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folic acid targeting for enhanced
chemotherapeutic efficacy in breast cancer
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Breast cancer is among the most prevalent malignancies affecting women globally. Conventional
chemotherapeutic treatments like 5-fluorouracil (5-FU) are not very effective and can cause serious side
effects. To address these challenges, we developed a folic acid-functionalized nickel-based metal—
organic framework incorporated with 5-fluorouracil (FA/Ni-MOF/5-FU) as a targeted and pH-responsive
nanocarrier for selective breast cancer treatment. The addition of folic acid (FA) made it possible to
actively target folate receptors, which are found in high amounts on MDA-MB-231 breast cancer cells.
The Ni-MOF acted as biocompatible carrier for controlled drug release. In vitro cytotoxicity assays
demonstrated that FA/Ni-MOF/5-FU exhibited superior anticancer efficacy against MDA-MB-231 cells,
achieving 83.51% inhibition at 40 pM with ICsq value of 18.5 + 0.4 uM, compared with free 5-FU (71.23%
inhibition, 1Cso = 24.4 + 0.6 uM) and Ni-MOF/5-FU (75.32% inhibition, ICsq = 23.6 + 0.4 uM). FA/Ni-
MOF/5-FU had much less cytotoxicity towards normal MCF-10A breast epithelial cells, keeping 86.54%
of them alive (ICsq > 40 uM). Free 5-FU was more toxic (78.43% of them alive, ICsq > 40 uM). The
uncoated Ni-MOF had very little effect on both cancer and normal cells (58.91% inhibition on MDA-MB-
231 and 13.63% on MCF-10A, ICsq > 40 pM), which shows that it is naturally biocompatible. FA/Ni-MOF/
5-FU is a promising nanoplatform for targeted breast cancer chemotherapy. It has better tumor
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1 Introduction

Cancer is one of the most serious health problems in the world.
In 2018, about 17 million new cancer cases were diagnosed
worldwide."” By 2040, this is projected to rise to around 27.5
million annually due to population growth, aging, and
changing risk factors.® Breast cancer is currently the most
prevalent type of cancer among women, accounting for around
25% of all cancer cases worldwide.* It affects women more than
any other cancer, and it is also the deadliest.” Every year, almost
one million new cases are identified.®* Chemotherapy remains
a vital component of cancer therapy, even though surgery,
radiotherapy, hormone therapy, and immunomodulation have
all improved.® However, standard chemotherapy has a problem
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selectivity, folate receptor-mediated uptake, and less systemic toxicity than free 5-FU.

with drugs spreading throughout the body in a way that isn't
specific, which means that the therapeutic dose doesn't reach
cancer cells and normal tissues and organs are harmed.” This
lack of specificity can cause serious side effects like fatigue,
nausea, liver damage, and bone marrow suppression, which can
be dangerous for the patient.®* Chemotherapy treatments differ
in cost, malignancies, obscure attributes, and adverse effects.
These complexities are addressed by identifying alternate
therapy or medications.’

Scientists are developing advanced drug delivery systems
(DDS) selectively transport anticancer drugs directly breast
tumor sites, aiming to minimize systemic toxicity, improve
pharmacokinetics, enhance bioavailability, increase drug solu-
bility, overcome multidrug resistance, and deliver more active,
safer, and personalized therapies with significantly less side
effects.'” Nanotechnology, especially metal-organic frameworks
(MOFs), is a basic technology for developing efficient drug
delivery systems." MOFs are a relatively recent nanomaterial,
and offer exceptional advantages as pharmaceutical nano-
carriers due to their higher biocompatibility, higher surface
area and porosity for superior drug loading, and remarkable
structural flexibility that allows precise tuning of both the
framework and its internal pores for optimized encapsulation,
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stability, and controlled release.”” Organic ligands serve as
multifunctional linkers, coordinating with metal ions or clus-
ters to form highly ordered, crystalline porous structures ideal
for hosting and transporting therapeutic agents.*® Nickel-based
MOFs (Ni-MOFs) have developed as particularly capable candi-
dates in biomedical research, coordination chemistry of Ni(u)
ions to create biocompatible, stable, and porous frameworks
that can be engineered with diverse organic linkers to exhibit
pH-sensitive behavior remaining intact under physiological
conditions while undergoing controlled degradation or struc-
tural change in the acidic tumor microenvironment (pH 5.0).**
Ni-MOF offers distinct advantages over other metal-based MOFs
like Zn-, Fe-, and Zr-based systems, including superior
biocompatibility, high drug loading efficiency and pH-
responsive release in the acidic tumor microenvironment.
These features, along with its cost-effectiveness and simpler
synthesis, make Ni-MOF a promising candidate for targeted
breast cancer therapy. This pH-responsiveness enables two key
benefits for anticancer therapy: targeted and controlled drug
release at tumor sites with minimal premature leakage in
healthy tissues, and enhanced therapeutic efficacy through
improved drug accumulation, reduced off-target toxicity, and
markedly reduced off-target toxicity too standard treatments."

