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Introduction: Metal oxide nanoparticle—loaded hydrogel beads have recently emerged as a promising tool for controlled release
applications. This study explores the synthesis and characterization of amine-functionalized nickel cobalt ferrite (NiCoFe,0,)
nanoparticles (ANiCoFe NPs) embedded within sodium alginate/polyvinyl alcohol (SAPVA) hydrogel beads for the controlled release
of 5-fluorouracil (5-FU).

Methods: ANiCoFe NPs were synthesized via chemical co-precipitation, and the NP-loaded hydrogel beads were prepared using
ionotropic gelation. The hydrogel beads were characterized by various techniques including FTIR, XRD and TGA. In vitro release
studies were performed at pH 7.4 and 2.0 at 37°C, and cytotoxicity was evaluated on MCF-7 and MCF-10 cells.

Results: Scanning electron microscopy revealed a highly porous hydrogel structure. Thermal and degradation analyses demonstrated
that NP incorporation enhanced hydrogel stability. Release studies confirmed pH-responsive behaviour. Cytotoxicity assays showed
that 5-FU/NP-loaded beads significantly reduced MCF-7 cell viability, whereas SAPVA and NP-loaded beads without drug exhibited
negligible toxicity toward MCF-10 cells.

Discussion: The developed hydrogel beads are pH-responsive and provide controlled drug release, with their ROS-generating
capability enhancing their potential for therapeutic applications.
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Introduction
In recent years, nanotechnology has opened new opportunities in the biomedical field,'* particularly with metal- and
metal oxide-based nanoparticles (NPs), which have received significant interest due to their unique physicochemical
properties. However, the application of nanomaterials in disease treatment faces limitations. While many nanomaterials
demonstrate good biocompatibility in both in vitro and in vivo animal models, this consistency is often not observed in
human clinical trials.”~” Moreover, the dissolution of metal oxide NPs can release metal ions, potentially destabilizing
phagolysosomes and inducing inflammatory responses.® Therefore, comprehensive analyses of pharmacokinetics, phar-
macodynamics, biodistribution, and long-term toxicity are essential for evaluating nanomaterials during treatment.

To address the toxicity of pristine NPs, polymer-based nanocomposites have been developed. These nanocomposites
exhibit enhanced oral bioavailability, controlled release, and low toxicity with minimal side effects.”'® They are typically
prepared by dispersing NPs throughout a polymeric matrix.'"'* Nanocomposite hydrogels are particularly advantageous
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as drug carriers due to their improved properties relative to pure polymer hydrogels. NP incorporation can reduce burst
release, enhance drug stability, and enable controlled and sustained drug release.'>'® For example, ibuprofen-loaded
chitosan/ZnO nanocomposites exhibited slower release rates compared with chitosan nanocomposites without ZnO.'®
Similarly, incorporating ZnO NPs into polymer matrices enhances drug encapsulation efficiency in nanocomposites,'’
and zinc oxide NPs have been used to create alginate composite hydrogel beads for controlled release of curcumin.'®
Furthermore, amine-functionalized magnetic NP-loaded sodium alginate and xanthan gum microbeads have been
employed for controlled levofloxacin release and antibacterial applications.'’

Metal oxide NPs are attractive as drug carriers due to their large surface area, magnetic properties, and potential for precise
targeting and controlled release.”’ Diverse metal oxide NPs have also demonstrated anticancer and antibacterial properties.”' >
For instance, carbon quantum dots and copper oxide-functionalized Fe,O; magnetic NP-loaded galactomannan and sodium
alginate bio-nanocomposite hydrogels have been used to deliver doxorubicin, exhibiting both anticancer and antibacterial
activity. Similarly, folate-conjugated DOX/CS/rGO/NiO nanocomposites have demonstrated anticancer activity against
MCF-7 and A549 cells, along with antimicrobial effects.”* Among metal oxide NPs, iron oxide NPs have received attention
for biomedical applications due to their non-toxic behaviour in biological systems,* and their reported anticancer and anti-
microbial effects.”® Other NPs, such as nickel ferrite NPs, have shown anticancer effects against MCF-7 cells, suggesting their
potential in cancer treatment.”’ Cobalt ferrite magnetic NPs have also exhibited antitumor effects via magnetic hyperthermia,**=

