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Curcumin, a natural polyphenol with potent anticancer and anti-inflammatory properties, has significant
limitations in biomedical applications due to its poor water solubility, rapid metabolism, and low
bioavailability. To overcome these challenges, drug delivery systems such as metal—organic frameworks
(MOFs) have been explored. This study developed a magnetic nanocomposite, FesO4@chitosan/MIL-
100(Fe), designed to enhance curcumin delivery. The nanocomposite consists of a magnetic FezO,4 core
coated with biocompatible chitosan, which facilitates MOF (MIL-100(Fe)) growth, improving drug-loading
capacity and targeted delivery potential. Different ratios of magnetite-coated chitosan to MOF were
evaluated, with the optimal 1:1 ratio achieving an exceptional drug loading efficiency (DLE) of 95.36%
within 24 hours and a drug loading content (DLC) of 48.81%. Brunauer—Emmett—Teller (BET) and EDX-
mapping analyses confirmed that curcumin was effectively encapsulated within the nanocomposite's
porous structure and uniformly adsorbed on its surface. Adsorption studies indicated that curcumin
adsorption followed the Freundlich isotherm model, while kinetic analysis showed strong agreement
with the intraparticle diffusion and Korsmeyer—Peppas models. Notably, the curcumin-loaded
Fes04@CS/MIL-100(Fe) demonstrated greater cytotoxicity against breast cancer cells (MCF-7) than free
curcumin and the unloaded nanocarrier while exhibiting lower toxicity toward normal human dermal
fibroblast (HDF) cells, as confirmed by MTT assays. These findings suggest that FezO0,@CS/MIL-100(Fe)
offers a promising strategy to overcome curcumin's inherent limitations, paving the way for more
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1 Introduction research efforts failing due to unpredictable biological
responses and human toxicity.»* To address these challenges,
Advancements in drug delivery systems have revolutionized the nanotechnology has emerged as a transformative tool in both
precision and control of drug release within specific target —drug development and delivery, offering nanoscale carriers that
areas, utilizing strategies such as erodible materials, degradable ~enhance treatment outcomes and improve life expectancy.!
matrices, hydrogels, osmotic pumps, and reservoirs to ensure Inspired by Paul Ehrlich's concept of ‘magic bullets,” scientific
efficient delivery to tissues, cells, or organs. Despite these efforts are now directed toward designing nanoscale drug
innovations, challenges such as distribution, solubility, drug delivery systems capable of precise targeting and controlled
aggregation, target selection, and treatment efficacy remain release.” Importantly, drug delivery systems undergo a stepwise
significant obstacles. These systems play a critical role in evaluation process, beginning with laboratory-based preclinical
complementing drug development, which focuses on discov- testing to assess safety and efficacy. Only when these results
ering and creating new medications through research, prove satisfactory are in vivo tests conducted within the body,
synthesis, and rigorous testing.* The drug development process further validating the system's performance and therapeutic
is inherently complex and costly, with approximately 40% of potential. Together, these advancements in drug development
and delivery strive to overcome existing limitations, refine
treatment strategies, and optimize patient outcomes.
In this context, the development of biocompatible and tar-
geted drug delivery systems is crucial to reducing off-target
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integrates a biocompatible chitosan coating with a magnetite-
MOF hybrid structure, aiming to enhance drug stability,
bioavailability, and selective delivery while minimizing adverse
host responses.

Among the promising candidates, metal-organic frame-
works (MOFs) stand out. MOFs offer a high surface area, drug
incorporation capabilities, and versatility in synthesis.
However, achieving a delicate balance between stability and
degradation, controlling surface modifications, and addressing
challenges related to MOF chemical stability remain critical
considerations for effective utilization in biomedical
applications.®’

Iron-based Metal-Organic Frameworks (Fe-MOFs) have
gained prominence in drug delivery and bioimaging due to
their unique properties. However, to enable widespread use,
overcoming challenges such as high energy consumption and
environmentally hazardous synthesis methods is crucial for
scaling up production.®* Among Fe-MOFs, MIL-100(Fe) and MIL-
101(Fe) exhibit stability in biological fluids. Their high
tunability, porosity, and ease of functionalization make them
promising candidates for targeted drug delivery systems.®
Additionally, the MIL family of mainly iron carboxylates repre-
sents biodegradable candidates for drug delivery, combining
a minimally toxic metal with a highly polar ligand that can be
easily removed from the body.” For instance, Fe-MIL-100, when
used as an inhalable carrier for theophylline, exhibits minimal
impact on cell viability even at high concentrations.*’

Iron oxides, specifically magnetite nanoparticles (Fe;O,-
NPs), are widely employed due to their unique properties.
Magnetite (Fe;0,) adopts an inverse spinel pattern in its crystal
structure’ and possesses exceptional magnetic strength,
making it the strongest magnetic mineral on Earth. These
Fe;0,-NPs exhibit biocompatibility, biodegradability, and low
toxicity to humans, positioning them as promising materials for
future biomedical applications.””™* The synergistic effects of
magnetic separation and high porosity hold promise for
developing efficient drug delivery systems.” In a study by
Gumma et al., Fe;0,@MIL-100(Fe) was synthesized via an in situ
hydrothermal route at 150 °C for 12 hours, using HF and HNO;
as agents for the anticancer drug doxorubicin hydrochloride
(DOX).'¢

