
Volume 12, Issue 3, 122314 (1-13)

Progress in Biomaterials (PIBM)

https://doi.org/10.57647/pibm.2023.122314

Development of Thermal-Responsive
Carboxymethylcellulose-Based Hydrogel Embedded with

Fe-Based MOFs for Controlled Flutamide Release

Elham Rojouband1, Saeid Mortazavinik1 , Mohammad Yousefi2,∗ ,
Mandana Saber-Tehrani1 , Maryam Bikhof Torbati3

1Department of Chemistry, NT.C., Islamic Azad University, Tehran, Iran.
2Department of Chemistry, TeMS.C., Islamic Azad University, Tehran, Iran.
3Department of Biology, YI.C., Islamic Azad University, Tehran, Iran.
∗Corresponding author: myousefi50@iau.ac.ir

Original Research

Received:
4 July 2023
Revised:
16 September 2023
Accepted:
20 September 2023
Published online:
30 September 2023

© 2023 The Author(s). Published by
the OICC Press under the terms of
the CC BY 4.0, Creative Commons
Attribution License, which permits
use, distribution and reproduction in
any medium, provided the original
work is properly cited.

Abstract:
This study investigates dual-functional drug delivery system utilizing Flutamide-loaded Fe3O4-doped Mil-
100(Fe) nanoparticles embedded within a carboxymethyl cellulose (CMC) hydrogel, designed for magnetically
triggered hyperthermia and controlled drug release. The synthesized NPs were integrated with CMC hydrogels.
The final hydrogels were evaluated from the viewpoint of water uptake, porosity, degradation, cytotoxicity,
drug release, and kinetic study. The Fe3O4-doped Mil-100(Fe) NPs exhibited higher drug loading capacity (26
ppm vs. 6 ppm) and enhanced porosity compared to unmodified NPs. CMC hydrogels incorporating these NPs
displayed increased water uptake (> 500%) and porosity, with Fe3O4-doped NPs showing a more significant
impact. Degradation studies revealed similar trends for both NP-loaded hydrogels, although Fe3O4-doped
NPs exhibited a slightly higher degradation rate (80%). MTT assays confirmed the biocompatibility of
all hydrogel formulations, with cell viability exceeding 89%. Drug release studies, conducted under both
physiological and alternating magnetic field (AMF) conditions, demonstrated Fickian diffusion kinetics for
hydrogels. Fe3O4-doped NPs exhibited faster and more sustained Flutamide release, attributed to their higher
loading capacity and porosity. AMF application slightly enhanced release rates, although the predominant
control remained diffusion-limited. This work demonstrates the potential of Fe3O4-doped Mil-100(Fe) NPs
within CMC hydrogels for targeted, magnetically triggered drug delivery and hyperthermia-based cancer
therapy.
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1. Introduction

A non-invasive treatment method called alternative mag-
netic hyperthermia (AMH) uses magnetic fields to stimulate
the body’s natural healing processes. Despite being rela-
tively recent in the treatment of cancer, clinical research
has shown promising results. In the presence of magnetic
nanoparticles (NPs), this method efficiently targets and de-
stroys cancer cells by using the principle of magnetic hy-
perthermia, which involves applying a magnetic field to
produce heat. A specialized applicator placed on the body’s

surface creates a magnetic field (Lemine, 2019). To improve
targeting and therapeutic efficacy, this treatment uses tai-
lored magnetic NPs, such as those that are encapsulated or
functionalized with certain biomarkers. These NPs vibrate
and produce localized heat when exposed to an alternating
magnetic field (AMF), which raises the temperature in the
tumor microenvironment. The high temperature, usually
between 42 and 45 °C, causes necrosis and cellular apop-
tosis, which kills cancer cells alone while causing the least
amount of harm to nearby healthy tissues (Lemine, 2019).
Numerous studies have shown that a wide range of tumors,
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including those of the breast, prostate, brain, and pancreas,
can be treated with this targeted magnetic hyperthermia
technique. It has also established itself as a promising op-
tion in contemporary cancer treatment due to its capacity
for combination therapy, which can improve the results of
immunotherapy, radiation, and chemotherapy (Gavilán et
al., 2021).
On the one hand, creating and synthesizing magnetic NPs is
essential to boosting the effectiveness of this treatment strat-
egy. As a result, scientists are still looking for novel kinds
of magnetic NPs for this treatment. The introduction of
multifunctional magnetic NPs, which have additional func-
tions besides raising the temperature, is a crucial strategy to
boost the efficacy of this treatment. One of these impacts
might be the release of a medication as the temperature rises
(Olusegun et al., 2023). The combination of hydrogels and
magnetic NPs offers a promising platform for hyperthermia
treatment. MNPs are known for their superparamagnetic
characteristics, which enable them to react to external mag-
netic fields (Hou et al., 2015). Typically, they are composed
of materials like iron oxide. These NPs can improve the
performance of hydrogels, which are three-dimensional net-
works of hydrophilic polymers, when they are placed within
them. By using an AMF to create localized temperature in-
creases, this combination enables the targeted and regulated
release of medicines by remote heating (Uva et al., 2015). In
addition to offering customizable mechanical characteristics
and porosity for ideal drug loading and release profiles, the
hydrogels offer a biocompatible environment that enhances
the stability and efficacy of the MNPs.
A type of extremely porous material known as Metal-
Organic Frameworks (MOFs) is made up of metal ions
coupled to organic ligands, producing structures with tun-
able porosities and remarkably large surface areas (X. Chen
et al., 2018). MOFs are appealing candidates for creating
novel drug delivery systems because of their distinctive
qualities. Researchers can use MOFs’ high-loading capac-
ity to encapsulate a range of medicinal substances, such
as proteins, nucleic acids, and tiny compounds. Further-
more, controlled medication release is made possible by
their porosity and pore diameters, which enable targeted
and prolonged delivery to particular body locations (Zhao et
al., 2022). The functionality of MOFs in drug delivery appli-
cations is further improved by modification. By adding dif-
ferent chemical groups to the MOF framework, researchers
can improve loading efficiency and drug interaction (Cai
et al., 2022; X.-X. Chen et al., 2021; Londoño et al., 2020).
Targeting ligand functionalization allows for targeted admin-
istration to particular cells or tissues, boosting therapeutic
effectiveness while reducing adverse effects. Modifications
can also improve MOFs’ stability and biocompatibility in
physiological settings, which qualifies them for in vivo use.
By improving these characteristics, researchers are opening
the door to novel drug delivery systems that can react to
outside stimuli (such as pH or temperature changes) and
enhance therapeutic results in the management of a range of
illnesses (Eshrati et al., 2022; Goli et al., 2021; Xue et al.,
2018).
The walnut-sized prostate gland beneath the bladder is the

