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Abstract

With rising concerns about antibiotic resistance globally, exploring innovative antibacterial strategies is vital for public
health. This work aimed innovatively to improve the biological efficacy of pectin (Pec) hydrogel beads by synergistically
utilizing an antibacterial zeolitic imidazolate metal-organic framework (ZIF-8) and tetracycline (TC). ZIF-8 was incorpo-
rated at various concentrations within the hydrogel matrix to end this using an in-situ synthesis technique. TC was also
pre-loaded into Pec hydrogel beads to further improve their antibacterial features. The application of diverse analysis tech-
niques validated the successful fabrication of nanocomposites. In-vitro Zn>" and TC release were considered by simulating
the human digestive system, indicating a sustained and controlled release rate during 8 h (pH 1.2:6.8:7.4=20%:20%:60%).
Antibacterial tests displayed inhibition zones of 14 +0.5 mm and 12 +0.5 mm against Escherichia coli and Staphylococcus
aureus bacteria. Additionally, the MTT assay displayed potent cytotoxicity (> 70% cell viability after 48 h) for the human
colon adenocarcinoma HT29 cell line. These results suggest that the developed nanocomposites have promising potential
as an antibacterial bio-platform that is effective against resistant pathogens commonly found in the gastrointestinal tract.
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Introduction

In recent years, the global health landscape has been sig-
nificantly impacted by the challenge of antibacterial resis-
tance [1]. Conversely, the issue of antibiotic resistance has
emerged as a significant concern primarily due to the wide-
spread and often inappropriate utilization of traditional anti-
biotics, resulting in their diminishing effectiveness against
microorganisms. This development has now escalated to
become the second leading cause of mortality on a global
scale. Hence, exploring innovative approaches is essential
to enhance the management of bacterial infections, reduce
adverse effects, and enhance the effectiveness of antibac-
terial agents [2]. This problem necessitates the progress of
antibacterial drug delivery systems that can improve the
specificity and bioactivity of antibacterial agents while
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reducing the probability of side effects [3]. Antibacterial
agent delivery systems have attracted significant interest in
restraining bacterial proliferation and enhancing drug effec-
tiveness [4, 5].

In the last decade, because of their improved biocom-
patibility, biodegradability, and stability, biopolymers
have become increasingly important for use in biomedical
domains like drug delivery, tissue engineering, and gene
delivery [6—8]. Natural polymers or composites based on
polymers that are taken from fungi, bacteria, plants, and ani-
mals contain biopolymers [9]. Pectin, a naturally occurring
polysaccharide found in the cell walls of higher plants, has
been explored for its potential in the delivery of antibacte-
rial drugs. Its unique properties, i.e., biocompatibility, bio-
degradability, non-toxicity, and ability to create gels, make
it an attractive candidate for developing novel drug delivery
systems [10]. Pectin has been employed in various phar-
maceutical applications, including the delivery of bioactive
substances for therapeutic purposes. Its ability to form gels
and its swelling properties under physiological conditions
make it suitable for developing controlled-release systems
[10, 11]. Pectin-based hydrogels have been designed to
deliver drugs to particular sites within the body, such as
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the colon, where they can target and eliminate pathogenic
bacteria [12]. These hydrogels can be designed to release
drugs in response to specific stimuli, such as changes in pH
or temperature [13]. Research indicates that adding other
elements to biopolymer matrices, like carbon nanotubes,
metal-organic frameworks, nanoparticles, and double-layer
hydroxides, can improve their performance [14, 15]. When
biopolymers are combined with these materials, their prop-
erties, and potential uses are improved as much as possible
[16, 17].

Crystalline metal-organic frameworks (MOFs) as low-
density and porous materials are composed of organic bonds
(organic ligands) and metal groups (clusters or metal ions)
[18]. MOFs exhibit several properties, including tunable
porosity, high surface area, chemical composition, and easy
functionalization, that make them suitable for biomedical
applications. Among the biomedical applications of MOFs,
targeted drug delivery, stimulus-responsive release, biomed-
ical imaging, and photodynamic therapy can be mentioned
[19-21]. In addition, MOFs’ biodegradability, biocompat-
ibility, and drug-loading capacity make them promising
candidates for use as antibacterial agents and drug carriers
[22]. They are also appropriate for application in the field
of antimicrobials owing to their lack of toxicity, robust
pseudo-enzymatic activity, great surface area, and consis-
tent discharge of bioactive ligands and metal ions.