To address the aggregation tendency of magnetite and MIL
particles'”'® and enhance surface interactions, researchers have
introduced a hydrophilic interlayer.” Fei Ke and colleagues
designed a core-shell structure using (methacrylic acid, MAA)-
functionalized Fe;O, nanoparticles as an Ibuprofen adsor-
bent.*® Additionally, silica layers have been employed in other
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Scheme 1 Curcumin structure.
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studies to modify the surface of magnetite particles.*>**** Chi-
tosan, known for its pH-responsive properties in drug delivery
systems, contains numerous hydrophilic groups making it an
effectively modify the surface of Fe;0,. Chitosan-coated metal-
organic frameworks (MOFs) can demonstrated the ability to
retain their structure and porosity while enhancing stability in
physiological fluids.”* Horcajada and colleagues demonstrate
that chitosan coating on the external surface of MIL-100(Fe)
preserved the crystalline structure and high porosity of the
MOF. They estimated the positive impact of coated chitosan on
chemical stability through fluorescence studies of impregnated
nanoparticles functionalized with rhodamine-labeled chitosan
under simulated oral conditions.* Given its unique combina-
tion of bioadhesive properties, biocompatibility, biodegrad-
ability, low immunogenicity, efflux pump inhibition, and high
cellular permeability, chitosan is as an ideal material for local
drug delivery applications.**?® Researchers have developed
chitosan-coated nanoparticles for the encapsulate and targeted
transport active compounds, enabling targeted delivery to
specific tissues or cells.”” For instance, Hassan Namazi and co-
workers designed CS/Zn-MOF®@GO microspheres as a pH-
responsive carrier for 5-fluorouracil, reporting twice the
release at pH 5.0 compared to pH 7.4.”® The Warburg effect in
cancer cells leads to excessive lactic acid production and
consequently lowers the pH in tumor microenvironments.
Chitosan (CS) absorbs water and swells under acidic conditions,
resulting in a more porous polymer structure that facilitates
gradual cargo release. This release rate is controlled by the
degree of ionization of CS's amine groups, which varies with
local acidity.”

Curcumin (bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-
3,5-dione)* (Scheme 1), the main component of turmeric, is
derived from the rhizome of the Curcuma longa plant.** It has
demonstrated anti-inflammatory properties.*>** The interest in
curcumin as an anti-cancer agent arises from epidemiological
evidence linking turmeric consumption to lower rates of
gastrointestinal cancers. Experimental studies demonstrate
that curcumin induces apoptosis in various cancer cell lines
derived from solid tumors, including those of lung, colorectal,
breast, pancreatic, and prostate cancers.** Furthermore, its
metal-chelating ability suggests potential applications in treat-
ing metal toxicity.*®> Curcumin, an oil-soluble compound, is
practically insoluble in water at neutral and acidic pH levels but
soluble in alkali. It remains stable at high temperatures and in
acidic conditions but becomes unstable when exposed to
light.** Despite these promising properties, curcumin faces
challenges due to its limited bioavailability when administered
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Scheme 2 Synthesis route of Fes0,@CS/MIL-100(Fe).

orally. To address this issue, nanotechnological approaches
have been explored to enhance curcumin delivery to target
tissues.’’** Some recent evaluations have focused on core-shell
structures, including MIL-100(Fe)@SiO,, SiO,@MIL-100(Fe)*
and MIL-100(Fe)@carboxymethyl cellulose (CMC), as carriers
for curcumin ** Larasati et al. demonstrated high curcumin
loading (up to 97.89%) and slow drug release from the protected
core of MIL-100(Fe) under acidic conditions.*® To the best of our
knowledge, MIL-100(Fe) supported on magnetite-chitosan has
not been investigated for drug delivery systems.

In targeted drug delivery, biocompatible nanocomposites
play a crucial role in directing drugs to specific tissues while
minimizing side effects. However, the SiO, used for magnetite
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MIL-100(Fe)

Fe;0,@CS Fe;0,@CS@MIL-100(Fe)

coating is not biocompatible for MOF growth. In contrast, chi-
tosan coating is entirely biocompatible, making the Fe;0,@CS
substrate an ideal choice for growing MOF for drug delivery. To
the best of our knowledge, MIL-100(Fe) supported on
magnetite-chitosan has not been investigated for drug delivery
systems, This study aims to bridge this gap by developing and
characterizing a Fe;O,@chitosan/MIL-100(Fe) nanocomposite
(denoted as FCM, Scheme 2) that enhances curcumin loading,
stability, and targeted higher release compared to other curcu-
min delivery systems utilizing the same MOF while minimizing
toxicity to normal cells. Our results demonstrate a high loading
capacity for curcumin in a mixture of water and acetone
(volume ratio 2:3) over 24 hours. Additionally, we observed
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Fig. 1 XRD diffraction patterns of the MIL-100(Fe), Fe304@Cs, FCM and cucrumin-FCM.
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controlled drug release in 0.1% and 0.2% Tween 80-buffer
media at pH 7.4 and pH 5, respectively. MTT analysis confirmed
the biocompatibility of the carrier composite with normal cell
lines.

2 Experimental
2.1 Chemicals and instrumentations

All chemicals included ferrous chloride tetrahydrate, ferric
chloride hexahydrate, acetone, ammonia, sodium hydroxide,
trimesic acid, were purchased from Merck Co. (Germany) and
Sigma-Aldrich (USA) and used without further purification. The
pH meter (Starious, Germany) used for pH adjustment, Fourier
transform infrared spectra (FT-IR) were recorded as KBr pellets
using a PerkinElmer 781 spectrophotometer. X-ray powder
diffraction (XRD) patterns of samples were obtained with
a Philips Xpert X-ray powder diffractometer (Cu Ko radiation, 2
= 0.154056 nm). UV-visible spectra were recorded in the range
200-800 nm on Photonix Ar 2015 UV-visible spectrophotometer.
The structure and surface morphology of the prepared samples
were investigated by field emission scanning electron micro-
scope (FE-SEM ZEISS-Sigma-300). Zeta potential was measured
using sz-100z (Horiba jobin jyovin, Japan). Magnetization
curves were recorded by Meghnatis Daghigh Kavir Co Vibrating
sample magnetometer (VSM) at room temperature. TGA-DTA
curves were recorded by a Rheometric Scientific Inc. 1998
thermal analysis apparatus under a N, atmosphere. Nitrogen
adsorption-desorption isotherms were measured at 196 °C
using a Belsorp mini II (Microtrac Bel Crop Japan) automatic
adsorption instrument after degassing the samples at 150 °C
for 5 h.