5-Fluorouracil (5-FU) has been used many years a chemo-
therapy agent for many types of solid tumors. These include
breast cancer, colon cancer and liver cancer.' 5-FU is a pyrimi-
dine analogue that largely inhibits thymidylate synthase,
blocking DNA and RNA synthesis and inducing apoptosis in
rapidly dividing cancer cells.”” 5-FU is wide-spread in clinical
practice, the limitations of this drug also exist (e.g., poor solu-
bility, rapid degradation, short plasma half-life, as well as lack
of selectivity for tumors), resulting in the necessity to admin-
ister 5-FU at high doses to achieve therapeutic levels and asso-
ciated increased incidence of systemic toxicity.'® Therefore, it is
possible to overcome many of the obstacles faced with 5-FU by
using MOF nanocarriers to encapsulate the drug. This would
allow for the controlled, localized and sustained release of 5-FU
at the tumor site, thus improving the efficacy of treatment and
reducing the risk of side effects associated with the adminis-
tration of high doses of 5-FU.™ To increase tumor selectivity of
the delivered, MOFs are modified by attaching biocompatible
(human-friendly) targeting ligands such as folic acid (FA) that
bind strongly to folate receptors (FRs).?° This receptor-mediated
endocytosis would allow for selective uptake of FA-
functionalized nanocarriers, enhancing drug delivery and
therapeutic efficacy at the tumor location.”® Drug delivery
system, comprised of Ni-MOF for the core structure along with
5-fluorouracil (5-FU), has properties are a stable, biocompatible
core structure with high surface area and functionalization of
the core structure with FA to enable targeting specific cells and
pH sensitivity of the Ni-MOF enabling time-dependent control
of drug release in acidic tumor microenvironments, therefore
enhancing bioavailability and reducing systemic toxicity asso-
ciated with 5-FU.*> The FA-Ni-MOF-5-FU drug-delivery system
ultimately enhances treatment efficacy via targeted and pH-
sensitive release of 5-FU, limiting systemic toxicity and
enhancing the pharmacokinetic properties of 5-FU. P. Raju et al.

20170 | RSC Adv, 2026, 16, 20169-20183

View Article Online

Paper

synthesized a FU@Eu-MOF nanocomposite with 22.15 wt%
loading capacity and drug release was limited to 15.4% at (pH =
7.4) but increased to 53.6% (pH = 6) and 85.3% (pH = 5).* J.-J.
Shen et al. developed a (Luteolin + Matrine) NH,-MIL-101(Fe)
@GO system with 9.8% and 14.1% drug loading efficiencies,
showing pH-sensitive release: 54.8% and 60.8% at 5 pH, and
17.8% and 58.3% at pH 7.4, respectively.>* Yang et al. designed
a MIL-100@Apa@MPN having drug-loading and encapsulation
efficiency of 28.33% and 85.01% respectively, whereas drug
release was limited to 42.31% at 7.4 pH increased to 73.72% at
acidic pH 5. A. Ahmed et al. designed a PEG-FA-NH,-Fe-BDC
for doxorubicin delivery with 97% encapsulation efficiency
and 14.5 wt% encapsulation capacity while the pH/US dual
responsive DOX release efficiency was 44.4% at pH = 7.4
increasing to 90% at pH = 5.3 with US, while 36% at pH = 7.4
increasing to 70.2% at pH = 5.3 without US.*