Composites of MOFs and polymers are better prospects
for biomedical applications than their pristine compounds
because of the synergetic enhancement of biological prop-
erties [23-26]. On the other hand, the application of MOFs
in biopolymer fillers has been deemed feasible [27]. These
fillers influence the polymer’s mechanical, electrical, ther-
mal, strength, toughness, and porosity properties [28, 29].
Food packaging, water purification, medicine delivery, gas
separation, and catalysis have all used the resultant nano-
composites [30].

Pectin acts as a natural polysaccharide that serves as a
matrix for the nanocomposite, providing a biodegradable
and biocompatible environment for incorporating other
components like zeolitic imidazolate framework-8 (ZIF-8)
and antibiotics (e.g., tetracycline). In the synthesis process,
pectin facilitates crosslinking in a “green” medium (water
and alcohol), which is crucial for forming stable hydrogel
beads. Due to its unique structural and chemical properties,
ZIF-8 plays a significant role in antibacterial applications.
The zinc ions within ZIF-8 can be released into the sur-
rounding environment, inhibiting bacterial growth. Addi-
tionally, imidazolate ligands, critical components in ZIF-8,
exhibit notable antibacterial activity [31].

In-situ synthesis in the context of composites and hydro-
gels represents a significant advancement in materials sci-
ence, particularly for developing multi-functional materials
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with enhanced properties. This approach involves the simul-
taneous formation of nanoparticles or other components
within a polymer matrix or hydrogel, leading to unique
structural and functional characteristics [32, 33]. This inte-
grated approach enhances the uniformity and distribution of
nanoparticles within the hydrogel, improving material prop-
erties. The main challenge in this field is the penetration of
the cargoes within the MOF pores because they are attached
to the exterior surface of MOFs, which affects the MOF
porosity, loading efficiency, and release profile [34-36].

As far as we are aware, the in-situ synthesis approach
has rarely been employed to create polysaccharide/MOF
nanocomposite materials. In this study, we selected ZIF-8§,
a bio-MOF composed of biologically active metal ions and
ligands, due to its potential for developing innovative anti-
bacterial strategies [37]. It is crucial to explore more envi-
ronmentally friendly methods for synthesizing ZIF-8. To
establish a unique combinatorial antibacterial platform, we
synthesized ZIF-8 in situ and incorporated it into tetracy-
cline (TC)-loaded Pec hydrogel beads crosslinked by Ca*"
using green solvents (i.e., water and alcohol). This approach
allows us to investigate the synergistic effects of pectin, zinc
ions (Zn*"), and TC biomolecules on enhancing the anti-
bacterial properties of the nanocomposite hydrogel beads.
Ultimately, this research aims to create an effective bio-
platform for antibacterial applications, particularly in colon
cells, addressing the pressing need for targeted therapeutic
strategies against gastrointestinal infections. The colon is a
significant site for various infections and diseases, including
inflammatory bowel disease and colorectal cancer. Devel-
oping antibacterial agents specifically for colon cells can
enhance targeted delivery, ensuring that therapeutic agents
effectively reach the intended site of action.

Experimental
Materials

Pectin (50-75% esterification, > 90.0 %, solubility water:
0.02 g/10 mL) was provided from Sigma—Aldrich Co. Zinc
nitrate hexahydrate (Zn (NO;),.6H,0, > 98.0 %), 2-Methyl-
imidazole (2-MeIM, > 99.0 %), Calcium chloride (CaCl,, >
99.0 %), and all other chemicals were attained from Sigma
Aldrich Co. (Germany). Tetracycline (TC, > 99.0 %) was
attained from Exir Pharmaceutical Co. (Iran). All biological
reagents were obtained from Invitrogen Co. (USA).

