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In the present work, a pH-sensitive magnetite hybrid hydrogel was prepared as a potential oral dual drug
delivery system. The magnetite (FesO4) nanoparticles were in situ incorporated into the pH-sensitive
hydrogel containing xanthan gum (XG) and poly(N-hydroxyethyl acrylamide) (PAHEA), which was prepared
via a free radical polymerization. Ultimately, anticancer drugs, namely 5-fluorouracil (5-FU) and curcumin
(CUR), were successfully loaded into the developed magnetite hybrid hydrogel. The swelling studies
showed minimal swelling of the system at pH 1.2 and significant swelling at pH 7.4. The drug quantities
incorporated per gram of dry magnetite hybrid hydrogel were determined to be 48.2 + 0.8 mg g™ for 5-
FU and 38.5 + 0.5 mg g~* for CUR. The sequential drug release studies revealed that the prepared dual
drug delivery system retained the incorporated drugs in the simulated gastric environment and significantly
released them in the simulated intestinal environment of the gastrointestinal tract. The drug release
mobility at pH 7.4 followed non-Fickian diffusion for 5-FU and Super Case Il transport for CUR. The
cytotoxicity investigation of the magnetite hybrid hydrogel, with and without drugs, using the MTT assay

towards normal cells (MCF-10A) showed good cytocompatibility, with cell viability exceeding 75%.
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Accepted 17th May 2026 However, the drug-loaded magnetite hybrid hydrogel showed remarkable cytotoxicity against cancer cells

(MCF-7), with cell viability being below 35%. These results suggest that the prepared magnetic hybrid
hydrogel could serve as a promising site-specific drug delivery system for the prolonged oral dual release
of 5-FU and CUR in cancer therapy.
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Hydrogels are hydrophilic, crosslinked polymeric materials in
a three-dimensional structure that can absorb large quantities of

1. Introduction

The release of dual drugs in cancer therapy is a preferred
treatment approach that demonstrates favorable therapeutic
efficacy." The injection method is a common strategy for the
administration of anticancer drugs, but it is associated with
side effects, which can be mitigated by changing the drug
administration route, particularly the use of oral drug admin-
istration.” Several studies addressed the combination release of
anticancer drugs from delivery systems via oral administra-
tion.>* Recently, the development of controlled, targeted, and
sustained drug delivery systems has captured the interest of
many researchers due to their potential to improve therapeutic
efficacy. These systems offer benefits, such as delivering desired
therapeutic effects at lower doses and reducing toxicity and
related side effects compared with traditional dosage forms. In
this context, among the favorable drug delivery systems is the
use of hydrogel-based materials.
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water or biological fluids and retain their polymer network in the
swollen state.® The previous studies indicate that hydrogels are
crucial polymer matrix materials across multiple fields of
biomedical applications, such as drug delivery,® tissue engi-
neering scaffolds,” wound healing, and bioprinting.® In drug
delivery applications, pH-sensitive hydrogels are of great interest
due to their ability to release both single and multiple drugs in
a controlled, targeted and sustained manner.>'* Additionally,
these materials can be formed from both natural and synthetic
polymers containing acidic, basic or neutral functional groups,
or a combination of all.***> However, based on the degradability,
biocompatibility, non-toxicity and low cost, natural polymers are
preferred in designing pH-sensitive hydrogels. Specifically,
polysaccharides, as natural polymers, have been extensively used
to prepare pH-sensitive drug delivery systems, as they can
modulate the gut microbiota and improve the intestinal micro-
environment, thereby enhancing intestinal immunity.*>**
Xanthan gum (XG) is an anionic natural polysaccharide
produced by the bacterium Xanthomonas campestris. It is
a branched polysaccharide unit of p-glucoronic acid, p-mannose
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and p-glucose in a 1:2: 2 ratio.” It is commonly used in food and
pharmaceutical applications. XG can be crosslinked with both
chemical and physical crosslinking agents, such as N,N'-methyl-
enebisacrylamide (MBA) and calcium ions respectively.'*'” The
pH-sensitive XG-based hydrogels can be readily prepared in a few
steps under mild conditions, making them widely studied,
particularly for drug delivery applications. The presence of
carboxylic acid functional groups in the structure of XG helps to
resist swelling of the hydrogels in an acidic medium of the gastric
conditions, while they can swell considerably in an alkaline
medium of intestinal conditions. In this context, they are exten-
sively studied as pH-sensitive systems for oral drug delivery.

Hydrogels made solely from native polysaccharides have
limitations, such as poor mechanical strength and uncontrolled
drug release.® These limitations can be mitigated by adding an
appropriate amount of synthetic polymers and incorporating
nanoparticles, which collectively improve the properties and
functionalities of the hydrogels. In particular, nanocomposite
hybrid hydrogel exhibits the combined properties of polymer
and nanoparticles. Various nanoparticles, such as graphene
oxide, hydroxyapatite, titanium oxide, metal nanoparticles and
iron oxide have been utilized for the preparation of magnetite
hybrid hydrogel to improve the properties and performance of
the hydrogels.**® The extent of improvement may depend on
the type of nanoparticles. Several studies have used magnetite
(Fe;0,) nanoparticles to form magnetite-hybrid hydrogels due
to their unique properties, including magnetic responsiveness,
low toxicity, and compatibility with many polymers.**** Addi-
tionally, Fe;O, nanoparticles within a gel matrix facilitate pro-
longed drug release at the desired site.

