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ARTICLE INFO ABSTRACT

Keywords: This study aims to evaluate the performance of dual cation cross-linked alginate-kaolin hydrogel beads (Fe/Ca-
Kao_lm Alg@K) as drug delivery system, and comprehensively investigate the mechanisms of CTC drug loading and
Alginate sustained release profile, while also assessing their antibacterial efficacy for potential therapeutic applications.
Chlortetracycline hydrochloride . . .. .

Adsorption The synthesized hydrogel beads were characterized by SEM, EDS, FTIR, BET, TGA, and XPS confirming their

porous architecture, stable chemical structure, and enhanced thermal stability. Incorporating kaolin significantly
improved drug encapsulation efficiency, reaching up to 89.47 + 1.6 %, and a loading capacity of 317.03 + 1.4
mg/g, while dual cross-linking with Ca®* and Fe®" ions further strengthened the matrix network and improved
drug adsorption capacity and encapsulation efficiency. The adsorption mechanism of CTC onto Fe/Ca-Alg@K
hydrogel beads revealed multiple interactions involving both the functional groups of beads and the
elemental components (Si and Al) of K. In vitro drug release studies revealed that Fe/Ca-Alg@K could sustain the
release of CTC, and the release profile was best described by quasi-Fickian diffusion at pH 1.2, while controlled
by diffusion combined with polymer swelling and erosion in pH 7.4. Antibacterial assays confirmed the bioac-
tivity of released CTC. The developed composite system shows promise for controlled drug delivery and localized
antibacterial therapies.

Sustained release

1. Introduction capable of controlled, sustained, and targeted release [3].

Natural polymers such as proteins and polysaccharides are widely

The increasing prevalence of antibiotic resistance, coupled with the
limitations of conventional drug delivery systems, has heightened the
need for the development of novel and more effective drug carriers.
Traditional drug delivery strategies frequently fail to address issues of
rapid drug release, poor bioavailability, and inadequate localization of
therapeutic agents at the target site [1,2]. To overcome these challenges,
there is growing interest in the design of advanced drug delivery systems
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used in biomedical applications owing to their biocompatibility and in
vivo biodegradability [1,2]. Sodium alginate (SA), a natural poly-
saccharide derived from brown algae (e.g., kelp, sargassum), has a
backbone of alternately arranged guluronic (G) and mannuronic (M)
acid units [4]. Alginate-based hydrogels can be synthesized through
diverse cross-linking strategies, offering advantages including low cost,
high water-absorption capacity, biocompatibility, excellent drug-
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In pharmacology, bioavailability is a subcategory of absorption and is the fraction of an administered drug that reaches the systemic circulation. By definition, when a medication is administered intravenously, its bioavailability is 100%.
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A drug delivery system is defined as a formulation or a device that enables the introduction of the therapeutically active substance in the body and improves its efficiency and safety by controlling the rate, time, and the place of release of drugs in the body.

 



Drug delivery is the method or process of administering a pharmaceutical compound to achieve a therapeutic effect in humans or animals
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Highlight
Biocompatibility is the ability of a material to perform its intended function in a living system without causing toxic, injurious, or adverse local or systemic effects
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Biodegradability is the ability of organic materials to be broken down into simpler substances by natural processes.



Biodegradable polymers are a special class of polymer that breaks down after its intended purpose
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Antibiotic resistance occurs when bacteria develop defenses against the antibiotics designed to kill them. 
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Hydrogels are hydrophilic polymer networks swollen in water that are advantageously biocompatible, chemically versatile and soft
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loading capabilities, and tunable biodegradation [5,6]. Notably, struc-
tural congruence with biological extracellular matrices (ECM) enables
their application across wound healing, therapeutic delivery systems,
and cell transplantation [4,7]. Drug molecules, spanning from small
chemical entities to large protein therapeutics, can be controllably
released from alginate-based hydrogels, with their release kinetics
dictated by the type of cross-linker and cross-linking methodology [4,7].
For instance, sodium ions in alginate monomers can undergo ion ex-
change with polyvalent cations (e.g., Ca®*, Fe3*, Ba®"), inducing elec-
trostatic interactions between adjacent polymer chains to form a three-
dimensional “egg-box” network structure [4,8]. Specifically, calcium
beads crosslinked with SA effectively shield acid-sensitive drugs from
gastric acid, preserving them until gradual release in the intestine [9].
Martinez-Gomez et al.'s study further highlights the potential of sodium
alginate/polyvinyl alcohol hydrogels for controlled drug release in the
intestinal environment [10]. However, one of the major limitations of
single-ion cross-linked alginate hydrogels is their low mechanical
strength [4] and relatively poor control over drug diffusion, which can
lead to unpredictable release profiles.

To overcome these limitations, various strategies have been imple-
mented to regulate drug release profiles and swelling behavior. Current
approaches include optimizing beads fabrication processes, adjusting
material ratios, constructing three-dimensional network structures, and
incorporating nanofillers to enhance the release performance of
alginate-based polymer matrices [11,12]. Some studies have reported
that the incorporation of multi-walled carbon nanotubes (MWCNTs) or
graphene oxide (GO) composites can effectively reduce the initial burst
drug release [13,14]. Nevertheless, concerns regarding potential cyto-
toxicity and high production costs significantly diminish the attrac-
tiveness of these materials for large-scale biomedical applications. This
critical limitation highlights the urgent need to develop novel low-cost
materials as alternative solutions for advanced drug delivery systems.

Clay minerals, which are widely sourced, inexpensive, and biocom-
patible, are frequently used as pharmaceutical excipients in various drug
formulations [15]. Consequently, researchers have attempted to utilize
mineral clays, such as bentonite and montmorillonite, as alternatives to
materials like MWCNTs and GO, in combination with SA, to prepare
drug-loaded microspheres, achieving promising results [4,16]. Among
the numerous clay minerals, kaolin (K), with the chemical composition
of Al»Si>O5(OH)4, exhibits biocompatibility and a lower cost compared
to montmorillonite [17]. Its high porosity, large specific surface area,
and abundant hydroxyl groups on its surface enable it to interact with
various organic and inorganic molecules, providing excellent drug-
loading capabilities. These properties endow kaolin with exceptional
adsorption and drug-loading capacities, making it a frequently utilized
material for controlled-release drug carriers [17,18].

Based on our earlier research findings, it has been confirmed that
beads prepared using Fe*! cross-linked alginate-based K exhibit excel-
lent adsorption properties [19]. Additional studies have compared the
sustained-release effects of curcumin in beads prepared by incorporating
Ca?" along with ions such as Mg?*t, Ba?*, AI**, among others, as dual-
ion cross-linking agents into a SA/montmorillonite matrix. These
studies revealed that cross-linking with different ions can significantly
influence the sustained-release efficiency of drugs. In particular,
compared to single Ca®" cross-linking, CaAl dual cross-linked carriers
exhibit lower water absorption swelling rates and possess a more rigid
cross-linked structure, thereby achieving superior sustained-release ef-
fects [4]. Thus, dual ion cross-linking also is a promising strategy [20].
By incorporating two different cations as cross-linkers, it is possible to
enhance the structural integrity of the hydrogel network, improve its
mechanical properties, and modulate the release rate of encapsulated
drugs [4]. The application of SA/K beads cross-linked with Ca®*, Fe3",
or other metal ions in drug delivery systems, and the mechanisms of
adsorption and release of drugs by these beads still required further in-
depth exploration.

Chlortetracycline hydrochloride

(CTC) is a broad-spectrum
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antibiotic commonly used in veterinary and human medicine [21].
Despite its wide usage, CTC is prone to rapid degradation and exhibits
limited bioavailability when administered through conventional for-
mulations [22]. Encapsulating of CTC in a stable delivery system that
can provide controlled and sustained release would not only improve its
therapeutic efficacy but also reduce side effects associated with high
peak concentrations [23]. In this work, we present the synthesis and
characterization of dual cation cross-linked alginate-kaolin hydrogel
beads for the controlled delivery of CTC. The study aims to optimize the
encapsulation efficiency by adsorption equilibrium, release profile, and
antibacterial activity of the composite system, providing a promising
approach for the development of controlled drug delivery systems with
enhanced performance.