Characterization

Using a Bruker spectrophotometer, the samples’ Fourier
transform infrared (FT-IR) spectra were documented at
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Table 1 Desired amounts of starting materials for preparing hydrogel beads

‘4

Beads Starting materials
H,0 TC 2-MeIM Pec Glycerol H,0 C,H;OH CaCL,2H,0 Zn(NOs), 6H,0
(mL) (mg) (mg) (mg) (L) (mL) (mL) (mg) (mg)
Pec 3 - - 200 8 2 2 0.4 -
Pec/ZIF-8 (1) 3 20 227 200 8 2 2 0.4 11
Pec/ZIF-8 (1) 3 20 227 200 8 2 2 0.4 110
TC-Pec 3 20 - 200 8 2 2 0.4 -
TC-Pec/ ZIF-8 (1) 3 20 227 200 8 2 2 0.4 11
TC-Pec/ ZIF-8 (2) 3 20 227 200 8 2 2 0.4 110
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Fig. 1 Schematic procedure for preparation of TC-Pec/ZIF-8 nanocomposite hydrogel bead

room temperature using KBr tablet in the 400-4000 cm !
range. An instrument used for ultraviolet-visible (UV-Vis)
measurements was a Shimadzu UV-2100 spectrophotom-
eter for determining TC concentration. The NovaAA-400
atomic absorption spectrophotometer was used to measure
atomic absorption to determine Zn>" concentration. A LEO
1455VP scanning microscope and scanning electron micros-
copy (SEM) were used to record the morphologies of the
synthesized samples after coating them with a gold layer.
The produced hydrogel beads were subjected to elemental
analysis via energy-dispersive X-ray spectroscopy (EDX) at
room temperature. Using a Bruker D8 Advance diffractom-
eter, the compounds’ X-ray diffraction (XRD) pattern was
captured at room temperature in the 26 range 5-65°. The pH
of the aqueous solutions was calibrated using a HI2211 pH/
ORP meter (HANNA model, Iran).

Synthesis of Nanocomposite Hydrogel Beads

The different concentrations of Pec, Zn, and 2-MelM were
considered to prepare the hydrogel beads (Table 1). TC
solution was first prepared for the initial drug loading. Next,
2-MelM, Pec, and glycerol were added to the above solution
and stirred at 300 rpm. After creating a second mixture with
50% ethanol and water, a specific amount of Zn(NO;),.6H,0
and CaCl,.2H,O0 as a cross-linker was added. The final step

involved adding the first mixture to the second mixture drop
by drop to create hydrogel beads, as seen in Fig. 1. ZIF-8
crystals are in-situ grown inside the Pec network by dif-
fusion of Zn*" into the Pec matrix containing 2-MeIM to
construct the TC-Pec/ZIF-8 nanocomposite hydrogel bead
[37]. The beads were immersed in the second mixture for
24 h. UV analysis was conducted to determine the quantity
of drug released into the crosslinked medium. This amount
was subtracted from the initial pre-loaded drug quantity to
ascertain the final amount of drug remaining in the beads.
Subsequently, the beads underwent three washing cycles
and were then dried. The TC loading efficiency was deter-
mined using Eq. 1.

Mass of drug in beads «
Mass of drug fed initially

TC loading efficiency (%) = 100 (D

In-vitro Swelling and erosion Studies

The swelling and erosion features of the hydrogel beads
(Pec, Pec/ZIF-8 (1), and Pec/ZIF-8 (2)) were tested in solu-
tions of different pH levels (1.2, 6.8, and 7.4). The dried
samples at 45 °C were weighed (8 mg) in 10 mL buffered
solution. After blotting the swollen beads with filter paper
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Table 2 The result of the TC release profile fitting with different kinetics models

Kinetic models Equations R?
TC-Pec TC-Pec/ZIF-8(1) TC-Pec/ZIF-8(2)
Zero-order F= kot 0.8022 0.6200 0.5652
First-order In(l1-F) = kst 0.8310 0.6322 0.5692
Higuchi F=kgyt 0.8586 0.7708 0.7171
Weibull In[—In(1 — F)] 0.9433 0.8502 0.8123
=—fInty+ pInt

ko, krand ky; are the kinetic constants of respective models, Ln is the natural logarithm, and F is the fraction of drug released up to time t

Table 3 The result of fitting the Zn*? release profile with different kinetics models

Kinetic models Equations R?
Pec/ZIF-8(1) Pec/ZIF-8(2)
Zero-order F= kot 0.5240 0.3926
First-order In(l—F)= kgt 0.5247 0.3934
Higuchi F=kpgyt 0.6908 0.5880
Weibull In[—In(1 — F)] 0.8400 0.8195
= —fInty+ pInt

ky, krand ky; are the kinetic constants of respective models, Ln is the natural logarithm, and F is the fraction of drug released up to time t.

to remove surface water, the beads were removed at specific
intervals and weighed again. An increase in weight was con-
sidered swelling, while a decrease in weight (after drying
at ambient temperature) was considered erosion [22]. The
swelling and erosion percentages were calculated with Egs.
2 and 3:

Swelling (%) = (WW;W) x 100 2)

Erosion (%) = (W) x 100 (3)

where W,, W, and W, are the weights of the initial, swollen,
and dry samples, respectively.

pHpzc Determination

The pH value at which the particles’ net surface charge is
zero is typically used to calculate the pH,,; [38]. Samples
with varying alkaline and acidic pHs were mechanically
mixed to determine pH .. Then, pH,,  is obtained by the
difference between the final and initial pH from Eq. 4. At
pH,,., the difference between the initial and final pH (ApH)
is zero.