In this study, we prepared amine-functionalized nickel cobalt ferrite (ANiCoFe) NPs loaded into sodium alginate
(SA)/polyvinyl alcohol (PVA) hydrogel beads and investigated their in vitro drug release and cytotoxicity. SA and PVA
were selected for their biocompatibility, biodegradability, and film-forming ability.*>' Incorporating metal oxide NPs
into hydrogel beads also improves mechanical strength, crosslinking capacity, and thermal stability.*> 5-Fluorouracil
(5-FU) was used as a model drug because it inhibits cancer cell proliferation by disrupting DNA synthesis.>® Upon
loading with 5-FU, the hydrogel beads exhibited pH-sensitive drug release and in vitro cytotoxicity against MCF-7 cells,
demonstrating their potential as effective carriers for controlled drug delivery.

Materials and Methods

Materials

Polyvinyl alcohol and CaCl, were purchased from Merck (Mumbai, India). Sodium alginate, 5-fluorouracil, nickel(II)
nitrate hexahydrate, cobalt(Il) nitrate hexahydrate, iron(III) nitrate nonahydrate, ethylenediamine, ethylene glycol,
sodium hydroxide, and ethanol were obtained from SD Fine-Chem Limited (Mumbai, India). Human milk lysozyme
was purchased from MedChemExpress.

Synthesis of ANiCoFe NPs

ANiCoFe NPs were synthesized by dissolving stoichiometric amounts of Ni(NOj3), -6H,O (0.559 g), Co
(NO3),-6H,0 (0.560 g), and Fe(NO3)3-9H,0 (0.775 g) in 20 mL of water, followed by stirring for 3 hours. The pH
of the solution was adjusted to 12 using 2 M sodium hydroxide. Subsequently, 200 pL of ethylenediamine and 500 uL of
ethylene glycol were added, and the mixture was stirred for 1 hour. The temperature was then raised to 80°C, and the
solution was stirred for an additional hour. After cooling, the precipitate was collected by centrifugation at 10,000 rpm
for 10 minutes and washed with a water—ethanol mixture to remove residual ethylenediamine and ethylene glycol. The
final product was dried at 80°C and annealed at 550°C for 6 hours to obtain ANiCoFe NPs. Nickel cobalt ferrite
(NiCoFe) NPs were prepared using the same procedure, omitting ethylenediamine.

Synthesis of Hydrogel Beads

Hydrogel beads were synthesized using a gelation technique.®* 300 mg each of SA and PVA were separately dissolved in
10 mL of distilled water under constant stirring for 6 hours. The SA and PVA solutions were then combined and stirred
until a homogeneous blend was obtained. To this mixture, varying amounts of 5-FU and ANiCoFe NPs, as listed in
Table 1, were added, sonicated for 15 minutes, and stirred continuously for 3 hours. The resulting solution was added
dropwise into calcium chloride solution using a syringe, inducing gelation via calcium ions and forming hydrogel beads.
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Table 1 Formulation Compositions of Different Hydrogel Beads

SA (mg) | PVA (mg) | NPs (mg) | 5-FU (mg)

SAPVA-5-FU 300 300 000 100
SAPVA-ANPs 300 300 100 000
SAPVA-ANPs-5-FU | 300 300 100 100
SAPVA 300 300 000 000

The hydrogel beads were collected, washed with water to remove excess calcium chloride and unbound 5-FU, and dried
overnight at 40°C.

Structural Characterization

FTIR spectra of the hydrogel beads, NPs, and 5-FU were recorded using a FTIR spectrometer (Bomem MB-3000,
Canada) in the range of 400-4000 cm '. X-ray diffraction (XRD) patterns of 5-FU, NPs, and hydrogel beads were
obtained using a Rigaku MiniFlex600 diffractometer (Japan) at a scanning rate of 10°/min. To examine surface
morphology and topography, the hydrogel beads were analyzed by scanning electron microscopy (SEM, JEOL
IT500A, Japan). The particle size of the NPs was determined using transmission electron microscopy (TEM, JEOL
JEM 2100, Japan).