2.2 Fabrication of Fe;0, nano-particles (MNPs)

Fe;O0,4 NPs were synthesized using the co-precipitation method,
as previously described in our works.***** Initially, an aqueous
solution containing Fe(u) and Fe(m) ions in a molar ratio of 1: 2
was gradually heated to 80 °C. Subsequently, the pH was
adjusted to 10 by alkalization, and the reaction was allowed to
continue for two hours. The resulting sediment was collected,
washed, and then dried at 60 °C for 12 hours.

2.3 Development of Fe;0,@CS core-shell

To grow chitosan polymer on magnetite nanoparticles, we
adapted a method based on Van Hieu's work. An aqueous
suspension of chitosan (0.1 g/10 mL) was added to ultra-
sonicated Fe;O, powder (0.1 g/10 mL). The mixture was then
refluxed for 2 hours at 80-85 °C. After refluxing, the product was
separated using an external magnet, purified with ethanol and
deionized water, and finally dried at room temperature.**

2.4. Preparation of MIL-100(Fe) and Fe;0,@Cs/MIL-100(Fe)

The synthesis of MIL-100(Fe) followed an established proce-
dure. Fe(NO;);-9H20 (1.01 g) and H3BTC (0.47 g) were added to
a round-bottom flask containing 10 mL of deionized water. The
mixture was refluxed with vigorous stirring at 85-90 °C for 8
hours, producing a dark orange deposit. This deposit was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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washed three times with ethanol and deionized water, then
dried at 110 °C for 8 hours.*>*® Subsequently, 0.1 g of MIL-
100(Fe) was dispersed in 20 mL of ethanol and mixed with
0.1 g of sonicated Fe;O, powder in 10 mL of deionized water
while stirring. The resulting mixture was refluxed at 85 °C for
one hour. The brown precipitate obtained was washed multiple
times using an external magnet and dried at room temperature.
This product is abbreviated as “FCM” in this manuscript.

2.5 Curcumin extraction

In accordance with previous studies,**® To prepare the sample,
1 g of fine turmeric powder was gradually added to a 100 mL
acetone solution while vigorously stirring for 48 hours in
a closed container at room temperature, maintaining a dark
environment. After centrifuging the mixture at 6000 rpm, the
liquid portion above the sediment was carefully collected. This
supernatant was subsequently transferred to a vacuum desic-
cator for drying, resulting in a red residue.

2.6 Evaluation loading and release of curcumin-loaded
Fe;0,@Cs/MIL-100(Fe)

To maximize drug loading content and efficiency, we used
0.01 g of the drug with varying amounts of adsorbents (0.02,
0.025, 0.03, 0.035, 0.04, 0.045, and 0.05 g), all achieving
a loading percentage above 97%. When the drug amount was
increased to 0.02 g, the loading efficiency remained above 95%
with the same adsorbent quantities. However, further
increasing the drug amount resulted in a lower loading effi-
ciency. A specific quantity of curcumin was initially dissolved in
2 mL of acetone and then diluted to 5 mL using deionized water.
Additionally, chosen amount of FCM was introduced into the
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Fig. 2 FT-IR spectra of the FezO4, Chitosan (CS), Fes0,@CS, MIL-
100(Fe), FCM and LFCM.
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curcumin solution. The reaction vessel was sealed in darkness,
and stirring continued for 24 hours. Finally, the black precipi-
tate, which is abbreviated as LFCM in this manuscript, obtained
was dried at ambient temperature after thorough washing with
deionized water and separation by centrifugation. The washing
solution from this process was also utilized for the UV-vis
spectrum analysis at A = 425 nm, following the calibration
curve, this curve is shown in Fig. S1 (ESI}), and for calculating
drug loading efficiency (DLE), drug loading content (DLC), and
drug loading capacity (q). These results were obtained using the
specified formulas:**>°

Drug loading efficiency(DLC) = Marug

= ——x100% (1
Mdrug + Mexcipient ! ( )

. M, ru,
Drug loading content(DLE) = e 100% (2)
drugfeed
14
ge = (Co — C¢) % W (3)

Mrug and Mexcipien: represent the mass of the loaded drug
and FCM in the solution, respectively. Mg feeq is the amount
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Fig. 3 FE-SEM images of Fez0,@CS (a, b) and MIL-100(Fe) (c and d).
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of drug feed in the provision of the LFCM formulation. C, and
C. (measured in mg L") denote the initial and equilibrium
concentrations of curcumin drug, V (L) is the volume of the
solution, and W (g) is the mass of the MOF nanocomosite.

2.7 In vitro release studies of curcumin from LFCM

Curcumin release studies were conducted in 0.1% and 0.2%
Tween 80-buffer media at pH 7.4 and pH 5. In this experimental
setup, suspensions of loaded FCMs (0.03 g) were stirred in
200 mL of Tween 80-buffer media at 37 °C under dark condi-
tions. At specified time intervals, 2 mL of supernatant fluid was
withdrawn and transferred into centrifuge falcon tubes. The
drug present in the separated samples was quantified by
centrifugation at 6000 rpm for 5 minutes, followed by UV-visible
spectrophotometry using calibration curves established in
acetone and 0.1% to 0.2% Tween 80-buffer (Fig. S2 and S3t).