A pH = prinal - pHin,itz'al (4)
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In-vitro drug Release

In-vitro drug release tests were carried out using previously
reported methods with some modifications [38]. 50 mg of
the prepared dried samples were successively immersed,
and they were capped in a dialysis bag in a 10 mL buffer
solution in an environment with pH 1.2, 6.8, and 7.4, which
respectively simulate the pH of gastric fluid, the first region
of the intestinal fluid, and the second region of the intestinal
fluid [39]. Initially, it was immersed at pH 1.2 for 2 h, then
transferred to pH 6.8 for 2 h, and finally to pH 7.4 for4 h. A
satisfactory volume of supernatant (2 mL) was extracted at
designated time points, while an equal volume of new buf-
fer was introduced to maintain a consistent buffer volume.
Drug release was quantified using a UV-Vis spectrophotom-
eter at 276 nm, and the calibration of Zn>" was assessed
through atomic absorption analysis. Finally, the percentage
of TC and Zn*" released was determined using the following
Eq. 5 and Eq. 6, respectively:

the amount of reased TC
the amount of loaded TC

TC release (%) = x 100 ®)

2
the amount of reased Zn**

TC releasese (mg/g) = (6)

the amount of carrier

In addition, the release profile is fitted with different kinetic
models [40], and the release kinetics were assessed as sum-
marized in Tables 2 and 3. All fitting is considered by linear
regression.
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Antibacterial Study

The antibacterial efficacy of the hydrogels was evaluated
through the disc diffusion technique against two bacterial
strains, i.e., Staphylococcus aureus (S. aureus) and Esch-
erichia coli (E. coli) [41]. In this regard, 50 pL of bacterial
spore suspensions (1 x 10* cells/mL) were added to the agar
plates. Next, the hydrogel beads were layered atop the agar.
The plates were kept in a 37 °C incubator all night. After
that, a ruler measured the diameter of the inhibitory zones’
appearance.

In-vitro Cytotoxicity

The cytotoxicity of Pec, ZIF-8, Pec/ZIF-8 (1), Pec/ZIF-8
(2), TC-Pec, TC-Pec/ZIF-8 (1), and TC-Pec/ZIF-8 (2)
towards the human colon adenocarcinoma HT29 cell
line was investigated using the MTT assay, following the
method that has been reported [42]. In short, the beads were
exposed to 70% ethanol for 5 min to sterilize them, and then
they were subjected to UV light for 20 min. The samples
were washed twice with PBS (pH 7.4) and soaked in a new
culture medium. After twenty-four hours, the human colon
adenocarcinoma HT29 cell line was grown in triplicate at a
density of 10* cells per well into 96-well plates (containing
samples). As the control group, cells without samples that
received only fresh media were employed. After replacing
the media with 150 pL of fresh culture medium contain-
ing MTT solution (5 mg mL '), the formazan crystals were
dissolved by incubating the mixture for 4 hours at 37 °C.
After removing the medium, 200uL. of DMSO was added
to dissolve the purple-blue MTT formazan precipitate. The
absorbance of the solubilized formazan was measured using
a multi-well plate reader (Quant Bio-Tek Instruments, Win-
ooski, VT, USA) after 30 min. Percent cell viability was
determined using Eq. 7:

Reacted cells

Cell Viability (%) = . %
y (%) optical density of the control

100 (7)

Statistical Analysis

For the results, the data are displayed as mean + standard
deviation. One-way analysis of variance (ANOVA) was
used to conduct statistical analysis using Microsoft Excel
software, with a P<0.05 threshold for statistical signifi-
cance. Three experiments were considered for each test.