Determination of Encapsulation Efficiency and Release Kinetics

The encapsulation efficiency (EE) of hydrogel beads containing 5-FU was determined as previously reported.>> Drug
release studies were performed using dissolution analysis. Briefly, 30 mg of hydrogel beads were placed in a dialysis bag
and immersed in 150 mL of phosphate-buffered saline (PBS) at pH 2.0 and 7.4 and 37°C, with stirring at 50 rpm. At
predetermined time intervals, 3 mL of the release medium was withdrawn and analyzed at 260 nm using a UV-Vis
spectrophotometer. The amount of 5-FU released was quantified by comparison with a calibration curve. Withdrawn
volumes were replaced with equal volumes of fresh PBS to maintain sink conditions. To investigate the release kinetics
and mechanism, the drug release profiles were fitted to various models, including zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models.*®

Degradation Studies

Precisely weighed 10 mg of hydrogel beads were immersed in 5 mL of PBS (pH 1.2 and 7.4), with or without lysozyme
and incubated at 37°C. At predetermined time intervals, the hydrogel beads were retrieved, air-dried, and the percentage
degradation was calculated based on the weight difference before and after incubation.

Cytotoxicity Studies

The cytotoxicity of hydrogel beads against MCF-7 (obtained from NCCS, Pune, India) and MCF-10 cells (obtained
from ATCC, USA) was evaluated using the MTT assay. Briefly, 20,000 cells per well were seeded in a 96-well plate
and incubated at 37°C in 5% CO, for 24 h. Cells were then treated with the test samples at the desired
concentrations and incubated for 48 h. Following treatment, 500 png/mL of MTT reagent was added to each well,
and the plate was incubated for 3 h at 37°C under 5% CO,. The medium was subsequently replaced with 100 pL of
DMSO per well, and the plate was agitated on a gyratory shaker. Absorbance was measured at 570 nm. In addition
to the MTT assay, the ROS-generating capacity of treated cells was assessed according to previously established
protocols.®’

Statistical Analysis
All data are presented as mean + standard deviation calculated from triplicate measurements. Graphs and descriptive
statistics were prepared using Origin.
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Results and Discussion

Structural Characterization

The FTIR spectra of 5-FU, SAPVA, SAPVA-5-FU, NiCoFe NPs, ANiCoFe NPs, SAPVA-ANPs, and SAPVA-ANPs-5-FU
are shown in Figure 1. The spectrum of 5-FU exhibited peaks at 1250, 1679, 2931, 3100, and 3220 cm ', corresponding to
C-F, C=0, —-CH,, =C—H, and N-H stretching frequencies, respectively.>’ The NiCoFe NPs displayed characteristic peaks at
556 and 462 cm ', associated with the stretching vibrations of tetrahedral and octahedral sites in the spinel structure.® The
amine-functionalized NiCoFe NPs showed peaks similar to those of the unmodified NiCoFe NPs; however, the appearance
of new bands at 1066 cm™' and 3407 cm™ ', attributed to C—N and N—H stretching frequencies, confirmed the presence of
ethylenediamine molecules on the NP surface. SAPVA exhibited characteristic peaks at 1122, 1596, and 3425 em L,
corresponding to C-O, C=0, and O-H stretching vibrations, respectively. Upon loading with 5-FU, a new peak appeared at
803 cm ', along with a broadening of the peak at 1137 cm ', likely due to the presence of 5-FU within the SAPVA matrix,
indicating successful encapsulation.’® A blue shift of the C=0O band to 1601 cm ' was also observed in SAPVA-5-FU
hydrogel beads, attributed to intermolecular interactions between 5-FU and the polymer matrix. The spectrum of SAPVA-
ANPs-5-FU displayed a pattern similar to SAPVA-5-FU, along with a new peak at 553 cm™ ', confirming the successful
incorporation of ANiCoFe NPs into the hydrogel beads. Likewise, the spectra of SAPVA-ANPs resembled that of SAPVA,
with a distinct new band at 549 cm ™', further validating the presence of NPs within the hydrogel beads.