site of prostate cancer, a common cancer in males that
usually grows slowly and may go years without showing
any symptoms. Surgery, radiation therapy, chemotherapy,
cryotherapy, or hormone therapy are among the treatment
options available, depending on the stage of the malignancy.
In more advanced cases, the focus is primarily on symptom
management. Because of its location, reaching the prostate
frequently necessitates intricate procedures that include
moving nearby organs (Schaeffer et al., 2023). Because
of their special qualities and capacity to deliver therapeutic
chemicals straight to the tumor site, injectable hydrogels of-
fer a viable treatment option for prostate cancer (Ilgin et al.,
2020; Norouzi et al., 2016). Due to their ease of injection,
these biocompatible materials reduce the requirement for
intricate surgical techniques that are frequently necessary to
reach the prostate. Therapeutics can be released locally and
continuously thanks to hydrogels’ ability to swell after injec-
tion and create a gel-like matrix that surrounds medications.
In addition to improving treatment efficacy, this tailored
administration lowers systemic exposure and possible ad-
verse effects. Researchers want to streamline the entire
treatment procedure and enhance therapeutic outcomes in
the management of prostate cancer by utilizing the benefits
of injectable hydrogels (Ghandforoushan et al., 2023).
In this study, the main objective was to develop two types of
magnetic NPs by modifying MOFs (MiL-100) with Fe ions
that are targeted for flutamide delivery. This is the first time
that the impact of doping Fe in the MiL-100 MOF has been
studied regarding the release of Flutamide under magnetic
fields. It was a question for us about how the modifica-
tion of MOF by magnetic nanoparticles can affect the drug
release. The NPs were integrated with carboxymethylcellu-
lose (CMC) to develop an injectable hydrogel. As the main
backbone of this study, the kinetics of Flutamide release
were also studied.

2. Materials and methods

2.1 Chemicals
Iron (III) chloride and Trimesic acid (Merck, Germany)
were purchased from local suppliers. Nitric acid and
carboxymethylcellulose (CMC) were purchased from the
Sigma-Aldrich supplier (USA). Flutamide was provided
by NanoGolbarg Baharan Co. (Tehran, Iran). Phosphate
buffer saline (PBS, Merck) was provided by a local supplier.
Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethyltiazole-
2-yl)- 2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from Sigma–Aldrich (local supplier). HUVEC cell
lines were purchased from the Pasteur Institute of Iran. All
other chemicals were of reagent grade.

2.2 Synthesis of Mil-100 (Fe) NPs
First, 50 mL of deionized water was mixed with 3 g of
iron (III) chloride and agitated for approximately an hour
(solution A). Next, 50 mL of deionized water was mixed
with 1.7 g of trimesic acid, and the mixture was agitated for
two hours (solution B). 50 mL of deionized water (solution
C) and 0.5 mL of nitric acid were combined in a different
beaker. Subsequently, solutions A and B were concurrently
added dropwise to solution C of nitric acid, and the mixture
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was agitated for two hours. After that, the mixture was kept
at 160 °C for 16 hours. The material was then collected
after drying and filtered through Whatman filter paper (No.
42). For three hours, the sample precipitate was stored at
60 °C in 100 mL of 99.98% ethanol. Following that, the
processes of filtration, washing, and sediment collecting
were carried out. For six hours, the sample was kept at 50
°C in a vacuum oven.

2.3 Synthesis of Fe3O4@Mil-100(Fe) NPs
50 mL of deionized water (solution A) was mixed with three
g of iron (III) chloride. Concurrently, 50 mL of deionized
water (solution B) was mixed with 1.7 g of trimesic acid.
Next, 50 mL of deionized water (solution C) was mixed
with 0.5 mL of nitric acid and agitated. 10 mL of ethanol
(solution D) and 0.6 g of nano iron oxide (Fe3O4) were
combined in a different container and swirled for one hour.
Solution D was then gradually supplemented with solution
A. After that, it was mixed with solution B, which included
trimesic acid. Following filtering, the sample was collected
once it had dried. The material was stored at 60 °C in 100
milliliters of 99.98% ethanol for 3 h. Finally, the filtering,
washing, and sediment collection steps were performed.
The sample was placed in a vacuum oven at 50 °C for 6 h.

2.4 Synthesis of drug-loaded NPs
1 g of synthesized Mil-100(Fe) was added to 25 mL of
flutamide drug solution with a concentration of 26 ppm and
stirred for 24 hours. Then the solution was centrifuged,
and the sample was dried (at room temperature for 24 h)
and prepared for drug release. The same protocol was
performed for Fe3O4@Mil-100(Fe) to prepare drug-loaded
Fe3O4@Mil-100(Fe).

2.5 Drug loading efficiency
Samples from the Flutamide drug solution and the super-
natant following centrifugation were taken during the manu-
facture of drug-loaded Fe3O4-Mil-100(Fe) and Mil-100(Fe)
NPs. The Shimadzu UV-Vis spectrophotometer (model
UV-160 A) was used to measure the amount of remaining
flutamide.