Results and Discussion
Preparation of Nanocomposite Hydrogel Beads

The present study employed the in-situ synthesis method,
a straightforward, inexpensive, and biocompatible tech-
nique to grow ZIF-8 in Pec hydrogel beads. In this method,
a coordinate bond can be created between Pec and the in-
situ formed ZIF-8, forming the Pec/ZIF-8 nanocomposite
hydrogel beads. On the other hand, this was made possible
by hydroxyl and carboxyl groups in the Pec structure, which
can easily coordinate with Zn?* sites in the ZIF-8 frame-
work. To end this, a drop-by-drop addition of the Pec and
2-MeIM mixture is made to the Zn (NO;),.6H,0 and CaCL,
solution mixture. The resulting beads are allowed to rest at
room temperature in the secondary mixture overnight (Fig.
1). As a result, the prepared Pec/ZIF-8 bio-platform as a
cytocompatibility, affordable, and environmentally benign
carrier was considered for TC and Zn'? delivery to afford a
controlled release profile.

FT-IR Analysis

The FT-IR analysis on the ZIF-8 in-situ synthesis in the
Pec polymer matrix (Fig. 2A), as well as the pre-load of the
TC drug (Fig. 2B), was evaluated to show the presence of
functional groups and to examine interactions between the
synthesized substances. In the FT-IR spectrum correspond-
ing to the Pec/ZIF-8, the band appears in the (688 and 757)
cm ! regions, respectively, corresponding to the Zn-N and
the Zn-O tensile vibrations present in the ZIF-8 structure,
which confirms the creation of the ZIF-8 in the Pec polymer
matrix. The bands in the 1151 cm ™! and 1330 cm ™! regions
are related to the tensile vibrations of the C-N bonds in the
2-MelM structure. The bending vibrations of the N-H bond
appear at 1623 cm™!, and the high-intensity band is reduced
according to the vibrations of the carbonyl group (C=0) at
1735 cm ™! in the Pec/ZIF-8 spectrum compared to the pure
Pec. This contribution can indicate the presence of interac-
tions between the carbonyl group and ZIF-8. The band in
2920 cm ! is related to aliphatic C-H tensile vibrations, and
the wide band in 3100-3500 cm ! is attributed to the O(N)-
H vibrations of the Pec and 2-MelM, as well as intermolecu-
lar hydrogen bonds. In the spectrum corresponding to pure
Pec, C=O0 tensile vibrations appeared at 1735 cm™!, C-H
aliphatic tensile vibrations at 2923 cm™!, and C-O tensile
vibrations at 1050—1200 cm ™.

The FT-IR spectrum for TC showed the absorption band
for the N-H and O-H tensile vibrations at 3363 cm™' and
3296 cm! and the C-H aromatic and aliphatic traction,
respectively, at 3066 cm ' and 2981 cm . The vibra-
tion bands at 1675-1520 cm! were related to the C=C
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Fig. 2 FT-IR spectra for the (A) ZIF-8, Pec, Pec-ZIF-8(1), Pec/ZIF-8(2), and (B) TC, TC-Pec, TC-Pec/ZIF-8(1), TC-Pec/ZIF-8(2)
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vibration, and the aromatic bending vibrations of C-H
appeared at 1452 cm™! and the aliphatic bending of C-H at
1352 cm™!. Aromatic deformation picks inside and outside
the screen at 1224-1000 cm ™' and 570 — 500 cm ™! appeared.
The vibration band at 948 cm™! was assigned to the C-N
vibration. However, after loading the TC drug, the appear-
ance and variation of the intensity of the bands in the spec-
trum related to TC-Pec/ZIF-8 compared to the Pec/ZIF-8
spectrum can show a possible chemical interaction between
the hydroxyl groups of the Pec/ZIF-8 structure and the
amino groups of TC [43—46].

XRD Analysis

XRD patterns for ZIF-8, Pec, Pec/ZIF-8(1), and Pec/ZIF-
8(2) are shown in Fig. 3. The appearance of 26 diffraction
peaks at 7.50°, 10.44°, 12.82°, 14.78°, 16.52°, 18.10°,
22.2°, 24.60°, and 29.70° confirms the successful synthe-
sis of ZIF-8 [47]. XRD pattern of synthesized Pec hydro-
gel shows a polysaccharide’s characteristic amorphous
nature at 26 about 20°, corresponding to the Pec network

microstructure [48]. Although ZIF-8 exhibits a crystalline
structure (JCPDS 00-062-1030) [49, 50], it exerts minimal
influence on the amorphous structure of Pec polysaccharide.
This phenomenon is likely attributed to the limited aggrega-
tion and effective dispersion of ZIF-8 nanoparticles within
the nanocomposite structure.