The crystalline structures of 5-FU, NiCoFeO NPs, SAPVA, SAPVA-5-FU, SAPVA-ANPs-5-FU, and SAPVA-ANPs
were further confirmed by XRD, and the corresponding diffraction patterns are shown in Figure 2. The NiCoFeO NPs
displayed characteristic diffraction peaks at 20 values of 18.2°, 29.96°, 35.4°, 37.06°, 42.96°, 53.3°, and 56.81°,
corresponding to the (111), (220), (311), (222), (400), (422), (511), (440), and (533) planes. These reflections matched
JCPDS cards 22-1086 and 44-1485, confirming the formation of a spinel-structured NiCoFeO NPs.*® Pure 5-FU
exhibited a distinct crystalline peak at 28.7°, which disappeared in both SAPVA-5-FU and SAPVA-ANPs-5-FU. This
loss of crystallinity suggests that 5-FU was molecularly dispersed or amorphized within the polymer matrix.*
Furthermore, the diffraction pattern of SAPVA-ANPs retained the characteristic peaks of NiCoFeO NPs, indicating
that the NPs remained crystalline after incorporation and were successfully embedded within the SAPVA hydrogel
beads.*'
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Figure | FTIR spectra of 5-FU, SAPVA, SAPVA-5-FU, NiCoFe NPs, ANiCoFe NPs, SAPVA-ANPs and SAPVA-ANPs-5-FU.
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Figure 2 XRD patterns of NiCoFe NPs, 5-FU, SAPVA, SAPVA-5-FU, SAPVA-ANPs-5-FU, and SAPVA-ANPs.
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Figure 3 TGA graphs of SAPVA-ANPs, SAPVA, SAPVA-5-FU, SAPVA-ANPs-5-FU, 5-FU, and NiCoFe NPs.

Thermogravimetric analysis (TGA) was performed to assess the thermal stability of the prepared compounds
(Figure 3). The thermogram of 5-FU exhibited stable behavior up to 280°C, followed by a significant weight loss
attributed to the decomposition of 5-FU.** SAPVA displayed three distinct weight-loss stages: the first, between
27-100°C, showed a weight loss of ~21%, corresponding to the evaporation of moisture. The second and third stages,
occurring between 100-330°C and 330-600°C with weight losses of ~20% and ~14%, respectively, were associated with
decarboxylation of COOH groups and decomposition of the remaining polymeric material. The thermograms of SAPVA-
5-FU, SAPVA-ANPs-5-FU, and SAPVA-ANPs exhibited similar thermal behavior, with slight variations in weight loss
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percentages due to the incorporation of 5-FU and NPs into the polymer matrix. SAPVA showed a phase transition peak at
~190 °C, whereas the peak for SAPVA-ANPs shifted to 212 °C, indicating that the inclusion of NPs enhanced the thermal
stability of the hydrogel beads. Moreover, the total weight loss of SAPVA at 600 °C (~59%) was higher than that of
SAPVA-ANPs, further confirming that NP incorporation improves thermal stability. A similar observation was reported
previously,” in which the inclusion of Zn** or graphene oxide into the alginate matrix was demonstrated to enhance
thermal stability compared with neat sodium alginate.

SEM and TEM Analysis

Surface morphology plays a crucial role in drug delivery applications. The morphology of the prepared compounds was
examined using SEM and TEM, and the results are presented in Figure 4. SAPVA exhibited a smooth, non-porous
surface, indicating good compatibility between sodium alginate and PVA. Upon loading 5-FU into the polymer matrix,
small pores appeared on the surface of SAPVA-5-FU. The incorporation of NPs into the polymer matrix resulted in
SAPVA-ANPs-5-FU exhibiting a rougher surface with higher porosity, suggesting that the NPs influenced the hydrogel
morphology. The average size of the hydrogel beads ranged from 600 to 900 um. TEM analysis provided insights into the
NP size, as shown in Figure 4. The NPs were observed to be in the range of 10—30 nm. Overall, these morphological
studies demonstrate that the porous surface of the hydrogel beads is crucial for facilitating drug release.