In this study, a folic acid-functionalized nickel-based metal-
organic framework (FA/Ni-MOF) was developed as a targeted
nanocarrier, successfully loaded with the anticancer drug 5-
fluorouracil (5-FU) for enhanced breast cancer therapy. This
medicine is highly targeted towards tumors because the FA
ligand attaches to folate receptors, which are overexpressed in
MDA-MB-231 breast cancer cells. In the acidic tumor environ-
ment, the biocompatible and porous Ni-MOF core facilitates
maximum drug loading and pH-responsive release. The FA/Ni-
MOF/5-FU system stands out due to its superior drug loading
efficiency (81.2%) and pH-responsive drug release, ensuring
targeted and controlled release in the acidic tumor microenvi-
ronment. The problems with non-specific toxicity and poor
pharmacokinetics in conventional 5-FU therapy are effectively
addressed by the FA/Ni-MOF/5-FU system, which allows for
controlled and receptor-mediated drug administration. The
results were shown to have a higher inhibitory effect on cancer
cells (83.51% inhibition, IC50: 18.5 + 0.4 pM) compared to
normal MCF-10A cells (86.54% viability, ICs5, > 40 pM),
according to the cytotoxicity study. On the other hand, free 5-FU
was more effective against normal MCF-10A cells (78.43%
viability, IC50 > 40 uM) and less effective against cancer cells
(71.23% inhibition, IC50: 24.4 + 0.6 uM). The functionalization
of FA significantly enhances the efficacy and selectivity of drug
delivery based on Ni-MOFs in the treatment of breast cancer.

2 Experimental section
2.1 Materials and methods

We purchased sulfonic acid (RSO;H, 98%, Sigma Aldrich),
Absolute ethanol (C,HsOH, 99.9% purity, Sigma Aldrich), N,N-
dimethylformamide (DMF) (C3H;NO, 99.8% purity, Sigma
Aldrich), Nickel chloride hexahydrate (Ni Cl,-6H,0 99%, Sigma
Aldrich), 2-isopropylaniline (CoH3N, 99%) 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) (CgH47N3 HCI, 98% purity, Sigma Aldrich), Phosphate
buffered saline (bio world, pH 7.4 and 5.0) and Deionized water
(H,0) are also used, with the water being lab-prepared. No
further purification was performed on any of these compounds
before their use.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reaction scheme of Ni-MOF.

2.2 Characterization

A Rigaku Ultima IV (Japan) diffractometer was used to perform
powder X-ray diffraction (PXRD) examination on the syn-
thesised Ni-MOF and its composites. The study used Cu Ko
radiation (A = 1.5406 A) across a 26 range of 10-70°. We used
a Nicolet-6700 spectrometer to capture the Fourier-transform
infrared (FTIR) spectra in the region of 500-4000 cm ‘. We
were able to identify the functional groups and verify the
successful coordination and drug loading of the nanoparticles
through this technique. A German Zeiss (ULTRA 55) scanning
electron microscope (SEM) and energy dispersive X-ray spec-
troscopy (EDX) were used to analyze the surface morphological
structure and its elemental composition, while a USA-Thermo
Fisher-Tecnai G2 F20 transmission electron microscope (TEM)
was used to capture detailed structural images. We used X-ray
photoelectron spectroscopy (XPS) on a USA-Thermo Fisher K-
Alpha equipment to look at the surface chemical composition
and oxidation states. A Malvern Panalytical-Zetasizer Pro (UK)
was used to assess the hydrodynamic particle size and zeta
potential at room temperature in an aqueous dispersion.
Finally, we used a Shimadzu UV-1800 spectrophotometer to do
UV-visible spectrophotometric tests to see how well the medi-
cine 5-FU loaded and released.

2.3 Fabrication of Ni-MOF

The Ni-based MOF was created by a hydrothermal process in an
autoclave lined with Teflon. After dissolving 20 mmol of nickel
chloride hexahydrate in 60 mL of DMF, 20 mmol of 2-iso-
propylaniline and 10 mmol of sulfonic acid were added. After
homogenization, the solution was heated in an autoclave at
160 °C for 16 hours. Precipitate was cooled to room
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Ni-MOF 5-Fluorouracil

Scheme 2 Reaction scheme of Ni-MOF/5-FU.
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temperature, then centrifuged to separate it. To eliminate any
unreacted residues, it was washed three times with DMF.
Finally, it dried at 70 °C to get Ni-MOF as shown in Scheme 1.

2.4 Fabrication of Ni-MOF/5-FU

To load 5-fluorouracil (5-FU) into the Ni-based MOF, 0.1 g of the
MOF and 0.1 g of 5-FU were mixed in 20 mL of deionized water
and sonicated for 30 minutes to make sure they were evenly
mixed. Afterwards, the mixture was put for 48 hours in a sealed
Teflon container in order to facilitate the inclusion into the
mixture of the compound being created. At the end of this
process, the solution was separated into its components using
centrifugation and the solvent evaporated off by drying under
ambient conditions as shown in Scheme 2. Measured the
difference between the initial drug concentration and the
residual concentration in the supernatant. This was then
divided by the total weight of the loaded drug.