2.8. In vitro cytotoxicity assessment

The cytotoxicity effect of curcumine, FCM and LFCM was
studied using the MTT assay. For this test, the Breast cancer cell
line (MCF-7) and human dermal fibroblast cells (HDF) were
obtained from the Pasteur Institute of Iran. The cells were

SEM MAG: 200 kx Det: InBeam
WD: 4.97 mm Bi: 7.00
View field: 1,04 pm  Date{midly): 05/11/23

000m
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cultured in Dulbecco's Modified Eagle Medium (DMEM) with
10% Fetal Bovine Serum (FBS) growth media with with 100 U
mL~" penicillin-streptomycin. The cells were placed in an
incubator with 95% humidity, 5% CO, concentration, and
a temperature of 37 °C. The cytotoxicity of the treated cells was
determined using the MTT test. First, 1 x 10" cells were seeded
in a 96-well plate and incubated for 24 hours. After that, the
cells were treated with FCM, curcumin, and LFCM at concen-
trations of 5, 10, 15, and 20 ppm. The plates were incubated at
37 °C for 24, 48, and 72 hours. Following the incubation time,
the media was replaced with a new culture medium containing
10% MTT solution in PBS, and the plates were incubated at 37 °©
C for 3 hours. After that, 150 uL of DMSO was added to each
well. The plates were placed on a shaker for 20 minutes to
dissolve the formazan crystals in DMSO. The optical density was
read at 570 nm using a microplate reader (BioTek ELX800, USA).

3 Results and discussion

3.1 Characterization

The powder X-ray diffraction (PXRD) structural patterns of FCM
and Curcumin-FCM were compared with those of bare MIL-
100(Fe) and Fe;0,@CS in Fig. 1. Representative peaks at 6.8°,
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View field: 20.8 ym  Date(m/dly): 05/11/23

SEM MAG: 10.0 kx
WD: 4.91 mm

Det: InBeam MIRA3 TESCAN

[T
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Fig. 4 FE-SEM images of FCM (a, b) and LFCM (c and d).
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10.8°,14.6°,19°, 23.8°, and 27.9° correspond to MIL-100(Fe).>"**
Notably, the prime peak of MIL-100(Fe) is visible, marked by
a star (¥) symbol, with a slight shift observed at 11.22° in FCM
and 11.057° in Curcumin-FCM. In the PXRD pattern of
Fe;0,@CS, a broad peak centered around 20.29° (attributed to
chitosan)® appears alongside characteristic peaks at about
30.39°, 35.8°, 43.5°, 53.9°, 57.45°, and 63.09° corresponding to
(220),(311),(400),(422),(511),and (4 4 0) respectively. The
presence of these peaks at specific angles indicates that the
sample has a well-defined crystal structure, confirming its
identity as magnetite and the successful grafting of the polymer
onto magnetite particles.*® This presence signifies the success-
ful grafting of the polymer onto magnetite particles. Interest-
ingly, the concurrent peaks relevant to the MOF (Metal-Organic
Framework) and chitosan-coated magnetite are evident in their
composite structure. Furthermore, the remarkable crystallinity
of FCM is maintained even after drug loading. However, in the
PXRD pattern of curcumin-FCM, no distinctive peak corre-
sponding to curcumin is observed.*® Presumably, the drug is
well dispersed within the FCM structure.

The FT-IR spectra of the magnetite, chitosan, magnetit-
chitosan, MIL-100(Fe), FCM and LFCM has been shown in
Fig. 2. As shown in the FT-IR spectrum of Fe;O,@CS, the
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Fig. 5 (a) EDX spectrum of Fes0,@CS and the corresponding
elemental mappings for C, O, Fe and N elements. (b) EDX spectrum of
FCM and the corresponding elemental mappings for C, O, Fe and N
elements. (c) EDX spectrum of LFCM and the corresponding elemental
mappings for C, O, Fe and N elements.
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Fig. 7 Magnetization versus applied field (H) FC and FCM

nanoparticles.

chitosan coating on magnetite nanoparticles results in the
appearance of characteristic bands of chitosan with a slight
upward shift compared to free chitosan. These absorption
bands include C=O0 stretching at 1617 cm™ ', N-H bending at
1558 cm ™', and C-N stretching at 1260 cm™Y, as well as -C-O-
stretching of the primary alcoholic group at 1381 cm™*, CH,
bending at 1428 cm ™!, asymmetric and symmetric stretching of
the -C-O-C- bridge at 1155 cm ™" and 1088 cm ™', CH, aliphatic
group stretching at 2860 cm ™" and 2921 cm™ ", and a broad
band for -OH and -NH stretching at 3432 cm™ " (ref. 55 and 56)
Additionally, the typical Fe;0, band appears at 576 cm ™. Upon
introducing MIL-100(Fe) to the chitosan-magnetite, the inten-
sity of the Fe-O band at 576 cm ™' decreases, and MIL-100(Fe)
vibrations appear at 711 em™ ' and 761 cm™ ", attributed to -
CH aromatic bending. However, the chitosan bands from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1260 cm ' to 1617 cm ™ * overlap with the sharp bands of MIL-
100(Fe), corresponding to COO™ stretching vibrations at
1620 cm™ ', 1442 em ™1, and 1372 em ™Y, as well as C=C aromatic
ring vibrational bands at 1559 cm™'.>”°® The broad stretching
band of the ~-C-O-C-bridge at 1089 cm ™" and the CH, aliphatic
bands at 2860 cm ™" and 2921 cm ™" further assert the growing of
MOF on the magnetite-chitosan.