2. Materials and methods
2.1. Materials

Ferric chloride (FeCl3) and calcium chloride (CaCls) were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd. Chlortetra-
cycline hydrochloride (CTC, chemical formula Cy3H33CIN2Og, with a
molecular weight of 478.88 g/mol) was purchased from Merck, and
Kaolin was provided by Tianjin Fuchen Fine Chemical Co., Ltd. in China.
Sodium alginate was purchased from Dengfeng Chemical Reagent Fac-
tory in Tianjin, China. Other reagents are from China National Phar-
maceutical Group Chemical Reagent Co., Ltd. All reagents were of
analytical grade.

2.2. Preparation of dual cross-linked alginate-kaolin beads

The alginate beads based K were synthesized using the extrusion
method [24]. Briefly, 2 g of SA was firstly dissolved in 100 mL of
distilled water and stirred to form a gel solution. Next, 2 g of K was
mixed evenly with the stirred gel solution for 2 h at room temperature.
Subsequently, the suspension settled gradually in a uniform alginate-
kaolin solution. This mixture was then added drop wise into a
container with a 2 % (Fe>"/Ca?") solution using a dropper. The Ca?*
and Fe®' caused the alginate-kaolin mixture to cross-link immediately
upon contact with the solution, forming beads. These beads were
allowed to harden for 24 h. After solidification, the beads were rinsed
thoroughly with distilled water to remove excess CaCly and FeCls,
resulting in raw beads with an average size of 3.8 mm, which were kept
in distilled water for further use. Some of raw beads were transformed
into oven for 60 °C/12 h to obtain dried beads. The designation scheme
for experimental samples and the detailed compositional parameters of
the prepared formulations is documented in Table 1. The method for
preparing dual cross-linked alginate-kaolin beads is shown in Fig. 1.

2.3. CTC loading to alginate beads based on K series

The adsorption equilibrium method was selected to load CTC onto
various beads formulations. This approach is widely favored in drug
delivery applications due to its simplicity, ability to preserve drug
structure and bioactivity (unlike covalent bonding, which may alter
drug properties), and its versatility in designing stimulus-responsive
drug carriers [25]. Various parametric studies were performed to opti-
mize of loading (adsorption) capacity including physical state of beads
(wet and dry), SA concentration of beads (2 %-4 %), different amount of
beads Fe/Ca-Alg@K4 (100, 200, 300, 400, 500, 750, and 1000 mg,
respectively), different shaking speeds (100, 150, 200, and 250 rpm),
the pH of a CTC solution (pH 2-12), contact time (10 min to 4 h), and
initial CTC concentration (10-200 mg/L). Adsorption was achieved by
mixing a CTC solution with a specified quantity of beads in a 125 mL
flask. The contents were shaken for 4 h. The supernatant was then
centrifuged at 3000 rpm for 5 min to determine CTC concentration by a
UV spectrophotometer. The loading capacity (mg/g), and the
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The extrusion method for creating hydrogel beads involves extruding a polymer solution (often sodium alginate) through a nozzle and into a gelling solution, causing droplets to form and gel instantly into beads. This technique is commonly used for encapsulation and can be adjusted by controlling the flow rate, pressure, and nozzle size to produce beads of a specific size and shape. 
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Wound healing is the body's natural process of repairing damaged tissue after an injury, involving a complex series of cellular and biochemical events to restore the tissue's integrity. This process can be broken down into distinct phases: hemostasis (stopping bleeding), inflammation, proliferation (new tissue growth), and remodeling (maturing the new tissue). 
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Sustained release allows delivery of a specific drug at a programmed rate that leads to drug delivery for a prolonged period of time
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Table 1
Designation and detailed compositional parameters of the prepared experi-
mental samples.

Designation Description Concentration of ~ Mass Mass of
SA (%) of K(g) Cross-
linkers (g)
Fe/Ca-Alg Fe/Ca cross-linked 2 0 5 g FeClz/
SA hydrogel beads 5 g CaCl,
Fe-Alg@K Fe cross-linked SA 2 2 10 g FeCl3
based K hydrogel
beads
Ca-Alg@K Ca cross-linked SA 2 2 10 g CaCl,
based K hydrogel
beads
Fe/Ca- Dual Fe/Ca cross- 2 2 5 g FeClz/
Alg@K linked SA based K 5 g CaCl,
hydrogel beads-2
Fe/Ca- Dual Fe/Ca cross- 3 2 5 g FeClz/
Alg@K3 linked SA based K 5 g CaCl,
hydrogel beads-3
Fe/Ca- Dual Fe/Ca cross- 4 2 5 g FeClg/
Alg@K4 linked SA based K 5 g CaCl,

hydrogel beads-4

encapsulation efficiency (EE) of the beads (adsorbents) were calculated
using Egs. (1), and (2), respectively [26].

Co—C,)xV
Q- (Go—Ce) x @
m
EE(%) — total drug quantity adsorbed (g) « 100% )

actual drug quantity (g)

where, Q is the drug loading (adsorption) capacity of the beads (CTC
mg/dry beads g), V represents the volume of the reaction solution (mL),
m denotes the mass of the adsorbents (g), Cop and C, stands for the initial
and equilibrium concentration of CTC (mg/L) in the solution.

2.4. Swelling test of beads

The swelling behavior of beads after CTC adsorption with various
formulations was evaluated by weight analysis in pH 7.4 and pH 1.2.
The swelling degree is obtained by the following Eq. (4) [3]:

&

2g/3g/4g SAY
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W - Wy
d

Swelling degree(%) x 100% 3)

where W (g) and Wy (g) was the weight of the beads after and before
swelling, respectively.

2.5. Characterization

The morphology of the bead adsorbents before and after CTC
adsorption was investigated using scanning electron microscopy (SEM)
and energy dispersive spectroscopy mappings (EDS, colored). To
enhance conductivity, the beads were coated with Platinum (Pt), then
scanned and analyzed for elemental composition before and after their
interaction with CTC using a Hitachi Regulus 8100 SEM equipped with
EDS, at a voltage of 5.0 kV. The structural characteristics of the beads
were analyzed using X-ray Diffraction (XRD) on a Bruker D8 ADVANCE
system, equipped with Cu Ka radiation. The system parameters record
data within a 260 range of 5°-80° at a scanning rate of 8°/min. The
changes in functional groups in Fe/Ca-Alg@K4 (before CTC adsorption)
and Fe/Ca-Alg@K4@CTC (after CTC adsorption) were studied using
Fourier transform infrared spectroscopy (FT-IR8400 spectrometer,
SHIMADZU, Japan). The X-ray photoelectron spectroscopy (XPS) was
conducted using ESCALAB 250Xi, Thermo, USA. The surface textural
properties of the adsorbents were observed by BET surface analyzer
(ASAP2020, Micromeritics, USA) at No atmosphere. Thermogravimetric
analysis (TGA) used STA 449 F5 Jupiter®, NETZSCH, Germany. The
dried sample was accurately weighed, and nitrogen (N5) was utilized as
the carrier gas for the test. The temperature range for the analysis was
set from 30 °C to 800 °C, with a heating rate of 10 °C/min.

2.6. In vitro release study of CTC

The release of CTC from the hydrogel beads was evaluated in simu-
lated gastric fluid (pH 1.2) and intestinal fluid (pH 7.4) at 37 + 0.5 °C.
Dried beads loaded with CTC drugs were placed in the release medium
(100 mL) and incubated under shaking (100 rpm). At specific time in-
tervals, 4 mL of aliquots were withdrawn, filtered, and analyzed spec-
trophotometrically at 365 nm. Fresh simulated solution (4 mL) was
added to maintain sink conditions. Release profiles were plotted, and
cumulative drug release (%) was calculated.

2 g K/or not

Fig. 1. Preparation method of dual cross-linked alginate-kaolin beads. Illustration (a) Synthesized beads (1: Fe/Ca-Alg, 2: Fe/Ca-Alg@XK, 3: Fe/Ca-Alg@K3, 4: Fe/Ca-

Stirred until a gel was
formed

The formed beads were
soaked in a 2% CaCl,/

23 ®) - [CJFelCa-Alg@K4 —

0 RIS — FeCl solution for 24 h

2 — - fe——
5 Rinsed with distilled Flitration Stirred slowly
_ I_I ‘water until pH 7

30 32 34 36 38 40 42 44 46 48 50
Diameter /mm

Alg@K4. (b) The particle size distribution diagram of the Fe/Ca-Alg@K4 wet bead.
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. C
Cumulative drug release(%) = Zrdease . 100% )
total

where Creeqse and Ciorqp are the cumulative concentration of beads
released drug in the solution at time t and the total drug loading con-
centration, respectively.