The following equation is used to determine the loading
efficiency of the drug:

Mass of incapsulated drug
Mass of total drug added

x 100

Encapsulation efficiency(%) =

In which Ce, and Cj, represent the amount of encapsulated
5-FU over its input quantity during the process (mg).

2.5 Folic acid functionalization Ni-MOF
First, 25 mg of folic acid was dissolved in 25 mL of dimethyl

sulfoxide (DMSO) using sonication to ensure thorough mixing
to make the Ni-MOF functional. The next step was to activate
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the carboxyl groups of folic acid by adding 12 mg of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and stirring the
mixture for 24 hours in the dark. Then, 50 mg of Ni-MOF was
added to the reaction mixture in a continuous stirring while
pyridine was used to maintain the pH to around 8. Overnight, in
darkness, the mixture stirred. Then, it was washed twice with
DMSO and six times with deionized water to get unreacted
residues. The substance was dried to make the folic acid-
functionalized Ni-MOF (FA/Ni-MOF) as shown in Scheme 3.

2.6 Drug loaded FA/Ni-MOF

The procedure for incorporating 5-fluorouracil (5-FU) into the
folic acid-modified nickel metal-organic framework (FA/Ni-MOF)
consists of combining equal weights (0.1 g each) of both mate-
rials into 20 mL of deionized H,O and subjecting them to soni-
cation for 30 min to achieve completeness of mixing. To facilitate
diffusion of the drug throughout the MOF, the resulting mixture
was allowed to airtight Teflon container for a period of 36-48 h at
ambient temperature with stirring followed by removal of the
solution via centrifugation; the materials was dry naturally
forming 5-FU loaded on FA/Ni-MOF as shown in Scheme 4 and
synthesis scheme is given in Scheme 5.

2.7 Synthesis scheme

2.8 Drug delivery

Before the drugs were put inside the Ni-MOF nanocarriers, they
were heated in a vacuum at 100 °C for 24 hours to get any
enduring solvents and moisture from the pores. To load 5-
fluorouracil (5-FU), 100 mg of Ni-MOF was mixed with 30 mL of
a 5-FU solution (1000 ppm) and put on an orbital shaker at

A Hydrothermal
Y +@: +@ —

NiCl2.6H20  BSA 2-IPA
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room temperature for 48 hours. Using a centrifuge, we collected
the FA-functionalized 5-FU-loaded Ni-MOF (FA/Ni-MOF/5-FU),
washed it multiple times with deionized water, and dried it
under vacuum. We used the calibration curve of 5-FU in
deionized water (Amax = 266 nm) to get the drug loading capacity
(DLC) and drug loading efficiency (DLE) and then used the
following equations.”” The folic acid-loaded Ni MOF nano-
particles were stored at 4 °C in a dark, dry environment to
prevent degradation from light and moisture. During the
development process, the nanoparticles were transferred into
airtight containers to maintain stability. After synthesis and
drug loading, the final product was sealed in sterile vials under
inert gas conditions to further protect it from oxidation and
moisture. The packaging was designed to preserve the struc-
tural integrity and drug release profile, ensuring the system's
suitability for targeted cancer therapy.

weight of loaded 5 FU

DLE(wt%) =
(wiv%) intial weight of 5 FU

x 100 (1)

Amount of drug loaded 5 FU(mg)
Total weight of carrier(mg)

DLC(wt%) = x 100 (2)

2.9 Drug release

The pH-responsive release of 5-FU from the FA/Ni-MOF/5-FU
nanocarrier was evaluated under tumor microenvironment
(pH 5) and physiological (pH 7.4) conditions using phosphate-
buffered saline (PBS). In brief, dialysis membrane (3.5 kDa
MWCO) holding a tiny quantity of PBS was submerged in 60 mL
of PBS buffer at the required pH with 60 mg of FA/Ni-MOF/5-FU.
Stirring was used to keep the system at 37 °C. At regular inter-
vals, 1 mL of the release medium was removed and replaced

Ni-MOF/5-FU

FA/Ni-MOF

Scheme 5 Synthesis scheme of Ni-MOF, Ni-MOF/5-FU, FA/Ni-MOF, FA/Ni-MOF/5-FU.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with an equivalent amount of fresh PBS to keep the sink
conditions constant. A Shimadzu UV-1800 spectrophotometer
was used to measure the drug concentration that was released.
The measurement was taken at 266 nm. The cumulative release
(%) was then determined using the following equation:*®

. R
Drug release(cumulative%) = E’ x 100 (3)
r
where R, is the amount of 5-FU released at time ¢ and Ry is the
total amount of 5-FU loaded in the FA/Ni-MOF nanocarriers.

