].

There are three separate weight loss steps in CS. The first weight loss step of ca. 7% up to 115 °C is due to the loss of easily removed
free water, which does not interact via secondary interactions. A gradual slope follows this till 214 °C with a further weight loss of ca.
8% due to loss of bound water contained in the hydrophilic functional groups. The second mass loss step of ca. 32% in the range of
214 °C to 367 °C is because of the partial degradation of the polymer with crosslinking reactions occurring resulting from the
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destruction of -NHj groups [65,66]. The third weight loss step at higher temperatures, ca. 435 °C to 700 °C is because of the complete
degradation of the networked material formed by thermal crosslinking reactions that occur in the second step with a final remaining
mass (ash) of ca. 17%. The thermal degradation of CS is amalgamated with with an intricate process in which the polysaccharide rings
are dried, and the acetylated and deacetylated CS units are depolymerized and decomposed.

The thermograms of the hydrogels B1-C1 to B1-C5 and MTZ-B1-C1 show that mass loss occurs in three steps. Overall, all the double
crosslinked hydrogels show lower free water weight lost at the initial step compared to SALG and CS and required higher temperatures
up to ca. 175 °C to release the absorbed water due to its stronger immobilization between the crosslinked CS chains. A reduced in-
teractions between water molecules with anionic SALG and cationic CS ends resulted in a lower swelling capacity of hydrogel
microbeads [67]. The most significant changes are obtained beyond 220 °C. The second step, the foremost mass loss step, between ca.
220 °C to ca. 380 °C, involves the release of water bound to the COO- of SALG and -NH3 ends of CS, not completely eliminate in the
first step of water loss, the degradation of the -COOH groups and deacetylation and partial depolymerization of CS. The third mass loss
between ca. 465 °C to 700 °C is associated with complete degradation and formation of ash. The thermal stability of the hydrogels is
increased due to the crosslinking of the polymers and the complexation of SALG with CS.

4.6. Gel fraction

The gel contents of the hydrogels B1 to B5 and hydrogels B1-C1 to B1-C5, respectively are shown in Fig. 8a, b. Hydrogel B1 displays
the lowest gel content of ca. 77%, and hydrogel B5 shows the highest gel content of ca. 90% (Fig. 8a). This indicates that the gel content
increases with crosslinked CS content, which is attributed to an increase in the formation of CS and SALG networks, resulting in denser
interpenetrated networks. The stronger and more rigid the hydrogel structures become, the less becomes the ingress rate of the
dissolution medium into the matrices.

The gel content of the select hydrogel B1 is shown in Fig. 8b as a function of CaCl; concentration. As the cationic crosslinking agent
amount increases, the gel content increases, inferring that it can crosslink more efficiently with SALG because a greater quantity of
Ca2" ions is available to bind. This results in decreased network space. Furthermore, the number of -COO- groups decreases as more
and more Ca®" cations combine with the -COOH groups of SALG. The overall result is a weakening of the electrostatic repulsion
between the ~-COO- groups and the hydrogel matrices are transformed into stronger and rigid structures, which do not allow the
ingress of the dissolution media into the matrices at higher rates [27,68].

4.7. Biodegradation

The in vitro degradation of the hydrogel microbeads B1-C1 to B1-C5 and MTZ-B1-C1 immersed in SCF (pH 7.4) at 37.2 °C for 30
days are shown in Fig. 9. From the figure it is observed that the hydrogel beads show a similar degradation behavior, the only dif-
ference being a reduction in weight loss with increasing CaCly content. Hydrogel beads B1-C1 and B1-C2 degraded at a relatively
higher rate and reached weight loss of 39.58 5% and 35.38% respectively between day 1 and day 7.

While hydrogel beads B1-C3, B1-C4, and B1-C5 showed weight loss of 24.5%, 14.8%, and 11.5% within the first 7 days. The
weight loss behavior also shows that irrespective of the CaCl; content, the rate of degradation between day 7 and day 30 is relatively
slower. The decrease in weight loss with increasing CaCl, content is attributed to an increase in inter-chain SALG polymer networking
with Ca®* (“egg-box” dimer) leading to the formation of more compact and dense structures [69]. The effect of CS on degradation is
consistent with the fact that CS with a higher degree of deacetylation has better biological properties than CS with low degrees of
deacetylation [70].

The degradation of the drug loaded hydrogel (MTZ-B1-C1) is observed to be lower than that of the corresponding unloaded
hydrogel B1-C1 with a weight loss of about 60% in 30 days. This might be associated with the presence of improved interactions
among the polymer matrixes and the drug resulted in the formation of a more stable crosslinked structure [71]. Generally, the
degradation rate of the CS/SALG hydrogel beads in this work is low due to the double crosslinking of SALG and CS using
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glutaraldehyde which helps the hydrogels to withstand the effects of gastric medium (acidic), small intestinal and colon physiological
fluids for the controlled and sustained release of MTZ. The biodegradation behavior of the hydrogel beads in this study is consistent
with the results of previous studies [70,71].