The FT-IR spectrum analysis of extracted curcumin (Fig. S47)
revealed characteristic peaks of curcumin.** Notably, the
absorption bands of curcumin, such as the stretching vibrations
of C-0 (1278 cm ™ 1), C-0O-C (1029 cm 1), and the bending bands
of out-of-plane and in-plane C-H (984 cm™ 'and 1159 cm ™ '), are
clearly visible in the spectrum of the drug-loaded MOF. In the
LFCM spectrum, the blue-shift and decreased intensity of the
bending vibration of curcumin (984 cm™') compared to free
curcumin (967 cm ), along with the red-shifted FT-IR bands of
MOF (1559 cm™ ') and the broadening of the absorption bands
of MOF, indicate a restriction of movement due to the micro-
porous host matrix and the influence of dispersion forces
between the microporous host matrix and the guest
molecules."®

The field-emission scanning electron microscopy (FESEM)
images of Fe;0,@CS, pure MIL-100(Fe), and their merged
nanocomposites are depicted in Fig. 3 and 4. Here's a break-
down of the observations: Fe;0,@Chitosan compound (Fig. 3a
and b): agglomerations of spherical particles with a uniform
size distribution are evident. The morphology suggests that
Fe;0,@CS consists of well-defined particles. Pure MIL-100(Fe)
(Fig. 4c and d): MIL-100(Fe) exhibits polydispersity, with
aggregates of round-shaped particles smaller than 5 um. The
irregular particle arrangement is characteristic of MIL-100(Fe).
Merged nanocomposites (Fig. 4a and b): after combining MOF
(Metal-Organic Framework) and chitosan-containing magne-
tite, the MOF structure remains intact. Notably, spherical
chitosan-magnetite particles are discernible on the surface of
the MOF. Porous surfaces and drug loading: Fig. 4c and d reveal
uniformly filled porous surfaces in the resulting nanocomposite
after drug loading.

Energy-dispersive X-ray spectroscopy (EDX) patterns and
corresponding elemental mappings for FC, FCM, and LFCM are
shown in Fig. 5a-c. The EDX patterns confirm the presence of
carbon (C), oxygen (O), iron (Fe), and nitrogen (N) in the FC,
FCM, and LFCM samples. Additionally, the mapping analysis of
nanoparticles reveals a uniform and homogeneous distribution
of these elements. The elemental composition of FC primarily
consists of carbon (Fig. 5a). Upon introducing MIL-100(Fe) onto
chitosan-magnetite surfaces, the iron content increases
(Fig. 5b). Notably, LFCM exhibits a higher carbon content
compared to the drug-free MOF composite, likely due to the
pores of the nanocomposite being filled with curcumin (Fig. 5¢).

Thermogravimetric analysis (TGA) was performed on the
samples to assess mass changes as a function of temperature, as
illustrated in Fig. 6. This analysis offers valuable insights into
the thermal stability, decomposition behavior, and the presence
of organic or inorganic components in nanoparticles, which are
critical factors influencing their safety and efficacy in drug
delivery.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The mass loss of FCM occurs in four distinct stages: water
removal from the pores (100-250 °C), simultaneous dehydrox-
ylation of oxo-metals in MIL-100(Fe) and decomposition of
unstable nitrogen and oxygen groups (250-350 °C), collapse of
MIL-100(Fe) (350-500 °C), and thermal degradation of chitosan
(300-400 °C).*® The final weight loss (650-700 °C) corresponds
to the complete decay of the organic ligand, leaving residual
metal oxides. These results are consistent with previous
studies.®** The TGA curve for LFCM shows similar steps but
with greater mass loss (5%) in the 200-500 °C range due to
curcumin degradation.®® Additionally, the curcumin composite
has a higher residue (43.7%) compared to the free composite
(38.7%), indicating enhanced thermal stability due to curcumin
incorporation. These two differences confirm the successful
incorporation of the drug into the adsorbent.

Magnetization studies are essential for evaluating the
nanoparticles' responsiveness to magnetic fields, a key factor in
targeted drug delivery systems, where external magnetic fields
can direct the particles to specific sites in the body. Clarifying
these properties ensures the nanoparticles are optimized for
controlled, safe, and precise drug delivery. The magnetic
behavior of the samples (FC and FCM) was confirmed using
device magnetometry (vibrating sample magnetometry (VSM)),
as shown in Fig. 7. The intersection of both curves at the zero
point in the VSM plot signifies zero coercivity and confirms the
presence of superparamagnetic properties. This super-
paramagnetic behavior arises from the nanoparticles’ submi-
cron size. The magnetic saturation (Ms) values for FC and FCM

180 4 ,
—#— ads Curcumin-FCM
160 - ~®— des Curcumin-FCM
—&—ads FCM
140 4 ~@—des FCM
' 120 4
% 100 4
"‘!-
S 804
»."‘
-
60 -
40 4
20 4
0
T T T T Ll L}
0.0 0.2 0.4 0.6 0.8 1.0
P/P0

Fig. 8 Adsorption/desorption isotherms of FCM and LFCM.

Table 1 The parameters of BET and BJH for FCM and LFCM

BET surface  Average pore Total pore volume

Samples area (m®>g~") diameters (nm) (cm®g™")
FCM 431.22 2.4542 0.2646
Curcumin-FCM 34.484 9.1236 0.078655
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were determined to be 13.75 emu g ' and 5.86 emu g ',
respectively. This phenomenon enables the Fe;O0,@CS/MIL-
100(Fe) nanoparticles to remain dispersed in water for several
hours before gradually precipitating from the solution. These
attributes are crucial for biomedical applications. Although
coating FC on the dielectric MIL-100(Fe) reduced the super-
paramagnetic behavior, the Ms values are comparable to those
reported in the literature for FC.****% Magnetic separation and
targeted drug delivery remain feasible.