2.10 Cell culture

The MCF-10A normal breast epithelial cells and MDA-MB-231
human breast cancer cell line were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) and
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, and 2 mM r-gluta-
mine at 37 °C in a humidified atmosphere containing 5% CO,.

2.11 Cell cytotoxicity assay

The MTT test was used to evaluate the in vitro cytotoxicity of 5-
FU, Ni-MOF, Ni-MOF/5-FU, FA/Ni-MOF, and FA/Ni-MOF/5-FU.
In 96-well plates, MDA-MB-231 and MCF-10A cells were placed
at a density of 1 x 10" cells/well and left to incubate for 24
hours. Following that, new medium was added with different
concentrations of the test samples (7.81-500 puM) and the
mixture was cultured for 48 hours. Each well was then treated
with 10 uL of MTT reagent (12 mM) and left to incubate for 4
hours. Following the removal of the medium, 100 pL of DMSO
was introduced in order to dissolve the formazan crystals. The
PerkinElmer Enspire 2300 multimode plate reader was used to
measure the absorbance at 570 nm. A nonlinear regression
model in GraphPad Prism 8 was used to generate ICs, values,
and all tests were performed in triplicate.

2.12 Statistical analysis

The GraphPad Prism 8.0 statistical package was used for all the
analysis. The mean =+ standard deviation (SD) is used to display
the data. We used Kruskal-Wallis test and Dunn's multiple
comparison post hoc analysis to see if there was a statistically
significant difference between the groups. At p < 0.05, differ-
ences were deemed to be statistically significant. The significant
levels were signified as ****p < 0.0001, ***p =< 0.001, **p <
0.01, and *p =< 0.05.

3 Results and discussion

The X-ray diffraction (XRD) analysis successful synthesis and
high phase purity of the prepared catalysts. As illustrated in
Fig. 1a, the Ni-MOF exhibits distinct diffraction peaks at 26
values of 11.29°, 13.4°, 14.01°, 14.81°, 15.52°, 16.61°, 17.63°,
19.42°, 22.32°, 24.52°, 26.54°, 27.51°, 29.72°, 33.63°, 43.54°, and
45.32°, reflecting a well-ordered crystalline framework. The
addition of 5-Fluorouracil (5-FU) results in a loss of intensity for
some of the diffracted peaks in the spectra, indicating that the
drug has been successfully encapsulated within the metal-
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organic framework (MOF). The majority of the diffraction peaks
observed for bulk Ni-MOF remain unchanged in their position
and relative intensity after the addition of 5-FU, suggesting that
the primary crystalline structure of the MOF is preserved. When
folic acid (FA) is added to the MOF, new diffraction peaks
appear in the X-ray diffractogram at 26 = 9.7°,15.3°,22.8°,28.4°,
and 33.9°, indicating that the FA was successfully integrated
throughout the Ni-MOF lattice. Furthermore, after the incor-
poration of FA into the Ni-MOF/5-FU composite, the composite
exhibits unique diffraction peaks 26 = 9.8°,15.4°,22.9°,28.53°,
and 34.1°, which are slightly shifted from their respective
positions prior to addition of FA, thus indicating the presence of
structural changes in the MOFs lattice while maintaining phase
purity of the remaining constituents. The reduction in peak
intensity and positional shift suggests a strong interaction
between FA, 5-FU, and the Ni-MOF. Based on the average values
of crystallite size calculated from the Debye-Sherrer equation, it
was found that the average sizes were 71.35 nm for Ni-MOF and
decreased to 53.21 nm with the addition of 5-FU and finally to
37.42 nm upon the incorporation of FA. This indicates that the
incorporation of FA and drug encapsulation were effective in
reducing the size of the MOF particles and that the size reduc-
tion enhances the compactness and stability of the material.