pHpzc Analysis

The pH of the adsorbent solution is usually employed to
determine the surface charge of the particles and their sur-
face charge in the solution. It is commonly recognized that
when the pH of an adsorbent solution is less than pH,,, the
net charge on the particle surface is positive, and when the
pH is higher, it is negative [51]. The zero-point potentials in
Pec, Pec/ZIF-8(1), Pec/ZIF-8(2), and ZIF-8 are calculated
at 4.1, 8.1, 8.2, and 9.8, respectively, as shown in (Fig. 4).
With increasing the amount of ZIF-8 in the composition
of hydrogel nanocomposites, pH,, was slightly increased.
These results can prove successful ZIF-8 integration into
Pec hydrogel beads.
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Fig. 3 The XRD patterns of ZIF-8, Pec, Pec/ZIF-8(1), and Pec/ZIF-8(2)
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Morphological Analysis

The structure of the drug carrier plays a significant role in
determining the drug release process. The morphology of
ZIF-8 nanoparticles is illustrated in Fig. SA, indicating a
consistent and nearly spherical shape with a particle size
of 90 nm determined using ImageJ software (as depicted in
Fig. 5A’). Conversely, Blank Pec Hydrogel beads exhibit an
almost spherical morphology of approximately 2 mm, fea-
turing a folded and porous surface composition (Fig. 5B).
The introduction of ZIF-8 nanoparticles to the hydrogel
alters the surface morphology of the beads, as depicted in
Fig. 5C-D. Furthermore, a comparison of hydrogel beads
produced with varying concentrations of ZIF-8 reveals an
increased dispersion of surface particles (Fig. 5C’-D’),
likely attributed to the integration of ZIF-8 in the nano-
composite structure. The porosity of the synthesized beads
was investigated using the method described in the sup-
porting information. 4% + 0.5, 8% + 0.5, and 13% =+ 0.5
were calculated for Pec, Pec/ZIF-8(1), and Pec/ZIF-8(2),
respectively. Therefore, according to the SEM images, the
porosity increases with the ZIF-8 concentration due to ris-
ing wrinkles and holes.

Elemental Mapping and EDX analyses confirm a uni-
form distribution of C, O, N, and Zn elements across the
nanocomposite hydrogel bead structure, indicating a con-
sistent in-situ synthesis of ZIF-8 nanoparticles (Fig. 6). In
addition, DLS was utilized for determining the zeta poten-
tial of the synthesized materials. All of the tested samples
show a positive charge, and this charge value is increased
up to about 10 mV by incorporating ZIF-8 into the hydrogel
matrix (Fig. 7).

Swelling and erosion Studies

The swelling of hydrogels can be seen as a confirmation
of their crosslinking [52]. The swelling behavior of Pec
and Pec/ZIF-8 hydrogel beads in the simulated stomach
environment, first zone, and second zone of the intestine
at pH 1.2, 6.8, and 7.4 have been investigated. At pH 1.2,
protonation of carboxylate groups reduces the swelling
capacity of the Pec-based hydrogel beads. In fact, due to
the establishment of intramolecular hydrogen bonds, the
hydrogel swells to a lesser extent [42]. In the following
hours, when the environment’s acidity decreases, and the
hydrogel beads are placed at pH 6.8, the carboxylic acid
groups of Pec lose their hydrogens, creating the Coulombic
repulsion between the polymer chains. As a result, hydro-
gel absorbs more water, and hydrogen bonds between water
molecules and acidic groups are created. In an environment
with a pH of 7.4 (simulating the intestinal environment), the
swelling rate will increase more because the acid groups