In continuation of our previous research on drug delivery
applications of hydrogel-based materials, the present study
aims to develop a magnetite hybrid hydrogel as a pH-sensitive
delivery system for the oral dual release of 5-fluorouracil (5-
FU) and curcumin (CUR). The details of 5-FU and CUR have
been provided in our previous studies.>*?® The pH-sensitive
properties of the developed polymer matrix material were
dominated by the XG. The XG was modified by grafting it with
poly(N-hydroxyethyl acrylamide) (PHEA) and subsequently
incorporating Fe;O, nanoparticles to enhance its mechanical
strength and overall performance. However, XG significantly
contributes to a favorable release profile by protecting the
loaded drugs from acidic conditions and releasing them in
intestinal conditions. The novelty of this work lies in both the
materials used and the drug release strategy compared with
previously reported magnetite-based hydrogels. In brief, inte-
grating xanthan gum with poly(N-hydroxyethyl acrylamide)
provides a unique balance between hydrophilicity and struc-
tural stability, results in improving physicochemical properties
and functionality. Furthermore, the incorporation of Fe;O,
nanoparticles plays a dual role by enhancing network integrity
and introducing additional interaction sites for drug molecules,
thereby improving loading efficiency and modulating release
behavior. At the structural level, Fe;O, nanoparticles serve as
additional physical crosslinking points within the polymer
network, thereby enhancing mechanical stability, reducing
polymer chain mobility, and facilitating a slower and sustained
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release profile. Additionally, the polymer matrix developed in
the present study demonstrates a pH-responsive, sustained, and
controlled release profile via a sequential release approach,
which is uncommon in the literature, particularly for dual
release of anticancer drugs, since several reported systems
employed non-sequential oral drug release strategies.

2. Materials and methods

2.1. Materials

Xanthan gum and ammonium peroxodisulphate (98%) were
obtained from Sisco Research Laboratory Pvt. Ltd, Mumbali,
India. Iron(u) chloride tetrahydrate (FeCl,-4H,0), iron(u)
chloride hexahydrate (FeCl;-6H,0), N,N'-methyl-
enebisacrylamide (99%), N-hydroxyethyl acrylamide (HEA), 5-
fluorouracil (99%), and curcumin (99%) were purchased from
Aldrich Chemical Company Inc., USA. MCF-7 and MCF-10A cell
lines were received from Infinite Biotech Institute of Research
and Analytics, Mumbai, India. All reagents were of analytical
grade and were used without further purification.

2.2. Preparation of hydrogel

An aqueous solution of XG (0.25% w/v) was prepared at room
temperature with the help of a magnetic stirrer. To it, a known
amount of HEA (9.6, 19.1 and 28.9 mmol) was added and
thoroughly stirred to get a homogenous solution. Next, 1 mL of
APS (0.066 mmol) and 1 mL of MBA (0.097 mmol) were added
while stirring continuously. The obtained homogeneous solu-
tion was placed in a domestic microwave and irradiated at 80 W
for 25 s. To eliminate by-products and unreacted components,
the obtained hydrogels were vigorously washed with acetone
and distilled water. Then, dried at 50 °C to constant weight. The
hydrogels made by adding 9.64, 19.12 and 28.92 mmol of HEA
are coded XG-g-PHEA-1, XG-g-PHEA-2 and XG-g-PHEA-3
respectively. The grafting efficiency (GE) of the obtained
hydrogels was determined using eqn (1). The hydrogel with the
highest GE was selected for further modification.”

_(Si=95)
GE = S:

x 100 (1)
where S, S,, and S; stand for the weights of the hydrogel, XG
and HEA respectively.

2.3. Preparation of magnetite hybrid hydrogel

A previously reported method®® was followed for the in situ
incorporation of Fe;O4 nanoparticles into the hydrogel. In brief,
approximately 0.6 g of dry hydrogel was immersed in 100 mL of
an aqueous solution containing 5.8 g of FeCl;-6H,0 and 2.1 g of
FeCl,-4H,0. The hydrogel was allowed to equilibrate overnight.
The yellow-orange, swollen gel containing iron(u) and iron(m)
ions was transferred to 100 mL of 0.5 M ammonium solution
and left overnight. The magnetite hybrid hydrogel obtained was
designated XG-g-PHEA-2/Fe;0,. It was thoroughly washed with
distilled water and dried at 50 °C to constant weight.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Characterization

The prepared materials were characterized using a Fourier
Transform Infrared (FTIR) spectrophotometer (Bruker Alpha,
Germany) at a resolution of 2 cm '. The morphological
features were investigated using a scanning electron micro-
scope (SEM), Carl Zeiss Sigma (Germany), at a voltage of 20.00
kv. Energy-dispersive X-ray spectroscopy (EDS) confirmed
elemental compositions of the materials. The powder X-ray
diffractometer, AXS D8, from Bruker Ltd, Germany, at
a recording rate of 2° min~ ' with a resolution of 0.0001° was
used to evaluate the nature of the materials. The magnetiza-
tion of the magnetite hybrid hydrogel was recorded at room
temperature using a vibrating sample magnetometer (VSM)
74108, Lakeshore Company, USA, with an applied magnetic
field of 1.5 T in the range —20 000 to +20 000 Oe and a sensi-
tivity of 107,

2.5. Swelling behavior

The known weights of the dry samples were placed separately in
beakers containing sufficient buffer solutions at pH 1.2 and 7.4
at room temperature. After a certain interval, the weights of the
swollen samples were recorded. Weight recording was carried
out until the samples attained equilibrium swelling. The
swelling ratio (SR) in g g~ was calculated using eqn (2).2*

G -Gy
=

SR @
where G, is the initial weight of the gel and G, is the weight of
the swollen gel at a predetermined interval.