2.7. Release kinetics modeling

The in vitro release data were fitted to zero-order, first-order, Higu-
chi, and Korsmeyer-Peppas models to elucidate the drug release mech-
anisms [27,28]. The equations of these four models are as follows:

Zero-order model equation:

M, = My + Kot (5)
First order model equation:

logM, = logM, — K,t/2.303 (6)
Higuchi model equation:

M, /M., = Kut'/? %)
Korsmeyer—Peppas model equation:

log(M,/M.,) = log(Ky,) + nlog(t) (8)

where M; corresponds to the cumulative drug released at time t, while
M,, represents the maximum achievable drug loading, K represents the
release rate constant. Correlation coefficients (Rz) and release exponents
(n) were used to interpret the predominant transport phenomena. Spe-
cifically, quasi-Fickian transport is characterized by n < 0.5, Fickian
diffusion characterized by the drug diffusing and releasing out of the
polymer matrix by n = 0.5, and non-Fickian or anomalous transport
phenomena by 0.5 < n < 1.0 [28].

2.8. Antibacterial activity

Based on the agar diffusion test, antibacterial experiments were
conducted on K, and beads including Fe/Ca-Alg@XK, Fe/Ca-Alg@K3, and
Fe/Ca-Alg@K4, as well as their CTC-encapsulated beads, against
Escherichia coli (E. coli, Gram-negative) (ATCC 25923) and Staphylo-
coccus aureus (S. aureus, Gram-positive) (ATCC 25922). Specifically,
bacterial spore suspensions (0.5 McFarland) were inoculated onto solid
agar plates. Subsequently, the beads were aseptically inoculated onto
the agar surface, and cultures were then incubated at 37 °C condition
kept for 24 h. Bacterial growth inhibition zones were visually inspected
and measured in millimeters. Following incubation, inhibition zones
surrounding each sample were measured, and the antibacterial effect
was recorded [29].

2.9. Statistical analysis

All experiments were independently replicated three times to ensure
the reliability of the data. Data were expressed as mean + standard
deviation (SD). Statistical analysis was carried out using one-way
ANOVA and Post-Hoc multiple comparisons were determined by
Tukey's test (IBM SPSS Statistics V20.0, GraphPad PrismV9.0.0.121),
with p < 0.05 considered statistically significant.

3. Results and discussion

3.1. CTC loading and encapsulation efficiency onto Fe/Ca-Alg@K beads
3.1.1. The effect of the physical state and the type of crosslinking agent of
beads

As shown in Fig. 2a, there were significant differences between beads
cross-linked with different cations. Additionally, significant differences
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were observed between their dry and wet states (p < 0.05). The
adsorption differences between the dry and wet states of the beads may
be attributed to their porous structure. When the beads were dried, their
porosity was insufficient to allow CTC to reach the active sites within the
beads. Similar observations were also made by Rassis et al., who found
that drying calcium alginate gels containing bentonite resulted in sig-
nificant densification and smaller pore sizes [30]. In contrast, when the
beads were in a wet state, the EE of CTC was higher, reaching a
maximum of 89.32 % in Fe/Ca-Alg@K beads. This improvement could
be primarily driven by extensive water retention within the wet beads,
which increased their weight and facilitated the adsorption process.

Further investigation into the encapsulation of CTC by Alg@K
crosslinked with various metal cations, particularly Ca’t, Fet, and a
mixture of Ca2t and Fe3" (Fig. 2a), revealed that Alg@K beads cross-
linked with a mixture of Ca®*/Fe>* and Alg@K beads crosslinked with
Fe3" exhibited higher CTC loading capacity compared to Alg@K beads
crosslinked with Ca?' alone. This could be attributed to the dual
crosslinking potential of Fe>* and Ca*, also clearly demonstrating the
advantages of alginate hydrogels containing Fe**. The hydroxyl and
carboxyl groups in CTC could serve as ligands and coordinate with Fe>*
ions to form complexes. Furthermore, the higher charge of Fe>* allows
for stronger electrostatic interactions with negatively charged CTC than
Ca®*, leading to the formation of more stable and robust complexes
[20]. On the other hand, Ca?*t crosslinked hydrogel beads exhibit su-
perior swelling performance compared to Fe>* crosslinked ones [31].
During the adsorption process, the Ca" crosslinked beads can swell
more fully, resulting in a significant increase in their internal water
content, and consequently enhancing the adsorption capacity for CTC.

Thus, based on this comparative study, it demonstrated that wet Fe/
Ca-Alg@K beads could more effectively encapsulate CTCs. The presence
of water within the beads improved the adsorption process, while the
synergistic combination of Fe>* and Ca?*" cross-linkers in the alginate
beads significantly enhanced both swelling capacity and loading ca-
pacity compared to beads formed with either ion alone.

3.1.2. The effect of SA concentration

The concentration of SA can affect the density of the gel mesh formed
in beads and the encapsulation process of CTC within them [32].
However, in our study, increasing the SA concentration from 2 % to 4 %
did not impact the EE or adsorption capacity (Fig. 2b). The EE of all
studied formulations were similar, with values of 89.32 % + 2.2 %,
88.69 % + 1.8 %, and 89.47 % + 1.6 % for Fe/Ca-Alg@K, Fe/Ca-
Alg@K3, and Fe/Ca-Alg@K4, respectively, with no significant differ-
ences observed between groups (p > 0.05). The reason for this phe-
nomenon may attribute to loading of CTC on the beads involves both
chemical and physical interactions. Although Fe/Ca-Alg@K4 hydrogel
beads, with a higher sodium alginate concentration (4 % SA), contains a
higher total number of active sites capable of interacting with CTC, their
denser network restricts diffusion. Conversely, the Fe/Ca-Alg@K
hydrogel beads with lower SA concentration (2 %, 3 %) exhibit a
looser gel network and larger pore size [32,33], allowing for greater CTC
diffusion, thereby partially offsetting the advantage conferred by the
higher concentration of active sites. These results suggested that within
the studied concentration range, the amount of SA was not a limiting
factor in adsorption process. Due to its higher EE and stable morphology,
higher concentration of SA will form a denser cross-linked network more
stable, reducing the rapid degradation after oral administration and
improving the sustained release effect [32,34]. Therefore, Fe/Ca-
Alg@K4 was selected for further study.

3.1.3. The effect of beads dosage

The beads dosage determines the total number of active sites avail-
able for adsorption and it is a significant factor balancing efficiency and
cost. The impact of bead dosage on the adsorption of 50 mg/L CTC for 4
h was investigated by varying the bead mass from 100 to 1000 mg. A
minimum sample mass of 100 mg was established for adsorption
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Fig. 2. (a) The influence of the physical state of beads and the type of crosslinking agent (*** in the figure indicate significant differences between groups, p <
0.001), (b) SA concentration in beads (n.s. in the figure indicate non-significant between groups, p > 0.05), (c) Fe/Ca-Alg@K4 beads mass, and (d) shaking speed on

the adsorption capacity and EE of CTC.

experiments to facilitate practical handling and avoid the need for sub-
sampling, which is error-prone with smaller, wet alginate beads. The
encapsulation efficiency of CTC increased with beads mass (Fig. 2c),
peaking at 89.08 % at a dosage of 400 mg, indicating that bead dosage
provided more adsorption sites. Despite the increase in total binding
sites, the adsorption capacity per unit mass of beads decreased due to
inefficient utilization of active sites at higher dosages. This led to higher
encapsulation efficiency and lower residual CTC concentration in the
solution. Consequently, an optimal bead dosage of 100 mg was selected
for achieving the maximum adsorption capacity performance (93.43
mg/g) and a satisfactory encapsulation efficiency (74.75 %) under 50
mg/L CTC concentration condition. Table 2 indicated that Fe/Ca-
Alg@K4 has the higher encapsulation efficiency and adsorption capac-
ity compared to K and Fe/Ca-Alg beads. This suggested that K signifi-
cantly enhanced the loading capacity of CTC by providing more binding
sites for the alginate network.