are more ionized, and the amount of hydrogen bond for-
mation increases. The swelling in an environment with a
pH of 7.4 after 4 h reaches its maximum value. After 6 h,
the hydrogel beads are completely destroyed in the intes-
tinal environment. This phenomenon is due to the release
of divalent calcium ions and their displacement with phos-
phate and potassium ions in the environment. As a result,
the crosslinking bonds are destroyed, and the hydrogel is
dissolved in the buffer. Also, the integration of ZIF-8 led
to the formation of an additional three-dimensional struc-
ture in the Pec network, which was probably due to its pos-
sible interactions with Zn>" sites of ZIF-8, and this factor
led to a reduction in swelling. The swelling percentage, as
shown in Fig. 8A, has partially decreased due to increas-
ing the amount of ZIF-8. Instead, further increasing ZIF-8
into the polymeric network can disrupt the polymer struc-
ture’s order and reduce swelling in Pec/ZIF-8(2) compared
to Pec/ZIF-8(1). According to the results, integrating ZIF-8
into hydrogels increased their strength. As a result, their ero-
sion decreased (Fig. 8B). According to the swelling rate, the
degree of crosslinking can be concluded to be Pec <Pec/
ZIF-8 (2) <Pec/ZIF-8 (1). This result is in accordance with
the swelling results that revealed the crosslinking ability of
ZIF-8. With the increase in ZIF-8 concentration, the degree
of crosslinking increased; however, further incorporating
the ZIF-8 nanoparticles diminished the crosslinking degree.

TC and Zn2+ Release Study

The TC loading efficiency was determined to be 83%, 92%,
and 93% for Pec, Pec/ZIF-8(1) and Pec/ZIF-8(2), respec-
tively. The TC release test was conducted in vitro by simu-
lating the human digestive system to prove the potential of
hydrogel beads prepared as carriers. The results show that
the release of the drug depends on changes in time and pH
(Fig. 9A). The rate of TC release in the buffered media with
pH 1.2 (gastric environment simulator) is the lowest (less
than 30%) compared to other environments. This contribu-
tion indicates that the hydrogel beads have good strength
and can preserve the drug in the acidic media of the stomach
and preserve the TC drug until it reaches its destination. The
release rate of the drug increases over time and is higher at
pH 6.8 than at pH 1.2. At pH 7.4, this rate increases due to
swelling and the osmotic pressure of the environment. The
release rate is at its highest rate in the first 4.5 h, and all
the loaded drug is released. After about 4.5 h, the percent-
age of drug release remains constant, indicating the release
process’s end. The intestinal environment contains various
enzymes, including pectinase [53]. Pectinase enzymes break
down the Pec in the intestinal environment and degrade the
hydrogel beads’ structure, eventually releasing TC. In addi-
tion, the behavior of releasing Zn?* was investigated by
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simulating the human digestive system at pHs of 1.2, 6.8,
and 7.4. The release rate of the Zn*" increases over time.
In a pH 7.4 environment, this rate increases due to destroy-
ing the polymeric network of hydrogel beads (Fig. 9B). The
Weibull model presented the most suitable model for releas-
ing TC and Zn?" (Tables 2 and 3). Weibull analysis can
be described to explain the cumulative fraction graphs of
the solved sample against time [54]. The Weibull model is
known for its ease of use and has been effectively utilized to
analyze the dissolution profiles of various drug types. None-
theless, it is fundamentally an empirical model, lacking the
ability to offer a mechanistic understanding of kinetic prop-
erties involved in drug dissolution processes. This limitation
means that while the model can describe data trends, it does
not elucidate the underlying mechanisms driving them [55].

Antibacterial Activity
The antibacterial efficacy of the prepared beads was

assessed against S. aureus and E. coli bacteria through the
agar disc diffusion technique. A comprehensive overview of

Pec/ZIF-8 (1) Pec/ZIF-8 (2

the overall inhibition zone diameter is presented in Table 4,
alongside relevant illustrations. The findings demonstrate a
correlation between the observed sample diameters and the
drug (TC and Zn*") release characteristics. The antibacterial
mechanism of ZIF-8 involves the release of Zn>" ions, which
can bind to proteins in bacterial cell walls and membranes,
leading to inactivation [56]. Additionally, the 2-MeIM in
ZIF-8 has been shown to defeat bacterial growth [57]. The
antibacterial effect of TC is primarily due to its ability to
inhibit protein synthesis by binding to the 30 S ribosomal
subunit, thereby inhibiting the formation of a peptide chain.
Additionally, TC may alter the cytoplasmic membrane of
bacteria, causing leakage of intracellular components, such
as nucleotides, from the cell and causing death [58—60].
Table 4 also shows that the amounts of ZIF-8 increased the
antibacterial activity of all beads before TC-loading against
both S. aureus and E. coli bacteria. Furthermore, the TC-
loaded beads demonstrated antibacterial activity towards
both bacteria and were even slightly more potent against E.
coli than S. aureus. The increased antibacterial effectiveness
of TC-loaded beads against E. coli compared to S. aureus
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Table 4 Obtained data for the antibacterial activity of prepared beads against S. Aureus and E. Coli bacteria