D = KM@ cos 0 (4)

The value of g is defined as the full width at half maximum
(FWHA) for each diffraction peak where # is the angle of
diffraction and A is the X-ray wavelength. The addition of 5-FU
and FA alters the porosity and crystallinity of the Ni-MOF,
resulting in slower, more controlled drug release. These modi-
fications decrease crystallinity, enhance drug delivery and
gradual diffusion. The loss of peak intensity and slight shifts in
diffraction peaks confirm these structural changes.*

Ethanol is used as a solvent to react with folic acid (FA) form
a stable complex of FA and nickel metal-organic framework
(MOF). The FA/Ni-MOF complex has the ability to bind to the
chemotherapy drug 5-fluorouracil (5-FU), which results in
multifunctional materials known as FA/Ni-MOF/5-FU.

The FT-IR confirms the structural stability of Ni-MOF across
all samples. For Ni-MOF and Ni-MOF/5-FU, peaks include
3425 cm™' (O-H stretching), 3219 e¢m™' (aromatic C-H),*
2980 cm™' (N-H), 1618 cm ' (C=O from carboxylate),
1032 em ™" (C-0).%*2 The absence of ~1700-1730 cm™ ' peaks
indicate full ligand deprotonation. Identical spectra for Ni-MOF
and Ni-MOF/5-FU suggest physical encapsulation of 5-FU within
pores, with no significant chemical interaction or new peaks
from 5-FU. In FA/Ni-MOF, peaks shift slightly: 3380 cm*
(broadened O-H/N-H), 2889 cm™ "' (enhanced N-H), 1670 cm ™"
(C=0 influenced by FA carbonyls), 1341 cm ™' (C-N), 1009 cm "
(C-H/C-O related), and 583 cm ' (O-Ni-0).** These changes
confirm successful FA surface functionalization via coordina-
tion and hydrogen bonding, while preserving the MOF frame-
work. The FA/Ni-MOF/5-FU composite retains FA-modified
features with stable O-Ni-O, indicating intact structure, FA
targeting moiety on the surface, and encapsulated 5-FU. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(e) FTIR of Ni-MOF, Ni-MOF/5-FU, FA/Ni-MOF and FA/Ni-MOF/5-FU.

indicates formation of a stable, targeted drug delivery system
with physical drug loading and effective FA conjugation.

The FA/Ni-MOF/5-FU composite exhibits a zeta potential of
—25.37 mV (Fig. 2a) signifies good colloidal stability, as values
beyond +25 mV typically indicate sufficient electrostatic
repulsion between particles. Conductivity (0.692 mS cm™ )
supports stable dispersion in the medium. The Z-average
particle size of 162.6 nm (Fig. 2b) with a low polydispersity index

(PDI = 0.2151), indicating a narrow and uniform particle size
distribution. The Di (50) value of 179.5 nm confirms that most
particles fall within the nanoscale range, while the Di (90) of
300.7 nm suggests the presence of a few larger aggregates.®*
These results demonstrate that FA and 5-FU incorporation into
the Ni-MOF framework successfully produces stable, nanosized
particles ideal for sustained and controlled drug delivery
applications.
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The signal of XPS spectra will commonly appear as atom-
specific peaks, which can be deconvoluted in sub-peaks corre-
sponding to the diverse atom-specific linkages involved in the
chemical structure. Usually, the C-1s orbital is taken as the
central peak and lignin polymers, located at the binding energy
of 286.4 eV (Fig. 2c). The C-1s peak can be deconvoluted into
several peaks corresponding to the main linkages of lignin and
starch, such as C-C, C-O, O-C-O/C=0.* The region of interest
of the deconvoluted peaks is positioned at 284.9-284.5, 286.4—
286.0, and 287.8 eV, for C-C, O-C-O/C-0, C=0 respectively. N-1s
peak showed four components (Fig. 2d), while the weak
intensity N 1s peak showed the presence of only three compo-
nents (Fig. 2d). In line with the literature, the components at
~400 eV are assigned to neutral nitrogen in the MOF structure (-
N-H structures), whereas the components shifted to the higher
binding energies are most likely related to the positively charged
nitrogen of polaron (-N-H") and bipolaron (=N-H") species. The
component with the lowest binding energy, at 397.9 eV, corre-
sponds to imine (=N-) structure.*® The peaks of O-1s (531.6,
532.6, and 533.2 eV) shown in (Fig. 2e) can be attributed to the
C=0, C-0, and -OH groups in lignin. In (Fig. 2f), the position of
-SH was red-shifted after adsorption, which may be a piece of
solid evidence for the involvement of -SH in the adsorption.
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Positions of S-2p>? binding energy compared to the positions of
S-2p, indicating that -SH. In addition, the peak near 170.5 eV
indicates that sulfur oxides are also involved in the adsorption
process.”” The F-1s spectra were also obtained to confirm the
presence fluorine of 5-FU (Fig. 2g). There were two fitted peaks:
685.6 and 686.9 eV for CF (semi-ionic and covalent) of 5-FU. As
shown in (Fig. 2h), Ni** and Ni*" were completely characterized
via the Ni-2p emission spectrum, exhibiting two shake-up satel-
lites. The fitting peaks at 855.9 eV and 874.1 eV correspond to
Ni**, whereas the peaks at 862.1 eV and 879.7 eV are ascribed to
Ni**.® Fig. 2i presents the XPS survey spectrum, showing the
characteristic peaks for carbon (C), nitrogen (N), oxygen (O),
nickel (Ni), fluorine (F) and sulfur (S), with distinct binding
energies confirming the successful incorporation of each
element into the FA/Ni-MOF/5-FU.