3.1.4. The effect of shaking speed
Shaking is a crucial factor in any mass transfer process because it

Table 2
The adsorption capacity and EE of CTC on K, Fe/Ca-Alg, and Fe/Ca-Alg@K4
beads.

K Fe/Ca-Alg Fe/Ca-Alg@K4
Q (mg/g) 43.75 78.125 93.43
EE (%) 35.00 46.875 74.75

enhances the contact between the adsorbent and adsorbate, thereby
promoting adsorption. To investigate the effect of shaking speed on CTC
adsorption, tests were conducted varying shaking rates (100-250 rpm)
while maintaining other predetermined optimal parameters. The lower
limit of 100 rpm was selected based on preliminary trials indicating low
adsorption at 50 rpm. As illustrated in Fig. 2d, the optimal shaking speed
was 200 rpm, which resulted in the maximum adsorption capacity and
EE, 99.84 mg/g and 79.87 %, respectively. This speed proved to be
sufficient to facilitate contact between Fe/Ca-Alg/K4 beads and CTC. At
shaking speeds of 100 to 150 rpm, the adsorption of CTC onto Fe/Ca-
Alg/K4 beads was relatively slow and gradually increased. The corre-
sponding EE values were 63.12 % and 76.75 %, respectively. This
phenomenon is attributed to solution turbulence thins boundary layers
surrounding sorbent particles, accelerating CTC diffusion from bulk
liquid to interfaces [35,36]. Conversely, a high shaking rate (250 rpm),
significantly reduced adsorbate-adsorbent contact time, suppressing
adsorption and resulting in a decrease in CTC adsorption capacity and
EE to 91.71 mg/g and 73.37 %, respectively [35,36].

3.1.5. The effect of solution pH

The influence of solution pH on adsorption behavior of CTC by Fe/
Ca-Alg@K4 beads was investigated within the pH range from 2 to 11.
As displayed in Fig. 3(a-b), the strongest adsorption of CTC and the
highest EE on Fe/Ca-Alg@K4 were observed at pH values between 4 and
8, followed by a slight decrease with increasing pH. Optimal loading
capacity and EE (99.84 mg/g and 79.87 %, respectively) were observed
at pH 6. In fact, the predominant CTC species, classified according to
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solution pH, are CTCH3*, CTCH?*, CTCH™, and CTC?~ when pH < 3.3,
3.3<pH < 7.44,7.44 < pH < 9.27, and pH > 9.27, respectively (Fig. 3c)
[37,38]. The pHp,. value of Fe/Ca-Alg@K4 was measured to be
approximately 4.1 (Fig. 3d), revealing that the hydrogel bead surface is
positively charged when pH < pHy,., whereas a negative surface charge
develops at pH > pHpzc. At pH < 4, the strong electrostatic repulsion
between CTC species (CTC") and the positively charged surface of the
beads (Fe/Ca-Alg@K4) hindered the adsorption of CTC, leading to poor
adsorption performance. Conversely, when the pH was in the range of 4
to 8, CTC molecules was positive while Fe/Ca-Alg@K4 was changed to
negative, which interact through electrostatic interactions (CTCH%*-X")
[371. Thus, the enhanced interaction between Fe/Ca-Alg@K4 resulted in
higher adsorption capacity for CTC. While the pH surpassed 8, a slight
decrease in adsorption capacity occurred, due to electrostatic repulsion.
Additionally, despite the potential positive-positive electrostatic repul-
sion at pH values below 4 and negative-negative electrostatic repulsion
at pH values above 8, the adsorption capacity remained relatively high.
Data showed that the adsorption capacity was 71.87-86.40 mg/g (pH
2-3) and 74.21-81.87 mg/g (pH 9-11). This indicated that the
adsorption of CTC onto Fe/Ca-Alg@K4 beads is not primarily controlled
by electrostatic interactions. Instead, other major interactions, such as
negative charge-assisted hydrogen bonds, chelation or complexation,
ligand exchange, and n-m interactions, may be responsible for this
behavior. These results are consistent with previous studies [39,40].
Additionally, it can be observed that when the pH is below 4, a high
concentration of H' ions compete with CTC for adsorption sites on Fe/
Ca-Alg@K4 beads, leading to suppressed CTC adsorption. This obser-
vation is supported by the rise in final pH. In strongly alkaline
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conditions, the final decrease in pH can be attributed to the higher af-
finity of OH™ ions for adsorption compared to CTC on the surface of the
beads. This interaction reduces the concentration of OH™ ions in the
solution, further impacting the overall pH.

3.1.6. The effect of contact time

Analysis of the reaction time data revealed the equilibrium adsorp-
tion capacity and adsorption kinetics parameters for CTC loading onto
the beads [41]. Fig. 4a illustrated the adsorption behavior and EE of CTC
onto Fe/Ca-Alg@K4 beads. Three different regions were observed in the
adsorption process curve, an initial rapid adsorption, followed by
gradually increased and stabilized at 49.38 mg/g for 25 mg/L and
109.53 mg/g for 50 mg/L in a similar manner after about 180 min. On
the other hand, increasing the initial concentration of CTC resulted in a
decrease in EE (%) (Fig. 4b), potentially attributed to insufficient active
sites on the beads surface to adsorb higher concentrations of CTC.

3.1.7. Dynamics research

To study the CTC adsorption mechanism, adsorption kinetics on the
beads were analyzed using pseudo-first-order (PFO) and pseudo-second-
order (PSO) models. The PFO describes a single-step adsorption process,
while the PSO assumes a multi-step, more complex mechanism, with
their nonlinear equations provided in Table S1. There are two main
criteria for determining an appropriate kinetic model that corresponds
to experimental data. The determination coefficient R? of an appropriate
dynamic model must be greater than R? of other application models, and
there is an analogy between Qe(expy and Q ¢(cap of the appropriate model.
As displayed in Fig. 5a, at the initial stage of adsorption, CTC with two
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Fig. 3. The impact of solution pH evolution during adsorption and its effect on CTC adsorption capacity (a) and EE (b) for Fe/Ca-Alg@K4, the chemical structure of
CTC, its three acid dissociation constants (pKa) (c), and thepHpyc of Fe/Ca-Alg@K4 (d).
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Fig. 4. The effect of time on CTC adsorption (a) and EE (b) on Fe/Ca-Alg@K4 at two different initial CTC concentrations (25 and 50 mg/L).

different concentrations was rapidly adsorbed and then the adsorption
rate declined as the active sites became progressively occupied by CTC
molecules, ultimately achieving equilibrium states with Q. of 49.68 mg/
g and 99.84 mg/g, respectively. Both models had high R? values (>0.94)
(Table 3). This indicated that the loading process was controlled by
chemical and physical adsorption mechanisms. Furthermore, the better
fit of pseudo-first-order Q. values to experimental results demonstrates
that physisorption predominates [42].
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To further clarify the adsorption mechanism and rate-controlling
steps, the Weber Morris intraparticle diffusion (IPD) model was
analyzed [43]. A plot of Q; vs. t passing through the origin indicates
intraparticle diffusion as the dominant factor, while deviation from the
origin suggests it is not the sole rate-limiting step [44]. Therefore, CTC
adsorption on the beads involved multiple processes, such as, surface
adsorption, interparticle diffusion, and intraparticle diffusion (Fig. 5b)
[40].

80 -
)
o 60
g
S 40-

204

{ @ 50 mg/L
01 Qo = = Model diffusion intraparticle

100 150 200 250

Time (min)

¥ oy}
L0
o0
£
-’
)
=4 O 298K
100 Q@ 308K
Q 318K
50 - Q@ 328K
Model of Freundlich
0 2 = = Model of Langmuir

210 0 10 20 30 40 50 60 70 80 90 100 110
Ce (mg/L)

Fig. 5. (a) PFO and PSO kinetic models (b) IPD for CTC adsorption on Fe/Ca-Alg@K4 beads with initial CTC concentrations of 25 and 50 mg/L. (c) The effect of
initial concentration on the adsorption capacity of CTC for Fe/Ca-Alg@K4. (d) The Langmuir and Freundlich isotherms of Fe/Ca-Alg@K4 beads for CTC adsorption at

temperatures of 298, 308, 318, and 328 K.
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Table 3
Kinetic model parameters for CTC adsorption on Fe/Ca-Alg@K4 beads.