Degradation Studies

Degradation of hydrogel beads was evaluated at different pH levels (7.4 and 2.0), and the results are presented in
Figure 5. The hydrogel beads exhibited faster degradation at pH 7.4 than at pH 2.0. This behavior is attributed to the
looser hydrogel network at pH 7.4. Additionally, sodium ions in the solvent can replace calcium ions in the polymer
matrix, weakening the network and accelerating degradation.** In contrast, under acidic conditions (pH 2.0), the hydrogel
beads demonstrated greater stability due to the limited solubility of the polymer matrix. The effect of lysozyme on the
degradation rate was also examined at both pH levels. Incorporation of lysozyme in PBS slightly increased degradation
compared to PBS alone. Approximately 50% degradation was observed in SAPVA hydrogel beads by the 14th day,
consistent with findings by Bahadoran and coworkers,*> who reported that a 50:50 SA/PVA blend hydrogel exhibited
~50% degradation after four weeks. Furthermore, the impact of NPs on degradation was investigated. SAPVA-ANPs
exhibited a slower degradation rate compared to SAPVA, likely due to interactions between NPs and polymer chains via
hydrogen bonding and electrostatic interactions, which strengthen the network and reduce degradation.

Drug Encapsulation and Release
The EE of 5-FU in SAPVA-5-FU and SAPVA-ANPs-5-FU was 71.6% and 74.8%, respectively. This increase in EE is
attributed to the influence of NPs on the hydrogel bead surface. The incorporation of NPs enhances the porosity of the
polymer network, facilitating greater encapsulation of 5-FU. Additionally, NPs interact with 5-FU molecules through
hydrogen bonding and electrostatic interactions, further improving EE. This observation aligns with the findings of
Gholamali and Yadollahi,'” who reported higher EE in NP-loaded hydrogels. Figure 6A presents the results of in vitro
release studies conducted at 37°C under different pH conditions (pH 2.0 and 7.4). These pH values were chosen to
simulate physiological conditions: upon oral administration, the carriers first encounter the acidic environment of the
stomach (pH ~2.0) and subsequently the intestine (pH ~7.0), while blood pH is approximately 7.4. The pKa of sodium
alginate lies between 3.4 and 4.4; therefore, at pH 7.4, the carboxyl groups ionize into —COQO™ ions, increasing
electrostatic repulsion within the hydrogel network. This loosens the matrix, facilitating the release of drug molecules.
The impact of NPs on drug release was also investigated. SAPVA-ANPs-5-FU exhibited a slightly lower release rate
compared with SAPVA-5-FU, due to hydrogen bonding and electrostatic interactions between NPs, the polymer network,
and 5-FU. These interactions rigidify the network, slowing drug diffusion.*®

To evaluate drug release kinetics and mechanism, the in vitro release data were fitted to several mathematical models,
and the results are summarized in Table 2. The correlation coefficient (r*) values indicated that the release profiles were
consistent with both first-order and Higuchi models.*’” The drug release mechanism involves two steps: initial uptake of
the release medium into the hydrogel beads, followed by diffusion of 5-FU into the surrounding environment. The release
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SAPVA-5-FU

Figure 4 SEM images of SAPVA, SAPVA-5-FU, and SAPVA-ANPs-5-FU, and TEM images of ANiCoFe NPs.

rate correlated directly with the concentration of 5-FU. Notably, the kinetic constants (k) for the first-order and Higuchi
models were lower for SAPVA-ANPs-5-FU than for SAPVA-5-FU, reflecting the slower release due to NP—drug
interactions, as discussed above. Additionally, 60% of the release data were fitted to the Korsmeyer-Peppas model to
investigate the release mechanism. The resulting release exponent (n) values ranged from 0.413 to 0.686, indicating non-
Fickian diffusion. In SAPVA hydrogel beads, crosslinking between SA and PVA entrapped carboxylate groups of SA
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Figure 5 Degradation profiles of (A) SAPVA-ANPs and (B) SAPVA at 37°C.

within the polymeric network, reducing ionization and enhancing controlled diffusion of drug molecules, which
contributed to the observed release pattern.*®