The HRTEM images (Fig. 3a-c) of the FA/Ni-MOF/5-FU
composite reveal a well-defined nanostructured morphology
with uniformly distributed particles, indicating a homogeneous
framework. Fig. 3b displays clear lattice edges with a measured
interplanar spacing of 0.368 nm, confirming the high crystallinity
of the material and the preservation of the MOF structure after
drug and ligand incorporation. SAED pattern (Fig. 3c) indicates
that the composite has a polycrystalline structure and good order.

(d)

4 5 6 10
Energy (keV)

Fig.3 HRTEM images of FA/Ni-MOF/5-FU (a) at 100 nm (b) at 5 nm and its d-spacing (c) SAED pattern at 5-1 nm (d) surface profile graph of
FA/Ni-MOF/5-FU (e—j) elemental mapping of FA/Ni-MOF/5-FU (k) EDX spectra of FA/Ni-MOF/5-FU.
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The lattice ‘finger’ images (Fig. 3d) have the same spacing as that
of the crystalline framework seen using HRTEM. Element
distribution images (Fig. 3e-j) indicate homogeneous element
distribution throughout the whole structure, demonstrating that
FA and 5-FU were successfully integrated into the Ni-MOF
framework. The presence of C, N, O, S and Ni in the EDX spec-
trum (Fig. 3k) indicates that the FA/Ni-MOF/5-FU composite is
made up of these elements. C, N, O and S represent the organic
linkers with FA attached; F represents 5-FU encapsulated in the
composite; and Ni represents the metal nodes of the MOF
structure. Due to their good crystallinity, uniform distribution of

View Article Online
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elements, and strong structural integrity, the FA/Ni-MOF/5-FU
nanocomposite can be considered an excellent candidate for
stable and effective drug delivery systems.

Fig. 4a-d demonstrate the changes in morphology and drug
content after incorporating 5-FU and FA into Ni-MOF. The
pristine Ni-MOF (Fig. 4a) shows a crystalline structure, while 5-
FU loading (Fig. 4b) introduces more porosity and increased
density. The addition of FA (Fig. 4c) further enhances the
surface density through interfacial bonding, creating a more
porous structure in the FA/Ni-MOF/5-FU composite (Fig. 4d),
which allows for better drug diffusion. The particle size
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Fig.4 SEM images of (a) Ni-MOF (b) Ni-MOF/5-FU (c) FA/Ni-MOF (d) FA/Ni-MOF/5-FU, histogram and surface plot of (e) Ni-MOF (f) Ni-MOF/5-

FU (g) FA/Ni-MOF (h) FA/Ni-MOF/5-FU.
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distribution (Fig. 4e-h) reveals an increase in average particle
size from 43.2 nm for Ni-MOF to 58.9 nm for FA/Ni-MOF/5-FU,
indicating greater functionalization and drug loading. These
structural changes improve the material's biocompatibility and
promote sustained drug release, making Ni-MOF more effective
for drug delivery.