Kinetic models Parameter Fe/Ca-Alg@K4
Initial CTC concentration 25 mg/L 50 mg/L
PFO Qe(exp) (Mg/g) 49.68 99.84
Qe(cany (Mg/g) 48.60 97.48
K; (1/min) 0.0368 0.0192
R? 0.982 0.943
PSO Qe(cany (Mg/g) 55.850 118.906
K, [g/(mg-min)] 8.255 x 10°* 1.757 x 107*
R? 0.976 0.964
IPD Kig [mg/(g-min %5)] 3.14937 6.67366
C (mg/g) 10.620 7.116
R? 0.796 0.948

3.1.8. The effect of initial CTC concentration

Fig. 5c indicates that adsorption capacity increased with CTC con-
centration and then reached a plateau at all temperatures (298-328 K).
Equilibrium adsorption capacities reached 249.06, 270.94, 317.03, and
286.72 mg/g at 298, 308, 318, and 328 K, respectively. It may be
ascribed that adsorption proceeds gradually at lower CTC concentra-
tions, and as the concentration increases, the available adsorption sites
approach saturation [45].

3.1.9. Isotherm study

To get insight into the CTC adsorption behavior between CTC and
Fe/Ca-Alg@K4 beads at given temperatures, Langmuir and Freundlich
isotherm models (nonlinear forms in Table S2) modeled experimental
data, with results detailed in Table 4 and Fig. 5d. According to the
Langmuir model, the adsorption process occurs on a surface that is
uniform, with adsorbate molecules forming a single layer distribution
over the adsorbent [46]. The Freundlich model is an empirical equation
based on heterogeneous surface adsorption with different affinity
binding sites [47].

The high R? value indicates a good fit between the experimental data
and the linear Langmuir model (Table 4). This finding clearly indicated
that the adsorption process of CTC onto Fe/Ca-Alg@K4 predominantly
involved monolayer adsorption. Additionally, based on the Langmuir
model, the maximum adsorption capacity at 318 K was estimated to be
527.32 mg/g. Interestingly, the values of 1/n (<1) and R;, (ranging be-
tween 0 and 1), as derived from Eq. (9), indicated that the adsorption of
CTC onto Fe/Ca-Alg@K4 beads was favorable [47].

1

Ri=—
"T11GK,

9

3.2. Characterization

3.2.1. SEM

The surface morphologies of beads (Fig. 6), providing insights into
their structural differences. The SEM images of the dried Fe/Ca-Alg@K4
(Fig. 6a) exhibited a spherical shape with diameters ranging from 1.0 to
1.5 mm, 1/3 of wet beads approximately. The cross-sectional analysis
(Fig. 6b) revealed a porous interior matrix, indicating favorable

Table 4
Isotherm model parameters of CTC adsorption on Fe/Ca-Alg@K4.
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conditions for drug encapsulation and controlled release [48]. The
presence of K led to the aggregation and flaky morphology of the beads
[49]. The surfaces were smooth and opaque (Fig. 6a), while upon the
introduction of CTC to Fe/Ca-Alg@K4 (Fig. 6¢), the bead surfaces
became rough [4,50]. The surface of the spheres was consisted of
polyhedral particles of various sizes, forming an uneven structure that
closely resembled the ones documented in prior research studies [19].
Moreover, following the adsorption process, SEM images displayed that
more cracks appeared on the surface of the beads (Fig. 6d). The surface
of the Fe/Ca-Alg@K4@CTC material (Fig. 6d) compared to Fe/Ca-
Alg@K4 (Fig. 6b), was filled with numerous fine particles, and the
pores on the surface were also filled, resulting in a denser structure. This
change may be attributed to CTC adsorption onto bead surfaces induces
localized supersaturation, potentially affecting drug diffusion kinetics
[19]. Furthermore, freeze-dried beads with varying SA formulations
were investigated. Since drug loading was performed using hydrated
beads and drug release occurs after the dry beads swell into a hydrated
state upon rehydration, the hydrated beads were directly freeze-dried.
Their internal pore structures were then characterized via SEM imag-
ing to better investigate the effect of pore size on both the adsorption
and release of CTC. As shown in Fig. 6 e-g, the SA concentration directly
influenced bead morphology, which lower concentrations yielded
larger, irregular pores, while higher concentrations produced smaller,
more uniform pores. Our study indicated that SA concentration did not
affect the drug loading capacity, this suggests that loading behavior is
influenced not merely by pore size but also by the molecular interactions
between SA and CTC. Excessively larger pores may lead to an initial
burst release of the drug, while smaller pores help enhance drug
retention capacity, thereby delaying CTC release and achieving more
sustainable antibacterial efficacy.

3.2.2. EDS analysis

The elemental composition of Fe/Ca-Alg@K4 beads, along with the
corresponding elemental mappings, is depicted in Fig. 7a. The presence
of carbon and oxygen supports the structural stability of the alginate
network, while the identification of aluminum (Al) and silicon (Si) in-
dicates the incorporation of kaolin. Additionally, calcium (Ca) and iron
(Fe) suggest the occurrence of cross-linking within the structure [51].
The percentage of Fe was higher than that of Ca, indicating that Fe forms
a stronger crosslinking than Ca [52]. Fig. 7b and ¢ show the beads before
and after the adsorption of CTC by Fe/Ca-Alg@K4, respectively. The
significant increase in the C peak (from 27.4 % to 37.5 %) and the N peak
(from 1.01 % to 1.95 %) confirms the successful adsorption of CTC onto
the Fe/Ca-Alg@K4 beads [53]. The atomic percentages of Fe and Ca in
Fig. 7b are slightly lower than those in Fig. 7c. The observed difference
may arise from the interaction between Fe, Ca, and CTC during the
adsorption process, such as ion exchange, as well as the decrease in
elemental content caused by the adsorbed CTC [19,48]. Additionally,
this interaction can alter the elemental composition and distribution
within the beads.

3.2.3. FTIR analysis
For in-depth insight into prepared beads and CTC adsorption

Isotherm models Parameter Fe/Ca-Alg@K4
Langmuir 298 K 308 K 318K 328 K
Qe(exp) (Mg/g) 249.06 270.94 317.03 286.72
Qegeany (Mg/8) 344.39 466.62 527.32 487.02
K (L/mg) 0.0313 0.0287 0.0240 0.0171
R? 0.749 0.951 0.808 0.938
Ry, 0.137-0.761 0.148-0.777 0.137-0.761 0.225-0.853
Freundlich 1/n 0.505 0.555 0.622 0.665
Kg (mg/g) (L/mg)” 26.952 29.296 24.736 15.895
R? 0.687 0.881 0.767 0.918
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Fig. 6. SEM images of Fe/Ca-Alg@K4 (a-b) and Fe/Ca-Alg@K4@CTC (c-d). SEM images of freeze-dried of Fe/Ca-Alg@K (e), Fe/Ca-Alg@K3 (f) and Fe/Ca-

Alg@K4 ().

interactions, FTIR was conducted. In Fig. 8a, the stretching vibration of
OH group appears at 3410.26 cm ™', and CH stretching is noted at
2924.18 cm ™! in the FTIR spectrum of SA [49]. Kaolin exhibited O—H
stretching vibrations at 3626.29 cm™! and 3487.42 cm™! due to hy-
droxyl groups grafted onto aluminum sites [24], while its Si—O and
Si—O—Si vibrations appeared at 1635.69 em!and 1026.16 cm™! [54],
respectively. Additionally, AI—OH bending vibrations and Al—0—Si
bending vibrations were observed at 933.58 cm ™' and 540 cm ™}
[49,55]. The FTIR spectrum of Fe/Ca-Alg@K beads retained the FTIR
bands of both SA and K, demonstrating consistency between these two
materials. However, some peaks exhibited wavenumber shifts. Notably,
the asymmetric stretching vibration of the carboxylate group shifted to
higher wavenumbers (1643.41 cm™!) in Fe/Ca-Alg@K composite beads
compared to its position in SA (1620.26 cm '), attributable to K
incorporation, suggesting potential interactions between the compo-
nents. From the FTIR spectra of Fe/Ca-Alg@K, Fe/Ca-Alg@K3, and Fe/
Ca-Alg@K4 in Fig. 8b, it was observed that as the concentration of SA
increased, the intensity decreased. This may originate from the
increased formation of coordination bonds between carboxyl groups
(—CO0") in high concentration SA and AI**/Si*" in K, along with the
resulting dense network formation, and coupled with the restriction on
molecular chain vibrational freedom imposed by hydrogen-bonding
networks between —OH/—COO~ groups of SA and surface —OH
groups of K. As shown in Fig. 8c, the primary FTIR bands of the Fe/Ca-
Alg@K4@CTC beads were retained with wavenumber shifts, confirming
the adsorption of CTC onto Fe/Ca-Alg@K4. Characteristic peaks at
2851.20 cm ! and 1458.28 cm ! were attributed to CHs group
stretching vibrations [56] and skeletal vibrations in the aromatic ring of
CTC, respectively, similar to previous studies [57].