Cytotoxicity and ROS-Generating Capacity

To assess the cytotoxicity of SAPVA and pristine ANiCoFe NPs, MTT assays were performed using MCF-10 cells, and
the results are shown in Figure 6B. SAPVA showed more than 95% cell viability, while ANiCoFe NPs recorded 79%
viability. These results indicate that the SAPVA matrix has good biocompatibility, while ANiCoFe NPs may exhibit
a mild cytotoxic effect.*’ The cytotoxicity of 5-FU, SAPVA-5-FU, SAPVA-ANPs-5-FU, and SAPVA-ANPs was further
evaluated in MCF-7 cells (Figure 6C). SAPVA-5-FU and SAPVA-ANPs-5-FU formulations significantly reduced cell
viability, with 39.2% and 12.4% of cells remaining viable, respectively. Compared with free 5-FU, the slightly higher
viability observed for SAPVA-5-FU and SAPVA-ANPs-5-FU reflects the sustained release of 5-FU from the hydrogel
beads, which is advantageous for optimizing therapeutic outcomes while minimizing adverse effects. These results
highlight the potential of SAPVA-5-FU and SAPVA-ANPs-5-FU as effective cancer treatment strategies. Moreover,
SAPVA-ANPs demonstrated cytotoxic effects on MCF-7 cells, attributed to the generation of ROS. Similar observations
have been reported in earlier studies on NP-based carriers.?'**>' ROS assays (Figure 6D) revealed fluorescence intensity
in cells treated with NP-loaded hydrogel beads, indicating enhanced intracellular ROS levels induced by the NPs.>?

Conclusion

ANiCoFe NPs were synthesized in this study and incorporated into the SA/PVA matrix to fabricate hydrogel beads via
ionotropic gelation. FTIR and XRD analyses confirmed the successful formation of NPs and the molecular dispersion
of 5-FU within the polymeric matrix. The incorporation of ANiCoFe NPs enhanced EE, thermal stability, and
degradation behavior of the hydrogel beads. SEM analysis revealed that NPs increased the porosity and surface
roughness of the hydrogel beads, while TEM confirmed NP sizes ranging from 10 to 30 nm. In vitro release studies
demonstrated that the hydrogel beads were pH-responsive, with greater drug release at pH 7.4. The presence of NPs
slightly modulated the release rate of 5-FU, indicating controlled release behavior. Cytotoxicity studies showed that
SAPVA-5-FU and SAPVA-ANPs-5-FU effectively inhibited MCF-7 cancer cell viability, whereas SAPVA and
ANiCoFe NPs exhibited minimal toxicity toward MCF-10 normal cells. This study has some limitations. The hydrogel
beads exhibited size heterogeneity, which could be addressed in future studies by adopting advanced fabrication
techniques to produce beads of uniform size. The EE was moderate and may be improved through optimization of the
drug-loading process. Additionally, drug delivery efficacy was evaluated only in vitro, and preclinical studies are
required to assess pharmacokinetics and therapeutic performance in vivo. Despite these limitations, the hydrogel beads
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Figure 6 (A) In vitro release profiles of SAPVA-5-FU and SAPVA-ANPs-5-FU in PBS at pH 2.0 and 7.4 at 37°C. (B) Cell viability of MCF-10 cells treated with SAPVA and
SAPVA-ANPs. (C) Cell viability of MCF-7 cells treated with 5-FU, SAPVA-5-FU, SAPVA-ANPs-5-FU, and SAPVA-ANPs. (D) ROS activity in MCF-7 cells after treatment
under the following conditions: (i) treatment with 5-FU, (ii) treatment with SAPVA-5-FU, (iii) treatment with SAPVA-ANPs-5-FU, and (iv) treatment with SAPVA-ANPs.

demonstrated favorable properties, including pH-responsive drug release, ROS generation capability, and in vitro

biocompatibility. These findings suggest that ANiCoFe NP-loaded hydrogel beads are promising candidates for

controlled drug delivery applications and may be further developed as therapeutic carrier systems.

Table 2 Kinetic Parameters for 5-FU Release from All Hydrogel Beads in PBS at pH 2.0 and 7.4 at

37°C
pH | Zero Order First Order Higuchi Korsmeyer-Peppas
Ko r2 Kl rz KH rz n rz
SAPVA-5-FU 74 | 4836 | 0.6817 | 0.128 | 0.9865 | 20.197 | 0.9597 | 0.624 0.9739
2.0 | 1.773 | 0.3130 | 0.023 | 0.4725 | 7.590 | 0.9078 | 0.433 0.9696
SAPVA-NPs-5-FU | 7.4 | 4371 | 0.7357 | 0.097 | 0.9775 | 18.142 | 0.9608 | 0.686 0.9834
2.0 | 1.534 | 04287 | 0.019 | 0.5460 | 6.513 | 0.9421 | 0.413 0.9655
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