2.6. Drug loading efficiency (DLE) and drug entrapment
efficiency (DEE)

In triplicate, the loading and entrapment of the 5-FU and CUR
were performed as reported in a previous study.>® Briefly, a dry
sample of known weight was placed in CUR solution (0.5 mg
mL~" in ethanol-water (1:1)) at room temperature for 24 h in
the dark to protect CUR from photodegradation. Then, the
remaining CUR solution was measured at Apya,x 429 nm using
a Shimadzu UV1900 UV-visible spectrophotometer. A similar
procedure was adapted to load 5-FU, but in an aqueous medium
(0.5 mg mL™") at room temperature. The absorbance of the
remaining 5-FU solution was measured at Am,x 266 nm. To
ensure that the actual value of CUR was obtained in the final
drug-loaded sample, the same 5-FU solution was measured at
Amax 429 nm to detect any traces of CUR. The DLE (mg g~ ') and
the percentage of DEE were determined using eqn (3) and (4)
respectively,”® and the results obtained are expressed as the
mean =+ standard deviation.

Weight of the drug in the system

DLE =
Weight of system

(3)

Weight of the drug in the system

DEE = x 100  (4)

Initial weight of the drug

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.7. Invitro drug release study

The release of 5-FU and CUR from the drug-loaded samples into
the dissolution medium was performed using procedures
similar to those described in our previous study, with a few
modifications.” Briefly, a sequential drug release study was
performed by transferring the sample from a buffer solution of
pH 1.2, as a simulated gastric fluid, after 2 h, to a buffer solution
of pH 7.4, as a simulated intestinal fluid. The cumulative drug
release (CDR) was calculated as follows:

Weight of drug released from the system

DR =
C Weight of the drug loaded to the system x

100 (5)

2.8. Cytotoxicity study

The cytotoxicity study was performed for both blank and drug-
loaded magnetite hybrid hydrogels using the MTT assay against
MCF-10A and MCF-7 cell lines in triplicate, as reported elsewhere
with minor modification, and the cell viability was calculated
using eqn (9).** In brief, cells were cultured in 96-well plates at
a density of 0.1 x 10 cells per well and incubated for 24 h to allow
attachment. The stock solution (0.5 mg mL™') of the blank
nanocomposite was prepared in dimethyl sulfoxide, and appro-
priate dilutions were made from it to obtain a set of predetermined
concentrations. For drug-loaded samples, the corresponding drug
content was calculated. Cells were treated with different concen-
trations of the samples (20, 40, 60, 80, and 100 pg mL ) for 24 h.
After incubation, MTT solution (0.5 mg mL ") was added, and the
cells were incubated for an additional 4 h. The resulting formazan
crystals were dissolved in dimethyl sulfoxide, and absorbance was
measured at 540 nm using a microplate reader.

Absorbance of sample

Cell viability = Absorbance of control

100 (6)

2.9. Invitro degradation study

Under slow stirring, a known weight of the sample (W,) was
immersed in a sufficient volume of phosphate buffer solution of
PH 7.4 at 37 °C. At a specified time, the weight of the sample (W},)
was recorded and the weight loss was determined using eqn (7).*

— W

Wa
Weight loss(%) = Tb x 100 7)

a

2.10. Statistical analysis

The statistical analysis of the obtained experimental data was
performed using OriginPro 2022 v.9.9.0.225 (SR1) software. All
experiments were performed in triplicate (n = 3), and the results
are expressed as mean =+ standard deviation. The best-fitting
mathematical model was determined by comparing the corre-
lation coefficient (R?) values.

3. Results and discussion
3.1. Preparation of magnetite hybrid hydrogel

Polysaccharide-based matrices can interact with different metal
cations, including hematite. This is facilitated by the existence
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of various functional groups, including amine, amide, hydroxyl
and carboxylic acid groups in the polymer network.*” In the
present study, the grafting of PHEA onto the XG backbone
facilitates the easy binding of Fe** and Fe*" ions via coordinate
bonds. Similarly, the carboxylate (COO™) groups from XG could
bind iron ions via electrostatic interactions. The hydrogel
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exhibited promising capacity to bind iron ions and was there-
fore used as a template for the in situ incorporation of Fe;0,
nanoparticles via oxidation induced by an NH,OH solution. In
brief, during the formation of the magnetite hybrid hydrogel,
the loading of the neat hydrogel with Fe**/Fe** ions could be
followed by the visual turning of the white swollen gel to yellow-
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Fig.1 Representation of the (a) mechanism of formation of the magnetite hybrid hydrogel and (b) visual appearance of the hydrogel at different

preparation steps.
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Table 1 Gel fraction of the prepared polymer matrix materials®

Sample code HEA (mmol) GE (%)
XG-g-PHEA-1 9.6 80.7
XG-g-PHEA-2 19.1 96.5
XG-g-PHEA-3 28.9 92.2

% XG = 0.25% w/v, APS = 0.066 mmol, MBA = 0.097 mmol.

orange, as illustrated in Fig. 1. The color of the hydrogel was
retained after washing it with distilled water, suggesting that
Fe>*/Fe** ions strongly bound to the hydrogel. Upon immersion
of the swollen gel loaded with iron ions in an NH,OH solution,
the hydrogel's yellow-orange color rapidly changed to black.
This indicates that Fe;O, nanoparticles form spontaneously via
oxidation. Shruthi S. and Vishalakshi B. observed similar
changes during the preparation of cellulose fiber-based
magnetic nanocomposite.”®

3.2. Grafting efficiency

The results of the GE (Table 1) indicate that the grafting of HEA
onto XG chains was effective, attributed to microwave irradia-
tion, which favors reaction conditions and compatibility of the
reacting components.* The GE is maximum when 19.1 mmol of
HEA was used, indicating that at this amount, the maximum
amount of HEA was utilized by grafting with XG. Below this
amount, the GE was low due to the insufficient number of HEA
units for grafting. Similarly, beyond 19.1 mmol of HEA, the GE
decreased due to excess ungrafted HEA that remained unreacted
or reacted to form homopolymers without grafting. In this
context, the hydrogel with the highest GE (XG-g-PHEA-2) was
selected as an ideal polymer material for further studies.