3.2.4. XPS analysis

The XPS spectra of Fe/Ca-Alg@K4 beads before and after adsorption
are shown in Fig. 9. The survey scan spectra of Fe/Ca-Alg@K4 beads in
Fig. 9a reveal that the primary elements of the Fe/Ca-Alg@K4 beads are
C, O, AL, Si, N, Fe, and Ca. The characteristic N 1s peak in Fe/Ca-Alg@K4
beads after CTC adsorption was raised from 1.01 t01.83 %, providing
crucial evidence for the adsorption of CTC molecules onto the adsorbent.
Moreover, the enhancement of the C element and the weakening of the
Fe and Ca elements were consistent with those observed in previous EDS
results, indicating an interaction between Fe/Ca-Alg@K4 and CTC.

Fig. 9b displays the high-resolution C 1s XPS spectrum of the bead
before and after CTC adsorption. The spectrum can be split into three
peaks at binding energies of 288.39-288.41 eV, 286.38-286.41 eV, and
284.56-284.59 eV, corresponding to C=0, C—O—C, and C—C/C—H
groups, respectively [58]. These changes are attributed to an electron
cloud shift between the Fe/Ca-Alg@K4 beads and CTC molecules,
indicating the involvement of these active functional groups in the
adsorption process [56]. The O 1s peaks of Fe/Ca-Alg@K4 illustrated in
Fig. 9¢ at 530.97, 532.0, 532.95, and 533.09 eV could be assigned to
Al—O or Al—OH, C=O0, SiO3, and C—O or OH bond, respectively
[59,60]. After CTC adsorption, all the decomposed O 1s peaks exhibited
a shift in position. This is probably because the oxygen - containing
functional groups (such as —COOH and OH) on the Fe/Ca-Alg@K4
beads react with the benzene rings and highly electronegative atoms
within CTC molecules. This interaction likely occurred through n-t EDA
interactions and hydrogen bonding during the adsorption process
[56,61]. Additionally, the peak for the —OH stretching vibration shifted
from 3448.84 cm ™! to 3479.70 cm ™!, confirming the existence of
hydrogen bonding [59].

In Fig. 9d, the N 1s peak, with a low proportion of only 1.01 % at
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Fig. 7. (a) EDS mappings of C, O, Na, Al Si, Cl, Ca, and Fe on Fe/Ca-Alg@K4 beads, and (b) EDS spectra of Fe/Ca-Alg@K4 beads before and (c) after CTC adsorption.

400.12 eV, is initially attributed to NSiO, in K [62]. Following CTC
adsorption, the observed shift in binding energy and increase in peak
area suggest that, in addition to NSiO3, new species such as —NH or
—CO—NH— groups are present [61]. Meanwhile, the emergence of new
peaks at 401.52 eV and 402.73 eV, corresponding to tertiary amine (N*)
and —N—O respectively, following CTC adsorption, indicates the suc-
cessful adsorption of CTC onto Fe/Ca-Alg@K4 beads. This also under-
scored the crucial role played by amino groups and the electrostatic
interactions between N* and the beads throughout the adsorption pro-
cess [61,62].

Furthermore, after CTC adsorption, the existence of aluminosilicate
groups was confirmed by the Al 2p peak at 74.57 eV and Si 2p at 102.9
eV in Fig. 9e and f, demonstrating that K exists in Fe/Ca-Alg@K4 [63].
The shifts in the high-resolution XPS of Al 2p and Si 2p, respectively,
suggesting that Al and Si may have participated in the surface
complexation with CTC, similar to previous research of ciprofloxacin
adsorption onto K [64]. Additionally, Fig. 5g and h revealed significant
reductions in the characteristic peaks of Fe 2p and Ca 2p, along with
shifts in binding energy to lower values, indicating that Fe>* and Ca®*
were also involved in the adsorption process. These changed could be
attributed to the interaction between Fe*, Ca?' and the O or N atoms in
CTC molecules, followed by charge transfer from oxygen or nitrogen to

10

Fe3* and Ca®*, resulting in decreased binding energy peaks for Ca 2p
and Fe 2p. The hydroxyl, carbonyl, keto and amino groups in CTC
molecules provide abundant electrons to Fe** and Ca®*, forming metal
complexes with these cations through cation-t bonds, cation-n bridges
[56]. In addition, it revealed coordination bonds may also participate
between Fe3* and the phenolic hydroxyl/amide groups of CTC.

3.2.5. XRD, TGA, and BET analysis

The XRD pattern of K presented in Fig. 10a is consistent with the
description in previous literature [65], where the diffraction peaks at
21.51°, 35.27°, 37.84°, 54.19°, and 70.76° correspond to the reflections
of the (100), (110), (003), (210), and (220) crystalline planes of K,
respectively [65]. Upon examining the XRD pattern of Fe/Ca-Alg@K4, it
can be observed that its main diffraction peaks are similar to those of K
but with reduced intensity, suggesting that after being compounded
with Fe/Ca-Alg, K is not only well-preserved but also uniformly
dispersed within the beads.

In the TG curve of Fig. 10b, the thermal decomposition processes of
Fe/Ca-Alg@K4, Fe/Ca-Alg@K4@CTC, and Fe/Ca-Alg commence
approximately at 70 °C, followed by significant mass loss within the
temperature range of 200 to 400 °C. This initial mass loss occurs be-
tween 70 and 100 °C was mainly by the evaporation of moisture



W. Liu et al.

(),

\ PRIEE | 1427.37

1620.26 144875

3410.2/

368629 3487.42
Fe/Ca-Alg@K

2067.76
2376.38  1921.16

2931.90

International Journal of Biological Macromolecules 329 (2025) 147827

(b)

Fe/Ca-Alg@K

671.25

1033.88

Fe/Ca-Alg@K3

Fe/Ca-Alg@K4

369573
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 Ss00
Wavelength (cm™) Wavelength (cm™)
802.1%32*.67' ’
(C) 145823 ) § V']
23201430 S
4 NS

Fe/Ca-Alg@K4@CTC

20°889¢
0L'6LYE

Fe/Ca-Alg@wK4

w
'S
'
3
%
=

919¢

\
2851.20

9I°1Z61

99'89€7
o ST99S

4000 3500 3000 2500 2000 1500
Wavelength (cm™)

1000

500
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contained within the beads [66]. Subsequently, the decomposition of SA
in beads dominated the process, continuing until the temperature rea-
ches 450 °C, particularly under a Ny atmosphere, the SA in Fe/Ca-
Alg@K4 converts to carbon between 200 and 400 °C [3]. When the
temperature exceeds 500 °C, the remaining mass is primarily composed
of carbon and K [65]. Compared to the Fe/Ca-Alg@K4 beads, Fe/Ca-Alg
beads exhibit a faster decomposition rate and a higher decomposition
temperature. On the other hand, Fe/Ca-Alg@K4 beads, due to the
incorporation of K, effectively enhance their thermal stability through
their high thermal stability and interaction with the polymer matrix.
The N, adsorption/desorption isotherm and the corresponding Bar-
rett-Joyner-Halenda (BJH) pore size distribution for Fe/Ca-Alg@K4 are
presented in Fig. 10c and d. The surface area of Fe/Ca-Alg@K4 beads
was 4.56 m%/g, which was larger than the measured surface area of
alginate beads alone (less than 2.4 mz/g) [50], but lower than that of K
alone (9.51 mz/g) [67]. This phenomenon may be attributed to the
incorporation of K, which promotes the formation of cracks, thereby
increasing the porosity of the alginate beads. Meanwhile, it was aslo
noted that compared to K, the beads exhibited a smaller pore volume
(0.032 cm®/g, compared to 0.12 cm®/g) and larger pore diameters
(28.66 nm, compared to 22.16 nm) [19]. This could be due to the suc-
cessful integration of K particles into the alginate polymer network.
Furthermore, BET analysis revealed an important fact that the high
performance of Fe/Ca-Alg@K4 beads in CTC adsorption was not solely
determined by their porosity or specific surface area. In fact, the strength
of interaction between binding sites and guest species was also a crucial
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factor in determining their absorption capacity [68]. This finding is
consistent with the effect of SA dose on loading capacity and SEM
morphology of three prepared formulations.