2.6 Hydrogel synthesis
1 g of carboxymethyl cellulose was added to 50 mL of
deionized water and stirred for 3 hours. Then, 0.01 g of Mil-
100(Fe) powder containing flutamide was added and stirred
for 12 hours. Next, 1 mL of 1% sodium polyphosphate TPP
solution was added, and the final solution was stirred for 1 h.
Then the sample was poured into a special plexiglass mold
and placed in a freezer (−20) for 24 hours, and then freeze-
dried for 40 h using (Dorsa freeze dryer (DRF-02 model,
Iran). The same approach was performed to prepare hydro-
gels loaded with Fe3O4@Mil-100(Fe), Flut@Mil-100(Fe),
and Flut@Fe3O4-Mil-100(Fe).

2.7 SEM and EDX
The morphology, and surface roughness of the NPs and
hydrogels were examined using a scanning electron micro-
scope (SEM, FEI Quanta 200) at an accelerating voltage
of 25 kV. Before imaging, the sample surfaces were coated

with a thin layer of gold, after which images were captured.

2.8 XRD Analysis
The crystallinity of the samples was assessed using X-ray
diffraction (XRD, EQuniox 300, France) with Cu-Kα radi-
ation. Measurements were performed over a 2θ range of
10−70° under operating conditions of 40 kV voltage and
30 mA current.

2.9 Swelling Behaviour
The method described in a previous study (Esmaeili et al.,
2022) was adopted to evaluate the swelling behavior of the
mats. Initially, the sample dry weight (w0) was recorded.
The hydrogels were then incubated in a 10 mM PBS solution
(pH 7.4) at 37 °C. At specific time intervals, the hydrogels
were removed, gently blotted with a Kimwipe to remove
excess surface water, and weighed (wt ). The swelling ratio
was determined using the following equation:

%Swelling =
wt −w0

w0
×100 (1)

2.10 Degradation
The hydrogels were first weighed to record their initial mass
(W0). Subsequently, the samples were incubated in a 10
mM PBS solution (pH 7.4) at 37 °C for 1, 3, 5, 7, 9, 14,
and 21 days to assess their degradation rate. At each time
point, the PBS solution was removed, and the hydrogels
were reweighed (Wt). The percentage of degradation was
determined using the following formula (Qazi et al., 2022):

%Degradation =
W0 −Wt

W0
×100 (2)

2.11 Porosity
The porosity of hydrogels was evaluated using the liquid
displacement method (Qazi et al., 2022). Ethanol was con-
sidered an alternative liquid because it rapidly enters the
structure without dissolving or altering the structure of the
wound dressing. To measure the porosity, 5 mL of ethanol
was added to a 10 mL graduated cylinder (V1). After that,
the hydrogel samples were immersed in 96% pure ethanol
for 30 minutes. After 30 minutes, the graduated cylinder’s
final, unaltered ethanol volume (V2) was measured. After
that, the hydrogels were removed from the ethanol such
that there were no residues of the material left on their sur-
face. The measured final volume of ethanol in the graduated
cylinder is denoted by V3.

P =
V1 −V3

V2 −V3
×100 (3)

2.12 MTT assay
After being immersed in 70% ethanol for 24 hours, the
hydrogel samples were disinfected for 1 hour under UV
radiation (254 nm). After rinsing the hydrogels with sterile
PBS, 4×105 HUVEC cells were added to each well of a
96-well plate. For twenty-four hours, the hydrogels were
incubated at 37 °C with 5% CO2. Following the incubation
period, each well received 10 µL of MTT labeling reagent
(0.5 mg/mL), and the plate was incubated for a further 4
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hours. Following the addition of 100 µL of solubilization
solution (DMSO) to each well, the plate was incubated for
the entire night at 37 °C with 5% CO2. Hydrogel-free cells
were cultivated in different wells as a positive control. The
formation of purple formazan crystals was observed, and the
absorbance was measured at 570 nm using a Wareness Tech-
nology Microplate Reader. All experiments were conducted
in triplicate (Manescu & P., 2021).

2.13 Drug release from hydrogels
The drug release from the hydrogel was conducted ac-
cording to the following procedure (Esmaeili et al., 2023).
Specifically, x mg of hydrogel was placed inside a dialy-
sis bag, which was then submerged in 200 mL of distilled
water and maintained under Conditions A and B. At pre-
determined time points (3, 9, 24, 42, 64, and 90 hours), 4
mL of the solution was withdrawn and replenished with an
equal volume of fresh water.
Condition A: at 37 °C in an incubator without the Alterna-
tive Magnetic Field (AMF).
Condition B (S1): under AMF, according to the research
done by Manescu et al. (Manescu & P., 2021) (S1). Briefly,
the beaker containing the dialysis bag was located inside the
coil, and the voltage and current were adjusted as follows:
Voltage: 7 V, Current: 5 A. The beakers were exposed to
the AMF every day for 20 min and then transferred to the
incubator at 37 °C.
The AMF system description:

2.14 Release kinetic study
In this study, the release of numerical kinetic models was
studied by considering the Korsmeier-Peppas model (Es-
maeili et al., 2023).

F =
Mt
M∞

= ktn (4)

where Mt/M∞ represents the fraction of drug released at
time t, k is the release rate constant, and n is the release
exponent that indicates the mechanism of drug diffusion.

2.15 Statistical analysis
The data were analyzed using Prism software and ANOVA
statistical tests. Results were presented as mean ± standard
deviation, with a significance threshold set at P < 0.05.