Fig. 8 displays the N, adsorption/desorption isotherms for
FCM and LFCM. The pore size distribution before and after
drug loading have been shown in Fig. (S5).1 Table 1 details the
BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-
Halenda) analyses for the synthesized samples. Initially, the
nanocomposite without the drug showed a surface area of
431.22 m*> ¢ ' and a pore volume of 0.2646 cm® g '. These
values align with the TUPAC classification, where the adsorption
isotherm corresponds to type II and an H4 hysteresis loop is
observed. However, after drug loading, these values decreased
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to 34.484 m® g ' and 0.078655 cm® g !, respectively. The
isotherm shape in Fig. 8 corresponds to type III adsorption with
an H3 hysteresis loop. These results confirm the successful
loading of synthesized FCM with curcumin.

The surface charge of the synthesized samples, including FC,
MIL-100(Fe), FCM, and LFCM, was determined in a water/
ethanol medium (volume ratio of 1:2) using zeta potential
measurements, as shown in Fig. 9. The mean zeta potential
values were —9 mV for Fe;0,@CS, —17.9 mV for MIL-100(Fe),
and —15.7 mV for Fe;0,@CS/MIL-100(Fe) (see Fig. 9). Notably,
the negative surface charge of MIL-100(Fe) decreased to
—15.7 mV after interacting with Fe;O0,@CS, indicating the
formation of the composite structure FCM. Additionally, under
physiological conditions (pH 7.4), the surface charge of
curcumin-loaded FCM was evaluated as 0.3 mV.

3.2 Adsorption of curcumin

Curcumin, though practically insoluble in water, shows good
solubility in organic solvents (pH 1-7), alkali (pH > 7), and
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Zeta potential curves of (a) FC, (b) MIL-100(Fe), (c) FCM and (d) LFCM.
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strongly acidic media (pH < 1). It can exist in neutral, anionic,
and cationic forms. Unfortunately, curcumin rapidly decom-
poses at pH values greater than 8.°*¢” To address this, drug
adsorption studies were conducted using a water/acetone
mixture. In this context, curcumin remains relatively neutral,
and interactions such as dipole-dipole, dipole-ion, and
hydrogen bonding with chitosan play crucial roles in drug
adsorption.*” Regarding drug loading, a survey was performed
on MIL-100(Fe), Fe;0,@CS, and powder samples of FC/MIL-
100(Fe) with varying mass ratios of FC to MIL-100(Fe). These
samples are abbreviated as FCM-0.5, FCM-1.0, and FCM-2.0,
respectively (see Fig. S6T). As can be seen from the images,
the color becomes darker as the ratio of the metal-organic
framework increases. Fig. 10 illustrates the loading profile of
curcumin in the synthesized samples.

The experimental findings indicate that curcumin's encap-
sulation efficiency (EE) peaks at an equimolar (1:1) ratio of
magnetite-chitosan to MIL-100(Fe). This superior performance
is likely the result of a well-balanced interplay between struc-
tural and functional properties. At this ratio, MIL-100(Fe)
provides a large surface area and hydrophobic cavities that

100 -

95.36%

Loading%a

Fig. 10 Curcumin encapsulation efficiency (%) of the FC, MIL-100(Fe),
FC/MIL-100(0.5), FC/MIL-100(1.0), FC/MIL-100(2.0).
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promote effective curcumin encapsulation, while its exposed
Fe’" sites enhance molecular interactions. Chitosan contributes
by improving dispersibility and ensuring colloidal stability,
whereas magnetite enables magnetic targeting without dis-
rupting the porous structure of the MOF. Deviating from this
ratio leads to undesirable effects, such as pore blockage (due to
excess magnetite-chitosan) or reduced stability (from excess
MIL-100), ultimately lowering the encapsulation efficiency.
Therefore, the 1: 1 ratio emerges as the optimal composition for
effective curcumin delivery in targeted therapeutic applications.

3.3 Isotherm and kinetic modeling of adsorption

Curcumin adsorption isotherm experiments were conducted
using 0.01 g of FCM by adding 10 mL of various initial drug
concentrations ranging from 12.5 ppm to 600 ppm in a water/
acetone mixture. After sufficient time under dark conditions,
the capacity and equilibrium concentrations were calculated.
The investigated equations, including Langmuir, Freundlich,
Temkin, Dubinin-Radushkevich, and Redlich-Peterson, are
respectively expressed by the following formulas:

C. C. 1 @)
qe B Gmax kLQmax
qe = KF(Ce)lln (5)

600
¥ Experimental data
Fitting to freundlich model
400
T
oL
g
&
200 -
0 L] Ll T
20 40 60
Ce(ppm)

Fig. 11 The loading curve for curcumin adsorption onto the FC/MIL-
100(Fe) nanocomposite and the corresponding Freundlich adsorption
model.

Table 2 Parametrs and regression coefficients for isotherm adsorbsion models

Isotherm Equation Parameters
Langmuir Ce _ Ce n 1 Ky = 0.019, R* = 0.49
qe Gmax kL‘Imax
Freundlich ge = Ke(C)'" n = 0.51, Kz = 0.154, R? = 0.95
Temkin ge=B In(ky)+B In(C,) B = 252.228, Ky = 13.708, R* = 0.72

Dubinin-Radushkevich
Redlich-Peterson

In(ge) = ln(Xm) - 552

qe

© 2025 The Author(s). Published by the Royal Society of Chemistry

Ln <g> =B1In C. — In4d

E=1.43 x 10* (Kj mol '), R> = 0.83
8=-1.7,a=119.1, R* = 0.80
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Table 3 Adsorption kinetic equations of FCM
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Kinetic model Equation

Parameters

Pseudo-first-order Gr = qe (1—exp(—kyt))
Pseudo-second-order t 1
+—(1)

e(l): — =
Type(t) % kgt qe

Tye(z).i— L.},.L(l)
PG T o g \s

N
TYPe(3): 40 = ge = 1 ( z)
Type(4): % = kaq; — kage(:)
. 1 1
Elovich g = Eln(aﬁ) + Eln(t)