4.8. Field emission scanning electron microscopy (FESEM)

Fig. 10a-f shows the SEM micrographs of hydrogels B1-C1 to B1-C5 and MTZ-B1-C1. All hydrogels show a porous surface structure

but with distinct differences in pore size, pore uniformity, and the thickness of the polymer wall surrounding the pores as a function of
CaCl, content.

The structures of hydrogels B1-C1 to B1-C5 (Fig. 10a—e) show interconnected porous, fibrous, and rough 3D network topology.

Fig. 10. (a-f). FESEM micrographs of (a—e) hydrogels B1-C1 to B1-C5 and (f) hydrogel MTZ- B1-C1.
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These surface features, pore size, and uniformity of pores reduce with increasing CaCl; content, inferring densification of the matrices.
This morphology and reduced pore size infer a higher degree of matrix densification with a further increase in CaCl, concentration.
These features of the hydrogels are consistent with their corresponding swelling ability and pH responsive behaviour. For example, the
highly densified structures and tiny or closed pores of the hydrogels B1-C4 and B1-C5 lead to reduced ability of the simulated
physiological fluids to ingress within the hydrogels showing that the swelling degree and pH sensitivity of the hydrogels is gradually
decreased when the concentration of CaCl;, increased from 2 to 10%.

The morphology of hydrogel MTZ-B1-C1 (Fig. 10f) shows the surface texture of relatively highly granulated but smooth surfaces
and smaller inner pores confirming the successful incorporation and miscibility of MTZ particles into the hydrogel. Therefore, the
micrograph of MTZ-B1-C1 shows that MTZ particles are present in the pores and on the surface of the hydrogel. Hence, the pore
structure of the hydrogel B1-C1 is considered a potent candidate for the controlled release of MTZ.

4.9. In vitro MTZ release

The cumulative release of MTZ from MTZ-B1-C1 in SGF (pH 1.2), SIF (pH 6.8), and SCF (pH 7.4) at 37 °C is shown in Fig. 11. The
drug release after the first 1 h is ca. 9%, 13%, and 17% in SGF, SIF, and SCF, respectively. After that, the release follows a monotonic
increasing release pattern with time, irrespective of the simulated physiological fluid pH. At 24 h, the cumulative drug release is ca.
62%, 73%, and 81.74% in SGF, SIF, and SCF, respectively, showing the influence of the medium pH since both SALG and CS are pH-
sensitive polysaccharides based on their swelling properties.

In SGF, the low MTZ release can be explained by the formation of the insoluble form of alginic acid due to the protonation of SALG.
In SGF (pH 1.2 < pKa 3.4 of SALG), SALG chains protonate to produce -COOH groups. Hydrogen bonds are formed between the
—COOH and -OH groups, creating an insoluble SALG barrier on the surface of the hydrogel, which protects the structure from fluid
ingress and hinders swelling [72]. At the same time, CS inhibits drug release due to the strong interaction of its positively charged
groups with SALG, thus reducing hydrogel swelling and, therefore, drug release. As the pH increases to 6.8 and 7.4, the increasing
deprotonation of SALG with pH causes the disintegration of the hydrogel via stretching of the SALG chains releasing its free surface
because of the electrostatic repulsion force between -COO™ anions. This relaxation of the polymer chains increases fluid ingress into
the hydrogel structure and, thus, drug release.

4.10. Drug release kinetics

The cumulative percentage MTZ release data were applied to different release kinetic models such Higuchi, Korsmeyer—Peppas,
first-order, and zero-order to estabilish the release mechanism of MTZ from the optimum SALG/CS hydrogel bead (B1-C1). The
corresponding results of each linear fitted model of the release rate of MTZ in SGF (pH 1.2), SIF (pH 7.4), and SCF (pH 7.4) as a function
of time are presented in Table 3. The model that best fits MTZ release pattern was selected based on the highest coefficient of cor-
relation (Rz).

From the release kinetics of MTZ in SGF (pH 1.2), SIF (pH 6.8), and SCF (pH 7.4), it is seen that the Korsmeyer—Peppas model shows
the highest R? value of 0.9781, 0.9739 and 0.9458 respectively. These results show the Korsmeyer—Peppas model is the best fit for the
release of MTZ in all simulated media. Furthermore, the calculated exponents n determined for the controlled release of MTZ in SGF,
SIF, and SCF from the Korsmeyer-Peppas kinetic model is 0.653, 0.5977, and 0.5645 respectively which suggests the release of MTZ
from the hydrogel bead B1-C1 follows anomalous mechanism or combinations of diffusion and swelling controlled time-dependent
non-Fickian mechanism (0.43 < n < 0.85) [73].
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Fig. 11. Cumulative MTZ release from the hydrogel MTZ-B1-C1 in SGF, SIF and SGF at 37.2 °C.
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4.11. Antibacterial test

The synergetic antibacterial effect of the polymer matrix (chitosan) and metronidazole was tested against Staphylococcus aureus and
Escherichia coli which were selected based on previous studies [39,74]. The zone inhibition diameter of the test samples (mm) against
Staphylococcus aureus (ATCC25923) and Escherichia coli (ATCC25922) is shown in Table 4.