3. Results and discussion
AMF technology utilizes oscillating magnetic fields to pro-
duce localized heating in magnetic NPs, which can be
specifically targeted to cancerous tissues. Following sys-
temic administration, the Fe-MOF NPs are designed to accu-
mulate at the tumor site through passive or active targeting
mechanisms. Once localized, applying an external AMF
induces hyperthermia, raising the temperature within the
tumor microenvironment. This controlled thermal effect en-
hances drug release from the Fe-MOF structure and follows
the hydrogel while simultaneously inducing apoptosis and
necrosis in cancer cells. By generating localized heating,
this approach minimizes collateral damage to surrounding
healthy tissues, thereby improving the therapeutic efficacy

of Flutamide while reducing systemic side effects.
The primary objective of this study was to evaluate the fea-
sibility of simultaneous drug delivery from MOF-loaded
CMC hydrogel under AMF. This dual-functional approach
aims to enhance cancer treatment by enabling targeted drug
release while utilizing magnetic heating to induce localized
hyperthermia, thereby improving therapeutic efficacy.
To achieve this, Mil-100(Fe) NPs were chosen as the base
MOF due to their high surface area, tunable porosity, and
biocompatibility, making them suitable candidates for drug
loading and controlled release. The NPs underwent a two-
step modification process to enhance their magnetic prop-
erties. First, they were functionalized with iron (Fe) to
reinforce their structural stability and increase their respon-
siveness to external magnetic fields. Subsequently, Fe3O4
NPs were introduced to further improve their magnetic prop-
erties, enabling efficient heat generation when exposed to
an alternating magnetic field (AMF). This modification re-
sulted in the synthesis of two distinct nanostructures: Fe3O4-
doped Mil-100(Fe) NPs (Fe3O4-Mil-100(Fe)) and unmodi-
fied Mil-100(Fe) NPs.
Following their synthesis, these MOF-based NPs were em-
ployed as drug carriers for Flutamide (Flut), a widely used
anti-androgen drug for prostate cancer treatment. The
drug was encapsulated within the porous structure of both
nanoparticle formulations, leading to the formation of
Flut@Fe3O4-Mil-100(Fe) (Flutamide-loaded Fe3O4-doped
Mil-100(Fe)) and Flut@Mil-100(Fe) (Flutamide-loaded
Mil-100(Fe)). Then, these NPs were loaded in CMC hydro-
gel.
Finally, the drug release profiles of the final hydrogels were
investigated under standard physiological conditions and in
the presence of an AMF environment. The primary goal
was to determine how magnetic hyperthermia influenced the
release kinetics of Flutamide from hydrogels. By leveraging
magnetically induced heating, the study aimed to achieve
an enhanced and more controlled drug release mechanism,
thereby optimizing the therapeutic potential of Fe-based
MOF NPs for cancer treatment.
Fig. 1 presents the SEM images of the synthesized NPs, both
before and after Flutamide loading. The images include
Mil-100(Fe) and Fe3O4-Mil-100(Fe) (without Flutamide)
as well as Flut@Fe3O4-Mil-100(Fe) and Flut@Mil-100(Fe)
NPs (with Flutamide encapsulation). As observed in Fig. 1,
Mil-100(Fe) (Fig. 1 (a)) and Fe3O4-Mil-100(Fe) (Fig. 1 (b))
exhibit a multifaceted geometry, with sizes ranging from
60 − 200 nm and 40 − 100 nm, respectively. However,
the synthesized Fe3O4-Mil-100(Fe) showed more uniform,
smaller, and similar geometry than Mil-100(Fe). The reason
is attributed to the presence of Fe3O4 within the structure.
This size distribution is influenced by multiple factors, in-
cluding reaction conditions, precursor concentration, pH of
the reaction medium, and the balance between nucleation
and growth. By optimizing these parameters, the particle
size was successfully reduced from an initial 500 nm to
below 200 nm, improving their suitability for biomedical
applications. Additionally, the surface morphology appears
smooth, lacking significant roughness or irregular features.
In the case of Mil-100(Fe) NPs, a comparison before and af-
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Figure 1. Results from SEM analysis for (a) Mil-100(Fe), (b) Flut@Mil-100(Fe) NPs and (c) Fe3O4-Mil-100(Fe) NPs, (d) Flut@Fe3O4-Mil-100(Fe) NPs.

ter Flutamide loading indicates that while the overall geom-
etry of the NPs remained unchanged, a detectable increase
in particle size was observed. This size enlargement is a
well-documented phenomenon in MOF-based drug delivery
systems, as the incorporation of drug molecules into the
MOF framework often leads to structural modifications (X.
Chen et al., 2018).
It has been reported that drug encapsulation within MOFs
typically results in an increase in particle size due to the
additional volume occupied by the loaded molecules. This
expansion can be attributed to several factors, including
the physical occupation of internal cavities, the formation
of intermolecular interactions, and potential swelling ef-
fects within the porous structure (Champion et al., 2007).
Additionally, the internal framework of the MOF may un-
dergo conformational adjustments to accommodate drug
molecules, which can influence the overall shape, crys-
tallinity, and accessible surface area of the particles (Burtch
et al., 2014). A similar effect was observed in the case
of Mil-100(Fe), where structural reorganization likely con-

tributed to the observed size increase.
Beyond changes in size, alterations in the crystal structure
of MOF NPs can also occur upon drug loading. These
modifications may involve pore expansion, variations in
metal-ligand coordination angles, or even partial structural
collapse due to the formation of new interactions between
the drug molecules and the MOF backbone. Such alter-
ations can significantly impact the porosity and surface area
of the material, influencing its subsequent performance in
biomedical applications, particularly drug release kinetics
and adsorption efficiency.
Furthermore, chemical interactions between Flutamide and
Mil-100(Fe), such as hydrogen bonding, π − π stacking,
and van der Waals forces, can play a crucial role in defining
the stability, morphology, and functional properties of the
loaded NPs. These interactions may affect drug loading
capacity, release behavior, and overall bioavailability, mak-
ing them critical factors in the design and optimization of
MOF-based drug delivery systems (Wang et al., 2018).
In the case of Fe3O4-Mil-100(Fe) NPs, the synthesized
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structures exhibited a multifaceted morphology, both be-
fore and after drug loading. However, unlike Mil-100(Fe)
NPs, the Fe3O4-Mil-100(Fe) displayed a rough and rugged
surface texture, which persisted even after Flutamide en-
capsulation. This distinct surface characteristic suggests
that the Fe3O4 incorporation may have altered the external
morphology of the MOF framework.
The diameter of the Fe3O4-Mil-100(Fe) NPs was measured
within the range of 50 − 200 nm, with a relatively nar-
row size distribution. Similar observations were reported
by Aslam et al. (Aslam et al., 2017), where synthesized
Fe3O4-Mil-100(Fe) NPs exhibited a rough surface and a
size distribution between 73.5 and 148 nm. Their study
also confirmed that dye loading did not significantly alter
the geometry or surface roughness of the NPs, indicating
that the porous structure of MOFs can accommodate guest
molecules without disrupting their external morphology.
Furthermore, a comparison between Fe3O4-Mil-100(Fe)
and Flut@Fe3O4-Mil-100(Fe) NPs suggests that Flutamide
loading occurred primarily through entrapment within the