Intra-particle diffusion ge = Kia(t)*° + C

ge =B In(Kr) + B In(C) (6)

In(ge) = In(Xy) — B€’

20
4 Experimental data
——— Intra-particle diffusion
0 1 L] ¥
0 200 400 600

t (min)

Fig.12 Adsorption kinetic curve for curcumin adsorption onto the FC/
MIL-100(Fe) nanocomposite and Intra-particle diffusion.

ge = 55.23, k; = 1.85x 10%, R* = 7.21645 x 10~ *°
ge = 86.2, k, = 1.35 x 10°* R* = 0.98

ge=159.17,k, = 1.3 x 103, R* = 0.61
ge=63.33,k, = 9.7 x 107*, R* = 0.45

ge=73.12,k, = 3.8 x 10~ %, R* = 0.45

a = 39.078, 8 = 0.0729, R = 0.90

K = 2.506, C = 19.33, R> = 0.99

Ln (&) =0InC. —In4 (8)

€
In which C. (mg L™"), g (mg g™ ') and gmax (mg g™ ") are the
equilibrium concentration of curcurmin, the equilibrium
adsorption capacity, and the maximum adsorption capacity of
FCM, respectively. Ky (L mg %), Kz (mg g ") (L mg™ """, and Kpg
(mol® kJ~?) are equilibrium constants for Langmuir, Freund-
lich, and D-R isotherm models, respectively. Also R (8.314 ] mol
K Y, T (K), and B are the gas constant, temperature, and
constant relevant to the heat of adsorption, respectively.
Moreover, ¢ (k] mol~ ') denotes the Polanyi potential and 7 is
the surface heterogeneity factor. Table 2 shows the parametrs
and regression coefficients for isotherm adsorbsion models.
According to Table 2, the only relatively suitable fitting data is
related to the Freundlich equation (Fig. 11). The Freundlich
adsorption isotherm characterizes adsorption on heteroge-
neous surfaces, indicating that active sites possess varying
energy levels. Initially, high-energy sites become occupied, fol-
lowed by those with lower energy. At elevated adsorbate
concentrations, all active sites may become saturated, reaching
maximum adsorption capacity. This model also allows for
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Fig. 13 The release of curcumin adsorption onto the FC/MIL-100(Fe) at pH 7.4 and pH 5.
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multilayer adsorption. Conversely, the Langmuir isotherm
assumes a homogeneous adsorbent surface with uniform
energy sites, leading to monolayer adsorption. In the Freund-
lich model, the parameter (n) reflects adsorption intensity; » is
a dimensionless parameter whose value is between 0 and 1 (n =
0.51) indicating as the adsorbate concentration increases, the
adsorption capacity rises, albeit at a diminishing rate.>

The kinetics of adsorption was investigated with a 25 ppm
mixture water/acetone of drug at different contact times of 10—
610 minutes. The results of analyzed kinetic models such as
pseudo-first order, pseudo-second order, Intra-particle diffu-
sion, and Elovich are listed in Table 3. In these formulas, k is the
adsorption rate constant, « (mg ¢~ ' min) and 8 (g mg ') are the
initial rate constants of adsorption and desorption. Adsorption
kinetic curve of FCM is shown in Fig. 12. The intra-particle
diffusion model focuses on the diffusion of the adsorbate
within the adsorbent particles, suggesting that the rate-limiting
step in adsorption is the movement of adsorbate molecules into
the internal structure of the adsorbent.®® In contrast, models
such as pseudo-first-order, pseudo-second-order, and Elovich
are primarily concerned with surface reaction mechanisms. The
pseudo-first-order model assumes that the adsorption rate is
proportional to the difference between the equilibrium

Table 4 Kinetic parametrs of curcumin release
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adsorption capacity and the amount adsorbed at any time,
indicating that the adsorption rate decreases as the surface sites
become occupied. The pseudo-second-order model posits that
the adsorption rate is proportional to the square of the differ-
ence between the equilibrium capacity and the amount adsor-
bed, suggesting that the adsorption rate decreases more rapidly
as the surface sites become occupied.* The Elovich model is
often used to describe adsorption on heterogeneous surfaces,
where the rate of adsorption decreases exponentially with the
amount adsorbed, reflecting a range of adsorption site ener-
gies.”® A good fit of the intra-particle diffusion model to exper-
imental data indicates that the rate-limiting step of adsorption
is the diffusion of adsorbate molecules into the internal struc-
ture of the adsorbent particles.

3.4 Curcumin release

Curcumin release assessment was conducted using 0.1% and
0.2% Tween 80-buffer solutions at pH 7.4 and 5.0. Fig. 13
illustrates the controlled release profile of curcumin in the
aforementioned media. Equilibrium occurs within 7.5 and 8.5
hours under acidic and physiological conditions for the 0.2%
Tween solution, respectively, with a burst release observed
within 2 hours (approximately 30%). Subsequently, the

Zero-order R*> Ko (h™1) First- order R* K; (h™")

Higuchi model R* Ky (h™*?) Kor'peppas R Kig, (h™") "

0.1% tween-pH: 7.4 0.74 1.99 0.71 0.096
0.2% tween-pH: 7.4 0.66 3.49 0.75 0.0728
0.1% tween-pH: 5.0 0.81 2.5 0.83 0.0127
0.2% tween-pH: 5.0 0.73 4.4 0.83 0.097

0.96 7.23 0.96 11.76 0.3
0.94 11.5 0.97 25.6 0.24
0.93 5.79 0.96 11.02 0.37
0.93 9.12 0.95 24.6 0.29

Table 5 Comparison of the release of the curcumin with other reported nanocarriers

Nanocarrier Drug loading Drug release (%) Release time Ref.