3.3. Characterization

For native XG, the FTIR spectrum displays a distinct broad band
at 3416 cm ' due to the vibrations of the ~OH group, and
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2922 cm ~ and 2851 cm
bands at 1729 cm ™}, 1641 cm ™%, 1382 ecm ™, and 1025 cm™
attributed to the C=O0 stretching vibrations of alkyl esters, the
asymmetric stretching of -COO™ groups, C-H bending, and
C-O stretching of the C-OH group, respectively.**** The XG-g-
PHEA-2 hydrogel spectrum exhibits a broad band at 3424 cm™*
due to the overlapping of the stretching vibrations of the -OH
group of XG and the -NH amide group of PHEA. The band at
1454 corresponds to the -C-N stretching vibration and
1380 cm ™" is due to the overlap of the ~C-N stretching vibration
of HEA and the -CH bending band of the XG methyl group.*
The bands in the FTIR spectrum of the XG-g-PHEA-2/Fe;0,
resemble to that of the neat hydrogel, but with the appearance
of the weak band at 463 cm™' due to Fe-O, confirming the
presence of Fe;O, nanoparticles in the gel structure.’*® The pure
5-FU displayed the stretching vibration bands for -NH at
3132 cm ™, -CH at 2922 cm™ ' and 2822 cm !, -C=C-~ cyclic
aliphatic at 1662 cm™", multi-substituted pyrimidine moiety at
1427 em ™" and -C-F at 1248 cm ™ '.*” The FTIR spectrum of the
pure CUR exhibits the stretching vibration bands for -OH at
3506 cm ™!, -CH at 2924 cm ™' and 2851 cm ™!, aromatic -C=C-
at 1505 cm™ ' and -C-O at 1025 cm™ .**%* The drug-loaded
polymer gels exhibit overlapping bands of both drugs and
matrices, which makes the interpretation difficult. However,
such drastic changes indicate the successful incorporation of
the drug molecules into the polymer network (Fig. 2).

The morphological structure of XG-g-PHEA-2/Fe;0, changed
when compared to XG-g-PHEA-2. Upon incorporating Fe;O,
nanoparticles into the gel structure, the surface of the obtained
magnetite hybrid hydrogel became rougher than the neat
hydrogel, as depicted in Fig. 3a and b. Additionally, the
magnetite hybrid hydrogel exhibits heterogeneous pore distri-
bution with a large number of pores. The pore size was esti-
mated from SEM images using Image]. The scale was calibrated
using the embedded scale bar, and pore diameters were
measured manually on randomly selected pores. The estimated
average pore size of the neat hydrogel is approximately 3.0 & 1.7

, which correspond to -CH. The

L are

3424

% Transmittance (a.u)

3506 2924 1025

% Transmittance (a.u)

1509 —»
1274 1154
X 4
/
2 X 2 2 1£7\\ \8“
3416 1025 2922 1662 1248
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 2 FTIR spectra of (a) XG (b) XG-g-PHEA-2 (c) XG-g-PHEA-2/FesO, (d) 5-FU (e) CUR (f) XG-g-PHEA-2@5-FU/CUR and (g) XG-g-PHEA-2/

Fes04@5-FU/CUR.
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Fig.3 FE-SEM images of (a) XG-g-PHEA-2 and (b) XG-g-PHEA-2/FesOy; pore size distribution curves of (c) XG-g-PHEA-2 and (d) XG-g-PHEA-
2/Fes0y4; EDS spectra of (e) XG-g-PHEA-2 and (f) XG-g-PHEA-2/FesO4; (g) PXRD patterns of (i) XG-g-PHEA-2 and (ii) XG-g-PHEA-2/Fe304; (h)
magnetization curve of XG-g-PHEA-2/FezO,.
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pm (Fig. 3c). The incorporation of Fe;0, nanoparticles appears
to modify the pore architecture, resulting in a more compact,
heterogeneous network with an estimated average pore size of
4.7 £ 2.3 um (Fig. 3d). Further, successful incorporation of
Fe;0, nanoparticles within the polymer network was also
confirmed by the appearance of the Fe peak in the EDS spec-
trum of the XG-g-PHEA-2/Fe;0, in addition to all essential
elements present in both magnetite hybrid hydrogel and the
neat hydrogel spectra (Fig. 3e and f).