Fig. 12 (a, b) shows the photographs of the inhibition zones of the pristine MTZ (positive control), B1-C1 (negative control), and
MTZ-B1-C1 with significant inhibitory growth against the bacteria species. The hydrogel MTZ-B1-C1 inhibited the Staphylococcus
aureus and Escherichia coli bacteria with zones of inhibition ranging from 18.35 &+ 0.5 mm and 17.4 + 0.2 respectively (Table 4). This
shows that the drug loaded hydrogel is significantly inhibited the growth of the bacteria species. The lower inhibition zone of the
unloaded hydrogel relative to that of the drug loaded hydrogel is may be due to the antibacterial nature of CS [75]. CS binds to the
bacterial DNA via its cationic amine groups inhibiting protein and mRNA synthesis of the bacterial species [76]. Its antibacterial
activity is directly proportional to its degree of deacetylation (in this study, CS is > 75% deacetylated), which in turn is related to the
number of the protonated amine groups. The significantly lower zones of inhibition observed around pure MTZ (PC) shows that the
bacteria species are less sensitive to the drug. The significant antibacterial activity of the hydrogel MTZ-B1-C1 is possibly because of
the synergistic activity of CS and MTZ released from the hydrogel matrix on swelling [77]. Metronidazole is nitroimidazole drug act by
interacting with DNA of bacteria forming nitroso radicals and hydroxyl amine derivatives which causes the loss of helical structure of
DNA of the microbial cells, and therefore causes cell death of the susceptible organisms [78]. From these results, the MTZ loaded
SALG/CS hydrogel possibly will have clinical inferences which requires further studied for use in CDDSs.

5. Conclusion

Double-crosslinked SALG/CS hydrogels with different ratios of the polymers crosslinked by CaCl, and glutaraldehyde were pre-
pared. All hydrogel compositions displayed pH sensitivity to swelling in physiological fluids. The increase in CS amount caused a
decrease in porosity and an increase in gel fraction due to crosslinking by glutaraldehyde. Based on the lowest swelling ratio at pH 1.2
and the highest swelling ratio at pH 7.4, a hydrogel composition of SALG/CS of weight ratio of 75/25 was chosen for optimization by
varying the CaCl, concentration from 2 to 10% for the loading of MTZ and its controlled release at pH 1.2, 6.8 and 7.4. The hydrogel
composition crosslinked with 2% CaCly was deemed to be optimal in comparison to other concentrations for MTZ loading as it dis-
played the highest percent porosity, lowest gel fraction, well-distributed pores, and a less dense structure, low matrix crystallinity,
good thermal stability, and the highest percent in vitro biodegradability. This hydrogel loaded with MTZ showed a surface texture of
relatively highly granulated but smooth surfaces and smaller inner pores confirming the successful incorporation and miscibility of
MTZ particles into the hydrogel. The observed morphology of MTZ-B1-C1 is associated with the enhanced interactions between SALG,
CS, and MTZ, forming a more stable crosslinked structure and a good cumulative drug release profile that followed the diffusion and
swelling-controlled non-Fickian mechanism. The significant antibacterial activity, because of the synergistic activity of CS and the
MTZ released from the matrix on swelling, makes this hydrogel a good suggestion to be applied in antimicrobial applications such as
CDDS and wound dressing.
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Table 3
Drug release kinetics for MTZ release from the hydrogel B1-C1.
Zero-Order Model First Order Model Higuchi model Korsmeyer—Peppas
H
P Ko R? K; R? Ky R2 n R2
1.2 1.2036 0.8424 0.0789929 0.6483 7.5386 0.9609 0.652 0.9781
6.8 1.3206 0.8 0.0704718 0.6117 8.4153 0.9444 0.5977 0.9739
7.4 1.3949 0.6883 0.0633325 0.5402 9.2154 0.8735 0.5645 0.9458
Table 4
The cumulative zone of inhibition of MTZ-B1-C1.
Bacterial strain Zone inhibition Diameter of Test samples (mm)
N
° Negative control (NC) Positive control (PC) MTZ loaded Hydrogel
1 Staphylococcus aureus(ATCC25923) 83+ 0.5 10.4 + 0.7 18.35 + 0.5
2 Escherichia coli (ATCC25922) 6.3 +0.3 10.1 £ 0.5 17.4+ 0.2

Fig. 12. (a, b). Disc diffusion assays showing zone of inhibition exhibited by unloaded B1-C1 (NC), MTZ-B1-C1 and pure metronidazole (pc) against
a) Staphylococcus aureus b) Escherichia coli.
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