3.3. Interaction mechanism

Fig. 11a illustrates the potential cross-linking mechanism between
Fe3*/Ca" and the alginate network, along with their interactions with
the surface of the K mineral. Fe>* binds to both guluronate (GG) and
mannuronate (GM) groups, while Ca" specifically binds to GG groups,
forming the characteristic egg-box structure [52]. Additionally, alginate
may interact with kaolin minerals through hydrogen bonding and
electrostatic interactions, enhancing the overall stability and function-
ality of the composite material [19].

The proposed mechanism of CTC adsorption is illustrated in Fig. 11b.
Based on the comprehensive assessment of characterization outcomes,
pH effect, adsorption kinetics, and isotherm analyses, the adsorption
process of CTC onto Fe/Ca-Alg@K4 beads appears to governed by a
complex combination of chemical and physical interactions, along with
the surface uniformity of the beads. There may be three potential
adsorption sites inside the beads Alg@K cross linked Fe/Ca, including
(1) Fe and Ca presented in Fe/Ca-Alg@K4, (2) K captured within the
sphere, and (3) SA combined with K minerals. The loading mechanism of
CTC can be elucidated as follows, according to BET analysis, Fe/Ca-
Alg@K4 beads exhibit a substantial specific surface area and pore size.
These facilitated the diffusion of CTC within the pores of the beads,
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thereby enhancing its encapsulation efficiency. Furthermore, several
interaction mechanisms contribute to this loading. Strong n-t EDA in-
teractions occur between the AI—OH or sodium alginate—OH (SA—OH)
groups and the benzene ring of CTC. Cation-n bridges, involving in-
teractions between Fe>*/Ca%/A1** /Si** and the electron-rich O and N
atoms in SA and CTC. Additionally, hydrogen bonding formed between
the active oxygen-containing functional groups on the Fe/Ca-Alg@K4
beads and CTC molecules further contributes to CTC loading. Cation-n
interactions between Fe3*/Ca?*/AI3*/Si** and benzene ring in CTC also
play a role. Lastly, surface complexation, electrostatic interactions and
cation ion exchange between cationic CTC molecules and Fe/Ca-
Alg@K4 beads further facilitate the loading process [69].

3.4. Invitro release study of CTC

The release profiles of CTC from K, Fe/Ca-Alg@K, Fe/Ca-Alg@Ks3,
and Fe/Ca-Alg@K4 beads were evaluated under simulated physiological
conditions (pH 1.2 and pH 7.4, 37 °C, Fig. 12a, b). All formulations
exhibited sustained-release characteristics, with the cumulative release
following the consistent order, Fe/Ca-Alg@K4 < Fe/Ca-Alg@K3 < Fe/
Ca-Alg@K < K. Both the synthesized beads and K alone exhibit a
sustained-release ability, likely attributed to multiple interaction forces
with CTC, which stabilize the drug molecules within the matrix.
Notably, the K achieved 100 % release within 24 h under pH 1.2. This
rapid release from K may be attributed to its inherent hydrophilicity,
good solubility of CTC in acidic pH, and the electrostatic repulsion be-
tween positively charged K matrix and protonated CTC molecules under
acidic conditions (pH 1.2), which collectively accelerated drug diffu-
sion. Similar behavior was observed with hallosyite nanotubes loaded
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norfloxacin [27]. At pH 7.4, K release was moderately slower, while the
difference was minor, as both diffusion and electrostatic repulsion be-
tween K~ and CTCH™ ions remained operative.

Fig. 12c shows that CTC release from all beads was higher at pH 1.2
within the first 0.75 h, but this trend reversed after prolonged incuba-
tion, with release at pH 7.4 surpassing that at pH 1.2. Fe/Ca-Alg@K4
released nearly 100 % of CTC after 73 h at pH 7.4 (Fig. 12b),
compared to only ~70 % at pH 1.2 (Fig. 12a). The phenomenon could be
explained by alginate hydrogel swelling behavior and low solubility of
CTC in neutral pH. The beads exhibit more obvious swelling at pH 7.4
(Fig. 12d). In initial phase of pH 1.2 (0-0.75 h), carboxyl protonation
(—COOH) occurs, causing hydrogel shrinkage, exhibits an extremely
low swelling degree [70], then allowing drugs diffuse directly through
the pores. Additionally, protonation of CTC3* generates electrostatic
repulsion and H ions may disrupt the Fe>*/Ca?* cross-linking structure
also accelerated CTC release. Conversely, at pH 7.4, ionization of
carboxyl groups (—COO™) triggers charge repulsion, and the dried
hydrogel beads undergoes a time-consuming water absorption and
swelling process to achieve swelling equilibrium overcome the hydrogen
bonding between molecular chains, impeding initial diffusion pathways.
However, the subsequent increase in cumulative release at pH 7.4 stems
from the completion of swelling after 0.75 h, which forms water chan-
nels enabling CTC continuous diffusion. Furthermore, sustained
swelling also enables phosphate ions (PO4>") in the buffer to react with
Fe* and Ca?*, ultimately disrupting the gel network structure of the
beads to increase drug release [71,72]. In contrast, the hydrogel struc-
ture in the acidic environment becomes increasingly dense over time,
thereby inhibiting the sustained release of drugs.

Thus, the pH-dependent release kinetics, characterized by a low
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cumulative release at pH 7.4 within the initial 2 h and complete release
over a prolonged period, are highly beneficial. This targeted release
profile is designed to coincide with the physiological pH of the intestinal
tract, the primary site for CTC absorption. By minimizing premature
release in the acidic stomach and ensuring maximal release in the in-
testines, this system significantly enhances the oral bioavailability and
therapeutic efficacy of CTC [73].

Notably, the concentration of SA exerts a significantly modulated
CTC release under both pH conditions (Fig. 12a, b), with higher SA
concentrations reducing drug release. However, the underlying mech-
anisms differ with pH. At pH 1.2, there are no significant differences in
swelling among beads with different concentrations of SA (p > 0.05,
Fig. 12e), it is not the primary factor contributing to the differences in
release behavior. The release differences mainly stem from two aspects.
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Firstly, higher SA concentration resulted in reduced drug release, likely
due to increased restrictions on intraparticle diffusion and the reduction
in the approachable free volume (low water adsorption) of water mol-
ecules in more dense alginate hydrogel beads [22]. Furthermore, mo-
lecular interactions between SA and CTC, such as cation-x, cation-n, n-n
interactions, hydrogen bonding, and electrostatic forces were contrib-
uted to the decelerated release kinetics [22]. At pH 7.4, a significant
difference in swelling was observed among the three beads (p < 0.001,
Fig. 12e), all of which exhibited high swelling efficiency. This swelling
behavior is likely the dominant factor causing the variation in release
rates. Among them, Fe/Ca-Alg@K, which had the fastest release rate,
can be attributed to its highest degree of swelling, which enables it to
rapidly absorb water and form larger pores [74]. These results indicate
that the system possesses pH-responsive and tunable release properties.
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Fig. 12. (a) and (b) are the CTC release profiles from K, Fe/Ca-Alg@K, Fe/Ca-Alg@K3, and Fe/Ca-Alg@K4 at pH 1.2 and pH 7.4 in vitro, respectively. (c) CTC
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simulated oral conditions.

Additionally, in vitro experiments were conducted to investigate the
release kinetics of CTC from Fe/Ca-Alg@K beads under conditions
simulating the human oral route. The Fe/Ca-Alg@K4@CTC beads were
initially placed in a simulated gastric medium for 2 h and then trans-
ferred to a simulated intestinal medium for 70 h. In vitro drug release
studies indicated that approximately 26 % of CTC was released from Fe/
Ca-Alg@K4 within the first 2 h at pH 1.2. Following this, the beads
disintegrated and gradually released the remaining drug in the simu-
lated intestinal environment (pH 7.4) over the next 70 h (Fig. 12f).