From the PXRD spectra (Fig. 3g), the neat hydrogel displays
two strong peaks at 26 ranging from 10 to 30, suggesting a semi-
crystalline nature of the hydrogel. The intensities of these peaks
are significantly decreased in the magnetite hybrid hydrogel,
possibly due to the interactions between the polymer network
and Fe;O, nanoparticles. The peak positions at 26 values 30.45,
35.77, 43.36, 57.27, and 62.87 correspond to an inverse spinel
structure of Fe;O, nanoparticles.*> In addition, the crystallite
size of Fe;0, nanoparticles embedded in a polymer network was
estimated from PXRD patterns using the Debye Scherrer equa-
tion, as follows:

KA
D=
B cos 0

(8)

where D is the crystallite size in nm, K is the dimensionless
Debye Scherrer constant (0.9 for spherical nanoparticles), 4 is
the wavelength of the X-ray source (for this study is 0.154 nm),
6 is the half-width of the diffraction peak in radians, and 6 is the
Bragg diffraction angle in radians. The results confirmed that
Fe;O, was in nanoscale with an estimated crystallite size of
12.4 nm. This suggests the high surface area of Fe;0, particles
within the polymer matrix, which enhances interactions with
the polymer chains and thereby influences drug-loading
capacity. The magnetization curve of the magnetite hybrid
hydrogel (Fig. 3h) exhibits superparamagnetic behavior, with
a coercivity of 5.6 emu g !, making it suitable for controlled
drug release under magnetic fields. Sivudu et al, reported

—=—pH 1.2
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similar findings from the polyacrylamide magnetite hybrid
hydrogel with a magnetization value of 4 emu g~ '.%

Generally, Fe;O, nanoparticles impart magnetic respon-
siveness to the system, offering the potential for externally
guided targeting or stimuli-responsive drug release. Although
this aspect was not explored in the present study, it represents
a significant advantage over conventional hydrogels and
provides a rationale for including magnetite nanoparticles in
the system design. However, it is acknowledged as a limitation
of the study and remains an important direction for future
investigation.

3.4. Swelling study

The effect of swelling medium and the Fe;O, nanoparticles on
the swelling behavior of the designed polymer matrices was
evaluated and the results are graphically displayed in Fig. 4.
Each selected swelling medium has a significant meaning. In
brief, ethanol-water (1:1) was used for drug loading, while
buffer solutions of pH 1.2 and 7.4 were used for drug release
studies. The lowest swelling obtained in ethanol-water (1:1) is
attributed to the change in hydrophilicity of the medium. The
gel materials do not swell in various ordinary organic solvents,
including ethanol. In this context, mixing ethanol with water
reduces the swelling capacity of the matrices, resulting in lower
water uptake. The highest SR was observed in a buffer solution
at pH 7.4, which is close to neutral. At this pH, the COO™ groups
in XG remain ionized, leading to electrostatic repulsion.
Therefore, the polymer network expands, facilitating the diffu-
sion of the swelling medium into the matrices. Unlike at pH 1.2,
the COO™ groups protonate, reducing electrostatic repulsion
and thereby affecting the expansion of the gel matrices and
overall swelling capacity. Moreover, the swelling profile shows
a decrease in SR for the gel containing Fe;O,. This trend is
attributed to the presence of Fe;O4, which increases cross-
linking density through interactions between the Fe;O, nano-

particle gel matrices.” In brief, incorporating Fe;O,
20 q
181 b) —s—pH12
16 —e—pH74
—a— Ethanol-water (1:1)
14

4 4
—e—pH 7.4
2 —a— Ethanol-water (1:1) 2
0 1 T T T T T T T 1 0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Time (h)

Time (h)

Fig. 4 Swelling behavior of (a) XG-g-PHEA-2 and (b) XG-g-PHEA-2/FesO,. Error bars represent standard deviation (n = 3).
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Table 2 Drug loading and entrapment efficiencies of the prepared
polymer matrix materials

DLE (mg g ") DEE (%)
Sample codes 5-FU CUR 5-FU CUR
XG-g-PHEA-2 391+06 354+02 789+13 71.0+0.4
XG-g-PHEA-2/Fe;0, 48.2+0.8 385+£05 924+17 81.3%1.0

nanoparticles plays an important role in modulating the
structure and functionality of the hydrogel. Fe;O, nanoparticles
can interact with the hydroxyl and amide groups of XG and
PHEA, possibly via coordination bonding. These interactions
serve as additional physical crosslinking points, contributing to
a more interconnected and stable polymer network. The pres-
ence of well-dispersed nanoparticles in a polymer network
usually introduces microstructural heterogeneity within the
matrix, generating localized free volume and hydrophilic
regions that facilitate water penetration. However, in this study,
incorporating Fe;O, nanoparticles into the gel structure led to
a slight decrease in water uptake, indicating increased cross-
linking density. Although direct measurement of crosslinking
density was not performed, the observed swelling behavior
provides indirect evidence of network structure. The slight
decrease in swelling for the nanocomposite hydrogel suggests
a balance between nanoparticle-induced crosslinking and the
formation of additional free volume within the polymer
network. This structural feature is important in controlling drug
diffusion and overall release behavior.

View Article Online
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3.5. Loading and release of drugs

An ethanol-water (1:1) mixture was used to load the CUR,
facilitating its solubility. Unlike 5-FU, which is practically
soluble in an aqueous medium, it was dissolved in water. The
highest DLE and DEE values were observed for the magnetite
hybrid hydrogel compared with its corresponding neat gel, as
shown in Table 2. For both samples, 5-FU outperforms the neat
gel in terms of loading and entrapment efficiencies. The
primary driving force for loading both 5-FU and CUR into the
gel samples can be related to the hydrogen bonding (Fig. 5).
However, the extent of the drug to form hydrogen bonding with
polymer matrices depends on the nature of the drug and the
available functional groups. In this context, hydrogen bonding
between 5-FU and the polymer network is most likely to domi-
nate that between CUR and the polymer network. Further, the
higher drug concentration in the magnetite hybrid hydrogel
than in the neat gel was due to the presence of Fe;O, nano-
particles in the gel structure, which provided additional inter-
action sites for drug entrapment, thereby increasing the loading
efficiency.* Briefly, Fe;O, nanoparticles possess a high specific
surface area, which provides additional binding or adsorption
sites for drug molecules. These interactions may include
hydrogen bonding and weak electrostatic interactions (not
shown), thereby contributing to the increased drug-loading
capacity observed in the nanocomposite hydrogel.