MOF’s porous network, rather than surface adsorption. The
ability of MOFs to encapsulate drug molecules within their
internal cavities while maintaining their external morphol-
ogy is a crucial feature that enhances their drug delivery
efficiency, stability, and controlled release behavior (Zheng
et al., 2016). The presence of Fe3O4 NPs within the system
may also contribute to enhanced magnetic targeting capabil-
ities, further improving the potential of these materials for
stimuli-responsive drug delivery and hyperthermia-based
cancer therapy (Manescu & P., 2021).
Fig. 2 (a), 2 (b) and Fig. 2 (c), (d) present the microscopic
structure of Mil-100(Fe)-loaded CMC and Fe3O4-doped
Mil-100(Fe)-loaded CMC hydrogels, respectively. The
SEM micrographs reveal that the inner surface of the hydro-
gels exhibits a rough and highly porous morphology, with
NPs distributed randomly throughout the structure.
In figure 2(a) and figure 2(c), lower magnification images
illustrate the overall porous network of the hydrogel ma-
trices, highlighting their heterogeneous and interconnected
nature. The incorporation of Mil-100(Fe) and Fe3O4-doped

Figure 2. Results from SEM analysis for CMC hydrogel integrated with (a), (b) Mil-100(Fe) NPs and (c), (d) Fe3O4-Mil-100(Fe) NPs.
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Figure 3. EDX analysis for CMC hydrogel integrated with (a) Flut@Mil-100(Fe) NPs and (b) Flut@Fe3O4-Mil-100(Fe) NPs.

Mil-100(Fe) NPs results in an evident modification of the
surface roughness and porosity. Meanwhile, figure 2(b)
and figure 2(d), which provide higher magnification views,
further emphasize the dense accumulation of NPs on the
hydrogel surface.
Fig. 3 demonstrates the proof of Fe existence in the hy-
drogels which confirms the presence of Mil-100(Fe) and
Fe3O4-doped Mil-100(Fe) NPs. According to the results,
both groups showed the presence of Fe atoms. The Fe
content was higher for CMC hydrogel loaded with Fe3O4-
doped Mil-100(Fe) rather than that with Mil-100(Fe), which
the reason turns back to Fe3O4. The presence of the “F”
atom confirmed the presence of Flutamide because F is one
of the main atoms in its structure (Karthik et al., 2017).
Regarding the ability of NPs for Flutamid loading, Mil-
100(Fe) and Fe3O4-Mil-100(Fe) NPs could load 6 ppm and
26 ppm of Flutamide, respectively. The main reason for this
difference can be attributed to the presence of Fe3O4 in the
structure of Mil-100(Fe), which caused more porosity. It
can be claimed that doping Fe3O4 to the MIL-100(Fe) struc-
ture has significant effects on the physical and chemical
properties of the MIL-100 (Fe) NPs, especially its porosity,
which is a critical point for drug delivery systems. Fe3O4,
which is known as a magnetic nanoparticle, can change the
pore structure and surface area of this metal-organic frame-

work when combined with MIL-100 (Fe), depending on its
bonding.
Fig. 4 depicts the results from XRD analysis which indicates
the crystalline properties of CMC hydrogels loaded with
Flut@Mil-100(Fe) and Flut@Fe3O4-Mil-100(Fe). Fig. 4 (a)
shows that Flut@Mil-100(Fe)-CMC hydrogels own a low
crystallinity indicated by a wide peak at 2θ = 22° and a
small sharp peak at 2θ = 12° that was attributed to the pres-
ence of Mil-100(Fe). In contrast, CMC hydrogel loaded
with Flut@Fe3O4-Mil-100(Fe) showed higher crystallinity
by showing a large, sharp peak at 2θ = 12° and some small,
sharp peaks in the range of 2θ = 20−30°. These changes
in the crystallinity were justified by the presence of Fe3O4
within the structure of Mil-100(Fe) (Sun et al., 2017).
Based on the previous studies, CMC, in their pure form
(free of drugs, NPs, or other additives), generally exhibit a
semi-crystalline structure (Tuan et al., 2021). The degree of
crystallinity in CMC depends on factors such as the degree
of substitution (DS) of the carboxymethyl groups, the mois-
ture content, and the preparation conditions. CMC itself is
derived from cellulose, a natural polymer with crystalline
regions. However, during the carboxymethylation process,
the cellulose’s crystalline structure is partially disrupted,
leading to an amorphous nature in CMC. The degree of
crystallinity in CMC hydrogels is typically low, as the hy-