MIL-100(Fe)@SiO, Drug encapsulation efficiency: 97.8% 0.1% Tween-PBS at pH 7.4: ~2.5 250 min 40
0.1% Tween-PBS at pH 5.8: <5 300 min

SiO,@MIL-100(Fe) Drug encapsulation efficiency: 97.9% 0.1% Tween-PBS at pH 7.4: ~0 250 min 40
0.1% Tween-PBS
At pH 5.8: ~5 300 min

MIL-100(Fe) Drug loading efficiency:792.324 (mg g ') 0.1% Tween -PBS at pH 7.4:40.1 48 hours 41
0.1% Tween -PBS at pH 5.8:82.21

MIL-100(Fe)@CMC Drug loading capacity: 19.267 (mg g ') 0.1% Tween-PBS at pH 7.4:7.6 48 hours 41
0.1% Tween-PBS at pH 5.8:5.9

MIL-101(Fe) Drug loading content: 56.3% 0.1% Tween-PBS at pH 7.4: 26 22 days 72
0.1% Tween-PBS at pH 5:64.7

B-CD-MOF Encapsulation efficiency: 79.24% pH 7.4 PBS: 13.12 72 hours 73
pH 5.5:74.46

Glutamine- B-CD-MOF Encapsulation efficiency: 83.45% pH 7.4 PBS: 8.68 72 hours 73
pH 5.5:62.14

Lf-CMD-CS-CUR@Eu-MOF Entrapment efficiency: 88.87% pH 5.8:78.12 120 hours 74

Drug content: 3.45% pH 7.4:44.56
CS-Fe;0,-RGO Drug loading: 63% entrapment efficiency: pH 5.4:96 72 hours 75
95.5% pH 7.4:40

Fe;0,@CS/MIL-100(Fe) Drug loading effectively%: 95.36 0.1% Tween-buffer at pH 7.4:21.8 8.5 hours This work
0.2% Tween-buffer at pH 7.4:41.6
0.1% Tween-buffer at pH 5:22.45 7.5 hours

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maximum drug release reaches 42.6% and 41.65%, which is
approximately twice the amount released in the 0.1% Tween
solution. These findings suggest that in media where curcumin
is neutral (pH 1-7), drug delivery is independent of pH and
primarily dependent on drug solubility.

To understand the release mechanism of curcumin from the
FCM formulation, various kinetic models, including Zero-
Order, First-Order, Higuchi, and Korsmeyer-Peppas, were
examined. The kinetic parameters of curcumin release are
shown in Table 4. Based on this table, the Korsmeyer-Peppas
kinetic model was found to be the most suitable for describing

View Article Online
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the release behavior of curcumin from FCM. Additionally,
according to the Korsmeyer-Peppas model, the value of ‘n’ is
less than 0.5, indicating Fickian drug diffusion.”™

The efficiency of FCM was compared with other systems used
for curcumin loading and release. Table 5 provides general
information about other metal-organic frameworks used for
curcumin release. According to this table, FCM demonstrates
better efficiency than f-CD-MOF, and Glutamine-B-CD-MOF. It
is comparable to nanocarriers such as MIL-100(Fe), MIL-100(Fe)
@Si0, and SiO,@MIL-100(Fe). On the other hand, the drug
loading content is higher than that of Lf-CMD-CS-CUR@Eu-
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14 MTT assay results for samples: viabilities of normal cells in the presence of (a) MOF, (b) curcumin, and (c) LFCM.
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Fig. 15 Cell viability and cytotoxicity on MCF-7 cells in the presence (a) FCM, (b) curcumin and (c) LFCM.
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MOF and MIL-100(Fe)@CMC compounds, and the drug is
released in a shorter time.

3.5 Cytotoxicity assay

We investigated the toxicity of curcumin, the adsorbent (FCM),
and the drug-loaded adsorbent (LFCM) toward HDF (Human
Dermal Fibroblast) cells as normal cells and MCF-7 cancer cells.
The experiments were conducted using volumes ranging from 5
to 20 ppm over periods of 24, 48, and 72 hours. The results,
based on optical density and viability measurements, confirmed
the high biological stability of the normal cell line with all
samples, particularly at the 24- and 48 hour time points (as
shown in Fig. 14). Interestingly, the drug-loaded metal-organic
framework (MOF) demonstrated greater effectiveness against
cancer cells compared to the free MOF and the drug alone. The
cytotoxicity results against the MCF-7 line are significant at low
concentrations compared to B-CD-MOF@CCM, glutamine-B-
CD-MOF@CCM, and CCM-B-CD-MOF,  Gelatin-B-CD-
MOF@CCM and Gelatin nanoparticles systems studied so far.
This suggests its potential as a promising drug delivery system
(Fig. 15).

4. Conclusion

In this study, a novel magnetic nanocomposite (Fe;0,@CS/MIL-
100(Fe)) was successfully synthesized and used as an effective
nanocarrier for the loading and release of curcumin. The
nanocomposite was characterized using various techniques,
including FT-IR, FE-SEM, EDX, EDX-map, XRD, BET, TGA, and
VSM. The drug loading efficiency reached 95.36% at a 1: 1 ratio
of Fe;0,@CS to MIL-100(Fe), and the Freundlich isotherm
model best represented the adsorption data. The desorption
kinetics followed the intra-particle diffusion model. The
maximum drug release of about 40%, described by the Kors-
meyer-Peppas model, occurred in both acidic and physiological
environments. The drug-loaded nanocarrier showed high
toxicity against MCF-7 breast cancer cells, while exhibiting less
cytotoxicity towards human dermal fibroblast (HDF) cells, as
confirmed by MTT analysis. Therefore, the high viability with
normal cells and appreciable toxicity of the drug-loaded
composite against cancer cells compared to the free drug and
composite paves the way for future in vivo studies of this spar-
ingly soluble drug.
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