The 5-FU and CUR sequential release profiles at pH 1.2 and
pH 7.4 were studied for 48 h at 37 °C, and the obtained results
are graphically displayed in Fig. 6a. At pH 1.2, the cumulative
release was below 25% for 5-FU and 10% for CUR during 2 h.
When the samples transferred into pH 7.4, a significant release
of approximately 3 times for 5-FU and 4 times for CUR was
observed during the first 2 h. This trend can be related to the
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Intermolecular interactions between XG-g-PHEA-2/FezO4 with 5-FU and CUR.
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Fig. 6 Graphs displaying (a) in vitro drug release profile; fits of drug release data to (b) zero order kinetic, (c) first order kinetic, (d) Higuchi square
root, (e) Hixson—Crowell and (f) Korsmeyer—Peppas models. Error bars represent standard deviation (n = 3).

pH-sensitive swelling behavior of the matrices as explained in
the previous sections. Moreover, in both release media, the neat
hydrogel released drugs at higher quantities than the

© 2026 The Author(s). Published by the Royal Society of Chemistry

corresponding magnetite hybrid hydrogel. It can be seen that
after 6 h, the release profile of the neat hydrogel reached nearly
equilibrium. In contrast, the magnetite hybrid hydrogel release
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profile was nearly equilibrium after 10 h. The decrease in CDR
for the magnetite hybrid hydrogel can be explained as follows.
The presence of Fe;O, nanoparticles in the gel structure acts as
a barrier, creating a denser network and enhancing mechanical
strength.*' This causes an increase in the time required for the
medium to penetrate, swelling of the matrices and subsequent
dissolution and diffusion of the drug molecules from the
matrices to the dissolution medium. It should be noted that the
Fe;0, nanoparticles present in the gel structure play an effective
role in the time spent for the drug release. While the reduced
release rate may appear to be a limitation, it is, in fact, advan-
tageous for controlled drug delivery, as it minimizes burst
release and enables prolonged therapeutic action. Furthermore,
a higher cumulative release of 5-FU than CUR is attributable to
differences in solubility of the drug molecules. In aqueous
environments, 5-FU is more soluble than the CUR, dissolving
quickly and diffusing out of the matrices. Although encapsu-
lating CUR within the hydrogel matrix improves its apparent
solubility and stability, its inherently low bioavailability
remains a critical limitation, requiring further pharmacokinetic
evaluation.

Generally, the observed pH sensitivity and slow drug release
profiles of the magnetite hybrid hydrogel make it a promising
drug delivery system for the prolonged treatment of cancer via
sustained oral dual release of 5-FU and CUR. This study
distinguishes itself from previous studies by employing
sequential drug release of 5-FU and CUR, which is rarely re-
ported in the literature, particularly for magnetite-based hybrid
polymer matrices. Regardless of differences in release
approaches, the results obtained in the present study and those
reported in the literature are comparable, as summarized in
Table 3. The observed pH-dependent, sustained release via the
sequential release approach, as addressed earlier, strongly
differentiates this system from several magnetite-based hydro-
gels that employed a non-sequential release strategy. These
features collectively demonstrate the significance of the present
study in advancing multifunctional magnetite hybrid hydrogel-
based drug delivery systems.

The drug release kinetics and mechanism describe the
properties of the drug delivery system. The diffusion of the drug
and degradation of the system are among the main drug release
processes. To evaluate the kinetics and mechanism of drug
release, various mathematical models, as represented by eqn
(8)-(12) have been taken into consideration.?”

Zero-order kinetic model

& = kot 9)

o

First-order kinetic model
0 kit
1 - =)=
og( O 2.303

Higuchi square root model

(10)
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% = knt'” (11)
Hixson-Crowell model
1/3
(g) = kct (12)
Korsmeyer-Peppas model
m(2) =1
n 0.)" n(kp) + n(In(z)) (13)

where kg, kq, ki, kc and kp stand for the rate constant and Q,/Q
drug release fraction at a predetermined time.

The zero-order kinetic model indicates that the drug is
released at a constant rate. The first-order kinetic model indi-
cates that the drug is distributed within the porous matrix, and
the rate of drug release depends on the amount of the drug
incorporated into the system. In the Higuchi square root model,
the release rate is driven by both diffusion and dissolution of
the drug. In the Hixson-Crowell model, the drug release rate
depends on the system level.””** The Korsmeyer-Peppas model
offers the diffusion coefficient (n), which indicates the type of
drug transport mechanism from the system to the dissolution
medium. If n = 0.5, the drug transport mechanism adheres to
a Fickian diffusion. If 0.5 < n < 1.0, the transportation of the
drug follows a non-Fickian diffusion. If n = 1.0, the drug release
transport mechanism corresponds to Case II transport. Finally,
if n > 1, the drug transport mechanism adheres to Super Case II
transport.”” The parameters for the release of 5-FU and CUR
from both neat and magnetite hybrid hydrogel are presented in
Fig. 6b-f and Table 4. According to the findings, the kinetic
behavior of drug release from the matrices into the dissolution
medium was best explained by the First-order kinetic model
rather than the zero-order kinetic model. The release mecha-
nism adhered to the Korsmeyer-Peppas model and the Higuchi
square root model for 5-FU and CUR respectively. Further, the
values of ‘n’ obtained from the Korsmeyer-Peppas model vary
significantly. This may be due to several factors, including
release conditions, nature of the drugs and composition of the
matrices. In particular, at pH 7.4 (a higher-release medium), the
release of 5-FU from the nanocomposite followed non-Fickian
diffusion (0.5 < n< 1.0), indicating that drug release was gov-
erned by a combination of diffusion and polymer chain relax-
ation. In contrast, the release of CUR was best described by
Super Case II transport (n > 1.0), which is typically associated
with swelling-controlled release and significant polymer relax-
ation. These findings imply that the nanocomposite does not
behave as a purely diffusion controlled system; rather, the
release of 5-FU and CUR was influenced by the dynamic swelling
behavior of the polymer network at pH 7.4. This dual mecha-
nism is advantageous for controlled drug delivery, as it enables
sustained and responsive release profiles.