Figure 4. XRD analysis for CMC hydrogel integrated with (a) Flut@Mil-100(Fe) NPs and (b) Flut@Fe3O4-Mil-100(Fe) NPs.
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drophilic nature of the carboxymethyl groups causes the
polymer chains to become more flexible and disordered
when in contact with water (El-Lateef et al., 2020). The
presence of water in CMC hydrogels further reduces the
crystallinity because water acts as a plasticizer, causing
the polymer chains to swell and adopt a more amorphous,
hydrated structure. The water content can therefore influ-
ence the overall crystallinity of the hydrogel, as the polymer
chains are less ordered in the swollen state (Casaburi et al.,
2018).
Fig. 5 (a) shows the results of hydrogel behavior from the
viewpoint of water uptake. As can be seen, the addition of
Flut@Mil-100(Fe) NPs to the CMC hydrogel showed an
increase in water uptake but not significantly (P > 0.05).
It can be concluded that by incorporating more Flut@Mil-
100(Fe) NPs with hydrogel, a significant difference can be
achieved. More interestingly, by adding the same amount
of Flut@Fe3O4-Mil-100(Fe) NPs, a significant (P < 0.01)
difference in water uptake was observed for CMC.
Fig. 5 shows the results of hydrogel behavior from the view-
point of water uptake. As can be seen, the addition of
Flut@Mil-100(Fe) NPs to the CMC hydrogel showed an
increase in water uptake but not significantly (P > 0.05)
(around 400% to 500%). This behavior can be attributed to
the fact that Flut@Mil-100(Fe) NPs, despite their potential
to increase the surface area and interaction sites within the
hydrogel network, may not be sufficiently hydrophilic or
might not interact strongly enough with the CMC chains to
induce a notable change in water retention. The increase in
water uptake is likely due to a slight increase in the porosity
or the ability of the hydrogel to form more hydrogen bonds
with water molecules, but this effect may not be drastic
enough to yield statistically significant results at the given
concentration (Tuan et al., 2021).
It can be concluded that by incorporating more Flut@Mil-
100(Fe) NPs with the hydrogel, a significant difference
could be achieved. This suggests that a higher concentra-
tion of Flut@Mil-100(Fe) NPs could increase the interstitial
spaces or provide additional hydrophilic sites, promoting
enhanced water absorption. Furthermore, higher NP concen-
trations could also facilitate improved interaction between
the NPs and the CMC matrix, leading to more pronounced
water uptake (Tuan et al., 2021).
More interestingly, by adding the same amount of
Flut@Fe3O4-Mil-100(Fe) NPs, a significant (P < 0.01) dif-
ference in water uptake was observed for CMC (around
400% to 600%). The enhanced water uptake observed can
be attributed to several factors. First, Flut@Fe3O4-Mil-
100(Fe) NPs are known to possess a magnetic property that
could influence the hydrogel’s structure at the nanoscale
level (Hamidian & Tavakoli, 2016). The presence of mag-
netic Flut@Fe3O4-Mil-100(Fe) NPs may induce an align-
ment or reorganization of CMC chains, potentially leading
to better hydration and swelling behavior. Additionally,
these NPs can enhance the surface energy of the hydrogel,
promoting stronger interactions with water molecules. This
interaction may result in more efficient water retention, as
the surface of the nanoparticles could provide additional
hydrophilic sites, which aid in the absorption and retention

of water. Moreover, magnetic particles may also influence
the overall network structure, causing changes in crosslink-
ing density or porosity that are favorable for water uptake
(Ebrahimi & Bardajee, 2021). These factors, combined with
the potential synergistic effects between Fe3O4 and Mil-
100(Fe), contribute to the observed significant increase in
water uptake (P < 0.01) compared to the Flut@Mil-100(Fe)
NPs.
Regarding porosity, Fig. 5 (b) shows the impact of NPs on
the porosity of CMC hydrogel. As can be seen, the integra-
tion of both types of NPs with the CMC hydrogels caused a
significant difference compared to the simple CMC hydro-
gel (P < 0.05). This finding suggests that the incorporation
of nanoparticles into the hydrogel matrix has a noticeable
effect on the overall structural characteristics, particularly
in terms of pore formation and size distribution. The in-
crease in porosity can be attributed to the introduction of
nanoparticles, which likely disrupt the uniformity of the
CMC network, creating additional void spaces within the
hydrogel structure (Wu et al., 2022).
The incorporation of NPs such as Flut@Mil-100(Fe) and
Flut@Fe3O4-Mil-100(Fe) NPs into CMC hydrogels can re-
sult in the formation of interstitial gaps between polymer
chains, thereby increasing the pore volume. This effect
is due to the physical presence of nanoparticles acting as
filler materials that may not entirely integrate into the poly-
meric network but instead create spaces that can enhance
porosity (Campea et al., 2021). The surface characteris-
tics of these nanoparticles can also influence the hydrogel’s
morphology by promoting the formation of larger pores
or channels as the nanoparticles aggregate or interact with
CMC chains. Additionally, the compatibility and interac-
tion between CMC and the nanoparticles might influence
the extent of porosity enhancement (He et al., 2009).
This issue confirms that the distribution of both types of
nanoparticles within the structure of the CMC hydrogel
caused a similar impact. Despite differences in their com-
position, both Flut@Mil-100(Fe) and Flut@Fe3O4-Mil-
100(Fe) NPs appear to affect the hydrogel matrix compa-
rably, likely by inducing a similar degree of disruption in
the hydrogel network. This suggests that the nature of the
nanoparticles, whether functionalized with Flutamide or
doped with Fe3O4, does not significantly alter their ability
to modify the structural integrity of the hydrogel in terms of
porosity. The uniformity of nanoparticle distribution within
the hydrogel and their interactions with the CMC chains
may play a key role in determining the extent of the ob-
served porosity changes.
The impact of water uptake and porosity can be di-
rectly linked to the degradation behavior of the hydrogels.
Fig. 5 (c) presents the degradation results over 21 days.
As observed, the pure CMC hydrogel exhibited the lowest
degradation rate throughout the entire period. This behavior
can be attributed to the intrinsic stability of the CMC hydro-
gel network, where the absence of nanoparticles results in
a more compact and less porous structure, reducing its sus-
ceptibility to hydrolytic degradation. Since degradation in
hydrogels is often governed by water diffusion and polymer
chain cleavage, the lower water uptake and reduced porosity
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of pure CMC likely contribute to its slower degradation
profile (Olad et al., 2018).
Interestingly, both Flut@Mil-100(Fe)-loaded hydrogel and
Flut@Fe3O4-Mil-100(Fe) -loaded hydrogel exhibited a sim-
ilar degradation trend, with no significant difference in their
degradation rates (> 80%). This suggests that while the
incorporation of nanoparticles influences structural parame-
ters such as porosity and water uptake, it does not drastically
alter the degradation kinetics under the tested conditions.
One possible explanation is that both types of nanoparti-
cles are well integrated into the hydrogel matrix, preventing
rapid structural disintegration while still allowing a gradual
breakdown (Sethi et al., 2019).
However, a higher degradation rate was recorded for the
Flut@Fe3O4-Mil-100(Fe) -loaded hydrogel. This increased
degradation may be attributed to several factors. First, the
enhanced water uptake observed in this hydrogel likely
accelerates hydrolytic degradation, as a greater influx of
water facilitates polymer chain cleavage and hydrogel dis-
integration (Thang et al., 2023). Second, the Flut@Fe3O4-