3.5. Kinetic measurements of drug release

To elucidate the release mechanisms, in vitro data were fitted to four
kinetic models (Fig. 13). As summarized in Table 5, the Korsmeyer-

Peppas (Kors-Peppas) model showed the highest correlation co-
efficients (R?) for all formulations in pH 1.2. And the release exponent
(n) values for the three beads and K were below 0.5, indicating quasi-
Fickian diffusion dominated by concentration gradients. In contrast, at
pH 7.4, Higuchi and Kors-Peppas model all show high R? for beads and
K. Notably, the Higuchi model achieved higher R? values for the three
different formulations beads, which indicates diffusion is the dominant.
However, the n values were 0.522, 0.517 and 0.514 (ranged between 0.5
and 1.0) for Fe/Ca-Alg@K, Fe/Ca-Alg@K3 and Fe/Ca-Alg@K4, respec-
tively, signifying non-Fickian diffusion where drug release was jointly
controlled by diffusion, polymer swelling and erosion [75]. The most
obvious anomalous diffusion in Fe/Ca-Alg@K (highest n value) pre-
sumably correlates with its enhanced swelling capacity. These release
modeling outcomes under both pH conditions strongly well-aligned with
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Fig. 13. In vitro CTC release data for various beads and K. (a) Zero-order model, (b) First-order model, (c) Higuchi model, and (d) Kors-Peppasmodel.

Table 5
In vitro CTC release data for prepared beads and K.

pH Materials Zero-order First-order Higuchi Korsmeyer-Peppas
Ko R? K, R3 Ky R? Kxp n R?
1.2 Fe/Ca-Alg@K 0.873 0.678 0.0962 0.890 8.744 0.863 41.495 0.233 0.929
Fe/Ca-Alg@K3 0.970 0.761 0.0277 0.914 9.501 0.929 24.434 0.326 0.985
Fe/Ca-Alg@K4 0.794 0.808 0.0154 0.903 7.656 0.954 17.539 0.353 0.956
K 2.588 0.774 0.2287 0.847 15.578 0.902 41.210 0.312 0.922
7.4 Fe/Ca-Alg@K 2.756 0.884 0.208 0.881 17.776 0.957 21.028 0.522 0.914
Fe/Ca-Alg@K3 1.570 0.757 0.116 0.902 12.697 0.927 16.680 0.517 0.926
Fe/Ca-Alg@K4 1.208 0.821 0.0631 0.911 11.706 0.964 13.770 0.514 0.943
K 2.631 0.815 0.170 0.809 15.309 0.919 41.257 0.299 0.936

the observed pH-dependent swelling behavior [4].

The n value of K remained below 0.5 under pH 7.4 conditions,
indicating that its release was not affected by effects such as swelling
and was dominated by diffusion as the primary mechanism, resulting in
a relatively rapid release rate. This result indirectly confirms that the
combination of SA and K can significantly optimize the sustained release
effect. The hydrogel network formed by SA prolongs the drug release
rate by regulating swelling behavior and diffusion resistance, over-
coming the drawback of excessively rapid release from pure K, and
thereby improving the bioavailability of CTC.

3.6. Antibacterial activity

The agar diffusion test was employed to evaluate the performance of
the beads and kaolin against Gram-negative (E. coli) and Gram-positive
(S. aureus). E. coli is a common pathogen associated with gastrointestinal
and urinary tract infections, while S. aureus is known for producing
enterotoxins responsible for food poisoning [76]. After 24 h of incuba-
tion, K encapsulated with CTC (K@CTC) and K-based SA beads encap-
sulated with CTC, namely Fe/Ca-Alg@K@CTC, Fe/Ca-Alg@K3@CTC,
and Fe/Ca-Alg@K4@CTC, shown significant antibacterial efficacy
against both E. coli and S. aureus. The size of the inhibition zone was
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influenced by the concentration of SA (Fig. 14a, b). Higher concentra-
tions resulted in smaller inhibition zones, which may be related to the
modulation of drug release behavior. Among all formulations, the Fe/
Ca-Alg@K@CTC exhibited the largest inhibition zones, measuring
31.6 mm against E. coli and 24.8 mm against S. aureus. This outstanding
performance may be attributed to their sustained and rapid release of
CTC, further demonstrating that SA concentration regulates antimicro-
bial efficacy. The inverse relationship between SA and inhibition zone

Suppression manuelle : 3%
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size suggests that the denser network structure of beads with higher SA
content decreases the diffusion and release of CTC, thereby regulating
the extent of antibacterial activity. This sustained-release characteristic
could offer particular advantages for applications requiring long-term
antimicrobial protection.

The beads maintained potent antibacterial activity against E. coli and
S. aureus even 4 h after CTC release (Fig. 14c and d), due to their strong
capacity to retain the drug within their matrix. Although the beads

Ajout mai
Suppression manuelia?s)

|suppression manuelle : 3"

Fig. 14. Photographic images showing inhibition zones of Fe/Ca-Alg@K@CTC beads against E. coli (a) and S. aureus (b), and corresponding inhibition zones 4 h after
CTC release against E. coli, (c) and S. aureus (d). Photographic images of inhibition zones of K and CTC against E. coli (e) and S. aureus (f), and Fe/Ca-Alg@K, Fe/Ca-

Alg@K3, Fe/Ca-Alg@K4 beads against E. coli (g) and S. aureus (h).
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demonstrated lower antibacterial activity against S. aureus compared to
E. coli, they were still effective against S. aureus. It was also noteworthy
that K@CTC exhibited robust antibacterial activity against both E. coli
and S. aureus.

Both K and K-based alginate beads have demonstrated effectiveness
in combating E. coli and S. aureus, and their antibacterial activities are
greater than that of the pure CTC antibiotic drug (Fig. 14e—f). This may
be attributed to the inherent antibacterial properties of the bead mate-
rial itself. K without CTC loading exhibited intrinsic antibacterial ac-
tivity, with inhibition zones of 21.2 mm and 15.1 mm in diameter
against E. coli and S. aureus, respectively (Fig. 14e-f). K-based alginate
beads (Fe/Ca-Alg@K3) also demonstrated antibacterial activity, with
inhibition zones of 12.2 mm and 10 mm in diameter against E. coli and
S. aureus, respectively (Fig. 14g-h). In summary, the superior antibac-
terial performance of beads stems not only from the inherent antibac-
terial activity of K itself but also relies on the effective modulation of
drug release behavior by the SA concentration. These two aspects act
synergistically to enhance the sustainability and stability of the anti-
microbial effects. The findings of this study indicate that such composite
materials hold potential for applications in medical dressings, controlled
drug release systems, and related fields.

K-based alginate beads show promising potential as antibacterial
agents, particularly against Gram-negative bacteria such as E. coli.
However, their effectiveness against Gram-positive bacteria such as
S. aureus is not very apparent and required higher concentrations to
achieve similar effects. These observations emphasize the importance of
further research to optimize the formulation and concentration for
expanding the effectiveness spectrum of K-based alginate beads,
particularly against Gram-positive bacteria.

4. Conclusion

Dual cation cross-linked alginate-kaolin hydrogel beads were suc-
cessfully developed as an effective platform for the loading and
sustained-release of CTC. Comprehensive morphological, structural, and
thermal characterizations confirmed the stability and suitability of the
composite system. Adsorption kinetics and isotherm analyses revealed
that CTC loading onto beads involved physical and chemical mecha-
nisms, including diffusion, cation-r bonds, n-t EDA bonding, hydrogen
bonding, cation-n bridging, and electrostatic interactions. Kaolin
incorporation and dual cation cross-linking strategy significantly
enhanced drug encapsulation efficiency and loading capacity, while the
alginate concentration modulated the cumulative release rate to achieve
sustained release. At neutral pH, release kinetics followed a non-Fickian
diffusion mechanism, governed by a combination of diffusion and
polymer matrix relaxation. The beads exhibited potent antibacterial
activity highlighting their potential for biomedical applications such as
localized drug delivery and infection management. Overall, the inte-
gration of kaolin functionality with a dual cross-linking strategy pro-
vides a versatile approach to engineering advanced hydrogel-based drug
delivery systems.
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