Moreover, the release behavior of 5-FU and CUR from the
magnetite hybrid hydrogel strongly correlates with the structural
characteristics of the matrix. Firstly, the hydrophilic polymer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative release efficiency of the present study and the existing literature

S/N System Release approach Release efficiency Ref.

1 Chitosan-based reduced In vitro, non-sequential ~90% of 5-FU and less than 42
graphene oxide 70% of CUR within 72 h
nanocomposite

2 Xylan-B-cyclodextrin-based In vitro, non-sequential 56% 5-FU and 37% CUR 43
hydrogel during 24 h

3 Pectin-graft-poly(4- In vitro, non-sequential 93.9% of 5-FU and 72.2% of 26
acryloylmorpholine)-based CUR
silver nanocomposite
hydrogel

4 Diphynylacarbonate In vitro, non-sequential ~66.4% of 5-FU and 73.1% 44
crosslinked-B-cyclodextrin- of CUR during 24 h
based nanosponges

5 Chitosan-based reduced In vitro, non-sequential =~80% of 5-FU and less than 45
graphene oxide/palladium 70% of CUR within 72 h
nanocomposites

6 Trimethylchitosan/ In vitro, non-sequential 95.20% of 5-FU and 83.77% 46
carboxymethylkaraya gum of CUR during 24 h
-based nanocomposite silver
nanocomposite
polyelectrolyte complex

7 Chitosan-based In vitro, non-sequential ~96% of 5-FU and less than 47
hydroxylated boron nitride 84% of CUR within 72
nanocomposites

8 Xanthan gum-graft-poly(N- In vitro, sequential 79% of 5-FU and 56% of CUR This study

hydroxyethyl acrylamide)-
based iron magnetite
nanocomposite hydrogel

during 48 h

Table 4 Drug release parameters for the prepared polymer matrix materials

XG-g-PHEA-2@5-FU/CUR XG-g-PHEA-2/Fe;0,@5-FU/CUR

Model Parameter Release medium 5-FU CUR 5-FU CUR
Zero-order kinetics R? pH 1.2 0.97 0.93 0.96 0.94
pH 7.4 0.60 0.70 0.97 0.96
First-order kinetics R® pH 1.2 0.99 0.96 0.99 0.98
pH 7.4 0.92 0.94 0.99 0.99
Higuchi square root R? pH 1.2 0.95 0.91 0.93 0.94
pH 7.4 0.88 0.89 0.98 0.99
Hixson-Crowell RrR? pH 1.2 0.69 0.82 0.73 0.91
pH 7.4 0.54 0.63 0.90 0.97
Korsmeyer-Peppas R pH 1.2 0.99 0.86 0.99 0.86
pH 7.4 0.67 0.87 0.96 0.97
n pH 1.2 0.77 1.37 0.91 1.60
pH 7.4 0.36 0.51 0.67 1.13

Drug mobility pH 1.2 Non-Fickian Super case II Non-Fickian Super case II

pH 7.4 Fickian Non-Fickian Non-Fickian Super case II

matrix enables significant water uptake, leading to swelling and
subsequent relaxation of the polymer chains, thereby facilitating
drug diffusion. Secondly, as explained earlier, incorporating
Fe;0,4 nanoparticles introduces additional physical crosslinking
points within the network, thereby increasing structural integrity
and reducing chain mobility. This dual effect (swelling-induced
relaxation and nanoparticle-reinforced network rigidity) creates
a coupled transport mechanism in which both diffusion and
polymer relaxation contribute to drug release. Consequently, the
observed non-Fickian behavior arises from this relationship,

© 2026 The Author(s). Published by the Royal Society of Chemistry

while the tendency toward Super Case II transport can be
attributed to dominant swelling and polymer relaxation at higher
hydration levels. However, the reduced swelling in acidic pH and
the enhanced structural rigidity imparted by magnetite nano-
particles shift the system toward a more diffusion controlled
process, slowing drug release, as supported by the decrease in
the values of ‘»’ from pH 7.4 to pH 1.2. These findings demon-
strate that the release profile was not solely diffusion controlled
but was critically dependent on the balance between hydrogel

RSC Adv, 2026, 16, 27579-27592 | 27589
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Fig. 7 Viability of (@) MCF-10A and (b) MCF-7 cell lines during 24 h; (c) in vitro degradation. Error bars represent standard deviation (n = 3).

swelling, network structure, and magnetite-induced
reinforcement.