Mil-100(Fe) NPs might induce localized structural changes
within the hydrogel matrix, potentially weakening the
polymer-nanoparticle interactions and allowing faster degra-
dation. Moreover, the presence of Flut@Fe3O4-Mil-100(Fe)
NPs could influence hydrogel network stability by mod-
ifying crosslinking density or introducing additional hy-
drophilic sites that further enhance degradation (Li et al.,
2012).
Overall, these results demonstrate how water absorption,
porosity, and NP composition are interrelated factors that
affect how CMC-based hydrogels degrade. While nanopar-
ticle incorporation alters hydrogel properties, its effect on
degradation depends on the extent of water absorption and
the structural modifications induced by the nanomaterials.
The absence of cytotoxicity in both hydrogels and incor-
porated NPs is a crucial biological consideration that must
be thoroughly evaluated, especially for biomedical appli-
cations (Shah et al., 2016). Since hydrogels serve as car-
riers for bioactive agents, their interaction with cells and
tissues must not trigger adverse effects, such as inflamma-

Figure 5. Results from (a) Water uptake analysis, (b) Porosity, (c) Degradation, (d) Cell viability after 24h, for G1(CMC hydrogel), G2 (Flut@Mil-
100(Fe)-loaded hydrogel), and G3 (Flut@Fe3O4-Mil-100(Fe) -loaded hydrogel).
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tion, apoptosis, or impaired cell viability. In this study,
ensuring the biocompatibility of CMC-based hydrogels and
their NP-loaded variants is particularly important, as any
toxic response could compromise their intended function in
controlled Flutamide release. Given that Flut@Fe3O4-Mil-
100(Fe) and Flut@Mil-100(Fe) NPs have been incorporated
into the hydrogel matrix, it is essential to assess whether
their presence alters cell viability or induces any cytotoxic
effects over time.
Fig. 5 (d) presents the MTT assay results, evaluating the
cytotoxicity of the synthesized hydrogels after 24 hours of
exposure to HUVEC cells. As shown, the control group
(without hydrogel exposure) maintained 100% cell viability,
serving as the baseline reference. The CMC hydrogel exhib-
ited a cell viability of 99%, while Flut@Mil-100(Fe)-loaded
CMC hydrogel and Flut@Fe3O4-Mil-100(Fe)-loaded CMC
hydrogel demonstrated viabilities of 93% and 89%, respec-
tively. Although the nanoparticle-loaded hydrogels showed
slightly reduced cell viability compared to the pure CMC
hydrogel, the differences among the hydrogel groups were
not statistically significant (P > 0.05), indicating that the
incorporation of nanoparticles did not induce substantial
cytotoxic effects. Notably, all hydrogel formulations main-
tained high cell viability (> 89%), further confirming their
biocompatibility. Despite a statistically significant reduc-
tion in viability compared to the control group, the observed
values still fall within an acceptable range for biomaterials
intended for biomedical applications.
When compared with previous studies on CMC-based hy-
drogels, the results are consistent with findings that CMC
itself is inherently biocompatible and does not significantly
impair cell proliferation (Reza & Nicoll, 2010). Studies

have shown that unmodified CMC hydrogels typically sup-
port cell viability above 95%, making them suitable for tis-
sue engineering and drug delivery applications (Pourmadadi
et al., 2023). However, variations in viability can occur de-
pending on the type and concentration of incorporated NPs.
For example, previous studies incorporating MOFs into
CMC hydrogels have reported minor reductions in cell via-
bility, likely due to the initial burst release of encapsulated
compounds or potential oxidative stress from nanoparticle
interactions (Javanbakht et al., 2019). In this study, the
slightly lower viability of the Flut@Fe3O4-Mil-100(Fe)-
loaded hydrogel compared to the Flut@Mil-100(Fe)-loaded
hydrogel suggests that the presence of Fe3O4 may introduce
mild cellular stress, potentially due to its magnetic proper-
ties or surface interactions. However, given that viability
remained above 89%, the results confirm that these hydro-
gels are non-toxic and suitable for biomedical applications,
particularly in sustained drug delivery and tissue engineer-
ing, where prolonged exposure to biomaterials is expected.
Furthermore, the impact of NPs on hydrogel behavior, such
as water uptake, porosity, and degradation, could also in-
fluence their biological safety (Javanbakht et al., 2019). A
higher porosity and water uptake may enhance cell-nutrient
exchange, but excessive degradation could lead to the uncon-
trolled release of nanoparticles, which may have unintended
interactions with biological systems. Additionally, the pro-
longed release of Flutamide from the hydrogel must be
monitored to prevent local toxicity at the site of application
(Smagina et al., 2023).
Fig. 6 shows the outcomes of Flutamide release from NPs-
loaded CMC hydrogels under both normal and AMF con-
ditions. The results of the kinetic analysis employing the