is influenced by their structural differences and the mecha-
nisms of the antibacterial agents. E. coli, a Gram-negative
bacterium, has a thin peptidoglycan layer and an outer
membrane that can hinder antibiotic susceptibility. In con-
trast, S. aureus, a Gram-positive bacterium, features a thick
peptidoglycan layer that offers more protection [61-63]. TC
works by inhibiting protein synthesis in both bacteria. How-
ever, E. coli has efflux pumps that reduce its susceptibility
to TC, whereas S. aureus does not exhibit the same resis-
tance level. The release of tetracycline and zinc ions (Zn?")
from the beads may be more effective against E. coli, as zinc
disrupts its cell membranes and metabolic functions more
significantly than in S. aureus. Additionally, the synergistic
effect of TC combined with metal ions like zinc enhances
antibacterial activity against E. coli, similar to how silver
ions show increased effectiveness against Gram-negative

@ Springer

bacteria due to their ability to penetrate the outer membrane
[64].

Cytotoxicity Study

The MTT test was used to measure the in-vitro cytotoxicity
against human colon cell lines to determine the cytocompat-
ibility of ZIF-8, Pec, Pec/ZIF-8(1), Pec/ZIF-8(2), TC-Pec,
Pec/ZIF-8(1), and Pec/ZIF-8(2). Whereas incorporation of
ZIF-8 reduced the cell viability in the polymeric Pec matrix,
the cell viability of treated samples was still over 70% (Fig.
10). This result can be related to the cytocompatibility
nature of Pec, which has been reported in the literature [49,
65]. Furthermore, TC loading does not significantly affect
the cytotoxicity of hydrogel beads. Therefore, the TC-Pec/
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Fig. 10 Results of MTT assay on HT29 cells after 48 h incubation time with Pec, ZIF-8, Pec/ZIF-8 (1), Pec/ZIF-8 (2), TC-Pec, TC-Pec/ZIF-8 (1),
and TC-Pec/ZIF-8 (2). Results are expressed as mean + S.D. of three experiments

ZIF-8(2) platform can be a viable option for a safe antibac-
terial agent delivery system.

Conclusion

This study presents an innovative antibacterial oral deliv-
ery system utilizing Pec to develop antibacterial hydrogel
beads with exceptional productivity through a straightfor-
ward method. The integration of ZIF-8 into the Pec network
was successfully achieved via an in-situ synthesis approach.
ZIF-8 possesses unique characteristics, including enhanced
porosity, mechanical and chemical properties, thermal sta-
bility, and a high surface area, making it particularly effec-
tive for loading substantial amounts of TC and regulating
its release profile. The development of these nanocomposite
hydrogel beads benefits from the availability of precursors
and the application of environmentally friendly meth-
ods, such as straightforward in-situ synthesis procedures.
Incorporating ZIF-8 into the biopolymeric Pec network

effectively controlled swelling, erosion, and release perfor-
mance. However, it is important to note that excessive inte-
gration of ZIF-8 nanoparticles, which serve as cross-linkers,
can reduce the nanocomposites’ swelling ratio and erosion
properties. For hydrogel beads containing ZIF-8, the release
profiles of TC and Zn** exhibited a slight initial burst fol-
lowed by a controlled release over 8 h (with a pH distribu-
tion of 1.2:6.8:7.4 at 20%:20%:60%). This behavior can be
attributed to the diverse interactions between TC molecules
and the nanocomposite. The Pec/ZIF-8 hydrogel beads
demonstrated significant antibacterial activity against E.
coli and S. aureus, with their antibacterial properties notably
enhanced by incorporating TC, especially against E. coli.
Among various formulations, TC-Pec/ZIF-8(2) exhibited
higher antibacterial effects, showing inhibition zone diam-
eters of 12+0.5 mm for S. aureus and 14 +0.5 mm for E.
coli. Additionally, these beads displayed cytocompatibility
with approximately 70% cell viability in the human colon
adenocarcinoma HT-29 cell line. Overall, the findings sug-
gest that these hydrogel beads have significant potential as a

@ Springer
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safe and straightforward system developed through an eco-
friendly approach, serving as an effective antibacterial agent
for treating intestinal infections.
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