3.6. Invitro cytotoxicity and degradation

Cell viability was evaluated for both blank and drug-loaded
magnetite hybrid hydrogels against MCF-10A and MCF-7 cells,
and the results are depicted in Fig. 7a and b. The primary goal
was to assess the cytocompatibility of the developed matrices
with and without drugs. Therefore, a blank nanocomposite
hydrogel was included as a control to confirm that the observed
cytotoxic effects arise from the loaded drugs rather than the
vehicle itself. The blank magnetite hybrid hydrogel exhibited no
significant toxicity, with cell viability above 90% in both cell
lines, even at the highest tested concentration of 100 ug mL ™.
In contrast, the drug-loaded magnetite hybrid hydrogel di-
splayed lower cell survival than the blank magnetite hybrid
hydrogel. At the end of the study, the cell viability of the drug-
loaded magnetite hybrid hydrogel was approximately 77% for

27590 | RSC Adv, 2026, 16, 27579-27592

the MCF-10A cells and 34% for the MCF-10 cells. The low cell
viability for the drug-loaded sample against MCF-7 cells was
mainly due to the incorporated anticancer drugs. These results
indicate the cytocompatibility of the prepared magnetite hybrid
hydrogel with normal cells and its strong inhibitory effect on
cancer cells. Although free drug controls were not included in
this study, previous reports have shown that 5-FU and CUR
exhibit synergistic effects on cancer cells.*®** Mechanistically, 5-
FU inhibits thymidylate synthase, thereby disrupting deoxy-
ribonucleic acid synthesis and inducing apoptosis in rapidly
proliferating cancer cells. CUR, on the other hand, has been
widely reported to modulate multiple signaling pathways,
including the induction of oxidative stress and activation of
apoptotic cascades. The co-delivery of these anticancer drugs
may result in synergistic anticancer effects, enhancing cytotox-
icity toward MCF-7 cells. Furthermore, the hydrogel-based
delivery system likely improves therapeutic efficacy compared
to free drugs by enabling sustained, localized release, thereby

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enhancing cellular uptake and maintaining effective drug
concentrations over time. Previous studies showed that free 5-
FU exhibits rapid diffusion and systemic toxicity,>* whereas CUR
suffers from poor solubility and bioavailability.>® In contrast,
encapsulation within polymer matrices has been reported to
improve drug stability and therapeutic efficacy.**** Although the
present study does not include direct mechanistic assays, the
observed selective cytotoxicity strongly suggests apoptosis-
mediated cell death.

The Fe;0, nanoparticle-containing hydrogel showed slower
degradation than the neat hydrogel, with about 65% of the
magnetite hybrid hydrogel degraded within 30 days. During the
same period, about 71% of the neat hydrogel degraded. Incor-
porating Fe;O, nanoparticles into the gel structure reduced the
degradation rate by increasing the crosslinking density, as di-
scussed in the previous sections. This is supported by the rapid
degradation observed for the neat hydrogel during the first 12
days, compared with that of the magnetite hybrid hydrogel.

However, at the end of the study, there were no drastic
changes in weight loss among the samples (Fig. 7c), suggesting
that the physical crosslinking between Fe;O, nanoparticles and
polymer matrices disrupted during degradation. The degrada-
tion trend observed in the present study matches that reported
in previous studies.”**® Regardless of the observed prolonged
degradation, these results suggest that a large portion of the
developed material may degrade under physiological condi-
tions, reducing the risk associated with its failure to degrade.

4. Conclusion

In this study, a pH-sensitive XG-g-PHEA-2/Fe;O, magnetite
hybrid hydrogel was prepared as a potential vehicle for the oral
dual drug delivery of 5-FU and CUR. Structural features were
evaluated using FTIR, SEM, EDS, XRD and VSM techniques.
Swelling studies revealed that the developed magnetite hybrid
hydrogel was highly sensitive to the pH. The drug loading and in
vitro release studies showed that the developed magnetite
hybrid hydrogel exhibits slow release of the loaded drugs in
acidic conditions of pH 1.2, as simulated gastric fluid. In
comparison, its release was rapid in slightly alkaline conditions
of pH 7.4, as simulated intestinal fluid. The release kinetics
were also evaluated by employing various mathematical models
and the release profile was best fitted to the first-order kinetic
model. Additionally, the release mechanism followed the
Korsmeyer-Peppas model for 5-FU and the Higuchi square root
model for CUR. The results from the MTT assay indicate the
good cytocompatibility of the developed materials with MCF-
10A cells, and the desired cytotoxicity of the drug-loaded
magnetite hybrid hydrogel against MCF-7 cells. The pH sensi-
tivity of the material primarily governed the performance of the
developed magnetite hybrid hydrogel. Changes in pH may limit
the efficiency and effectiveness of materials for drug delivery,
affecting drug bioavailability and overall therapeutic effects.
Based on the obtained results, the developed magnetite hybrid
hydrogel is highly recommended for pH-sensitive dual delivery
of 5-FU and CUR, with potential for site-specific release in the
gastrointestinal tract. Despite the promising results obtained,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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this study is a proof of concept, and further studies are required
to establish its translational relevance. Firstly, further optimi-
zation of the magnetite hybrid hydrogel system is required to
precisely control the structural network, swelling behavior, and
drug release Kkinetics. In particular, tuning the interaction
between Fe;O, nanoparticles and the polymer matrix could
enable more predictable and stimuli-responsive drug delivery.
Secondly, to evaluate the relative efficacy of the prepared system
compared with free drugs, and to conduct detailed mechanistic
studies to elucidate pathways of cell death, including apoptosis,
cell cycle arrest, and oxidative stress. Thirdly, in vivo studies are
recommended to evaluate the actual pharmacokinetics, bi-
odistribution, and therapeutic efficacy of the system under
physiological conditions. Fourthly, challenges related to large-
scale production, long-term stability, and reproducibility of
the hydrogel system need to be addressed by further optimizing
the reactive components, as mentioned earlier, to ensure
consistent material properties during scale-up. Lastly, the
magnetic properties of Fe;O, nanoparticles on externally trig-
gered drug release and targeted delivery using magnetic fields
are required to strengthen their role and significance in drug
delivery applications.
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