Figure 6. Drug release from Np-loaded hydrogels. (a) CMC hydrogel integrated with Flut@Mil-100(Fe) NPs without AMF, (b) Hydrogel integrated
with Flut@Fe3O4-Mil-100(Fe) NPs without AMF, (c) Hydrogel integrated with Flut@Mil-100(Fe) NPs under AMF, (d) Hydrogel integrated with
Flut@Fe3O4-doppedMil-100(Fe) NPs under AMF.
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“Korsmeyer-Peppas model,” one of the most well-known
models for analyzing release rate including the power of
“n” and the constant coefficient of “k”, is also shown in
Fig.Fig. 6. The value of “n” helps classify the release mech-
anism, such as Fickian diffusion (n ≤ 0.5), non-Fickian or
anomalous transport (0.5 < n < 1), and case-II transport
(n ≥ 1) (Esmaeili et al., 2023).
Without AMF: According to Fig. 6 (a), which shows the
release results for CMC hydrogel integrated with Flut@Mil-
100(Fe), a fast release of about 20% was observed after
3 h. After 90 h of release, about 25% of the loaded Flu-
tamide was released gradually. It seems that a fast release
was observed during the first hours. However, considering
the same experiment for Flut@Fe3O4-Mil-100(Fe) -loaded
CMC hydrogel (Fig. 6 (b)), it can be claimed that about
39% of the loaded Flutamide was released after 3 h, and the
release enhanced to about 50% after 90 h. By considering
the results from the kinetic study, it can be concluded that
in both groups, the release kinetic is governed by Fickian
diffusion (n = 0.038 and 0.1, n < 0.5). The coefficient k
increased from 20.54 to 37.71, which confirms a faster diffu-
sion. This issue can be attributed to the more drug releases
from Flut@Fe3O4-Mil-100(Fe) due to higher Flutamide
loading.
Under AMF: Fig. 6 (c) and Fig. 6 (d) show the results of
Flutamide release from Flut@Mil-100(Fe)-loaded CMC
hydrogel and Flut@Fe3O4-Mil-100(Fe) -loaded CMC hy-
drogel under AMF conditions, respectively. According to
Fig. 6 (c), after 3 h, about 28% of Flutamide was released
from CMC hydrogel. By prolonging the release process, no
significant increase was observed in the Flutamide release.
Regarding Fig. 6 (d), 41% of Flutamide was released during
the first 3 hours of the study, and after 90 hours, the release
ratio increased to about 60%. Considering the release kinet-
ics, both groups showed that the release kinetics is governed
by Fickian diffusion (n = 0.05 and 0.1, n < 0.5). The co-
efficient k increased from 20.40 to 38.1, which confirms a
faster diffusion. This issue can be attributed to the more
drug releases from Flut@Fe3O4-Mil-100(Fe) due to higher
Flutamide loading.
As a result of the kinetic study, it can be claimed that the
presence of Fe3O4 in the Mil-100(Fe) NPs affects the re-
lease of Flutamide under AMF. In a part of our study, we
confirmed this issue (data not provided). The released drug
is still entrapped in the hydrogel structure. It means that
release from the hydrogel can control the final release rate.
It can also be concluded that the presence of AMF did not
affect the Flutamide release from CMC hydrogel (Esmaeili
et al., 2023).
It was hypothesized that Fe3O4-doped Mil-100(Fe), due to
its higher porosity, would have a greater capacity to encap-
sulate Flutamide within its porous network (Bhattacharjee
et al., 2020). The increased surface area and interconnected
pore structure provide more binding sites, allowing for a
higher drug-loading efficiency. Consequently, the diffusion
of Flutamide from these porous structures is expected to
occur over an extended period, resulting in a more sustained
and controlled release profile.
In contrast, Mil-100(Fe), as indicated by SEM analysis,

appears to have a lower porosity. This reduced porosity
limits the available space for drug entrapment, leading to
a lower Flutamide loading capacity. Additionally, in less
porous structures, the drug molecules are more likely to be
adsorbed near the surface rather than being deeply embed-
ded within the matrix. As a result, Flutamide is released
more rapidly, following a burst-like release pattern. In gen-
eral, a lower porosity facilitates faster drug diffusion due to
shorter diffusion pathways and weaker entrapment within
the material.

4. Conclusion and future perspectives
This study successfully developed and characterized a new
drug delivery system based on Fe3O4-doped Mil-100(Fe)
NPs embedded in a CMC hydrogel for the controlled
release of Flutamide, with potential application in magnetic
hyperthermia-assisted cancer therapy. The incorporation
of Fe3O4 significantly enhanced the porosity and drug
loading capacity of the Mil-100(Fe) NPs, leading to a more
sustained and controlled release of Flutamide under both
physiological conditions and AMF exposure. The CMC
hydrogel provided a biocompatible and biodegradable
matrix for Flut@Mil-100(Fe) or Flut@Fe3O4-Mil-100(Fe)
NP integration, ensuring localized drug delivery and mini-
mizing systemic side effects. While the AMF application
did not drastically alter the release kinetics from hydrogels,
it slightly enhanced the release rate, suggesting potential
for further optimization and hydrogel modification. Overall,
this dual-functional system holds promise for improving
the therapeutic efficacy of Flutamide while mitigating its
adverse effects, offering a potential new avenue for targeted
and personalized cancer treatment.
Future research directions for this system include several
key aspects. In vivo studies should evaluate the therapeutic
efficacy and safety of the developed system in animal
models, focusing on tumor regression, drug distribution,
and potential toxicity. Additionally, the mechanism
of AMF-induced release requires further investigation
to understand how AMF influences drug release from
the Fe3O4-doped Mil-100(Fe) NPs, potentially through
localized heating, magnetic force effects, or changes in
nanoparticle morphology. Another important aspect is
surface functionalization, where modifications such as
PEGylation or the incorporation of targeting ligands could
enhance nanoparticle stability, biocompatibility, and tumor-
targeting efficiency. Furthermore, combination therapy
should be explored to assess the potential synergistic
effects of integrating this system with chemotherapy or
immunotherapy, which could lead to improved treatment
outcomes.
By addressing these future directions, this research can
contribute to the advancement of drug delivery systems
for targeted and personalized prostate cancer therapy,
ultimately improving patient outcomes and quality of life.
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