3.1 Drug loading and drug release

UV-Visible (Fig. 5a) spectral analysis of FA/Ni-MOF/5-FU confirms
that FA has been properly entrapped into the MOF matrix. The
characteristic absorbance peaks of FA at the wavelengths between
260-270 nm were found to be less intense in the spectra of FA/Ni-
MOF/5-FU relative to that of FA, that there are strong interactions
between FA and the MOF material. The reduced sharpness of
these absorbance peaks suggests that FA molecules are success-
fully encapsulated within the 3-dimensional Ni-MOF porous
structure rather than remaining as free entities in solution. The
differences in peak intensities and position are attributed to the
presence of coordination bond formations between 5-FU mole-
cules and the Ni** atom centers and 5-FU oxygen and nitrogen
atoms, as well as hydrogen bonding and electrostatic attraction
between FA and 5-FU due to the folic acid (-COOH, -OH) func-
tional groups.* The presence of folic acid aids in providing
additional interaction sites for stronger drug binding due to the
larger number of bond formations and hydrogen bond
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(a) UV-Visible spectroscopy of 5-Fluorouracil (5-FU), Ni-MOF/5-FU, and FA/Ni-MOF/5-FU (b) encapsulation efficiency of Ni-MOF/5-FU

interactions between FA and 5-FU molecules, leading to stabi-
lized of the 5-FU molecule within the Ni-MOF porous material.
The encapsulation efficiency (EE%) of FA/Ni-MOF/5-FU was
81.2% (Fig. 5b), which represents an increase in EE% compared
to the Ni-MOF/5-FU composite (71.8%), further validating the
synergistic benefits of folic acid aiding in drug loading
enhancement due to the development of a robust Ni-O/N coor-
dination network between 5-FU and the Ni** center and multiple
hydrogen-bonded networks between FA and 5-FU molecules.*
Due to its improved packaging stability and effectiveness, the FA/
Ni-MOF/FU system is ideal for use as a continuous form of a drug
delivery system with structural integrity, as well as for its
biocompatible surface properties. Ni was chosen for its biocom-
patibility, stability, and ability to form pH-responsive, porous
structures for controlled drug release. Folic acid functionaliza-
tion minimizes nickel ion leakage, and stability studies in PBS
(pH 7.4) showed that Ni-MOF remains intact.

Fig. 6a shows the pH-responsive drug release profile of FA/
Ni-MOF/5-FU as well as the difference in release behaviour for
acidic condition (pH = 5.0) and physiological (pH = 7.4) envi-
ronments indicating the ability of FA/Ni-MOF/5-FU system to
preferentially target tumors. FA/Ni-MOF/5-FU at pH = 5 (the
simulated acidic environment of the tumor) has a much higher
release (71.7%) over a period of time 180 h then FA/Ni-MOF/5-
FU at pH = 7.4 (31%). In addition, the pH responsive release

(b)

FA/Ni-MOF/5-FU

Ni-MOF/5-FU

(a) Cumulative release of 5-fluorouracil (5-FU), FA/Ni-MOF/5-FU & Ni-MOF/5-FU at pH 7.4 and 5 (b) percentage release of FA/Ni-MOF/5-
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behaviour of the FA/Ni-MOF/5-FU system is due to a combina-
tion of two mechanisms - (1) the complete/partial protonation
of the folate group functional groups COOH and NH, in the
folic acid and (2) the disruption of the co-ordination bond
between Ni** and 5-FU due to an acid environment results in
a controlled drug release.** Without the FA coating, the drug
release from a Ni-MOF/5-FU is significantly lower at 47.8% and
27.3% at pH = 5.0 and pH = 7.4 respectively indicating that FA
an important role in increasing the pH sensitivity/release effi-
ciency. Fig. 6b demonstrates the influence of FA by function-
alization has increased the release of FA/Ni-MOF/5-FU at pH =
5.0 while simultaneously protecting against uncontrolled
premature leakage of drug from Ni-MOF(5-FU) at physiological
pH (7.4). The findings support that FA/Ni-MOF/5-FU is an
effective pH-sensitive and tumor-targeted delivery vehicle to
deliver high therapeutic amounts of 5-FU at the cancer site
while preventing instability and decreasing the side effects of 5-
FU due to accumulation.

3.2 Mechanism of drug release

Scheme 6 depicts the FA/Ni-MOF/5-FU nanocarrier's mecha-
nism for delivering drugs to specific cancer cells using folic acid
(FA) as a targeting agent and responding to changes in pH. After
being injected, the nanocarrier is taken up by the tumor cells via
a receptor-mediated endocytosis process that relies on folate
receptors (FR-o) that are at high levels on tumor types (breast
tumor). Because the FR-o. receptors are present in high
concentrations on the surface of cancer cells and therefore bind
to FA, exploited this interaction to improve the uptake and
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retention of the nanocarrier at the tumor site. Under physio-
logical conditions (pH = 7.4), the Ni-MOF is stable because of
the strong Ni-O coordination bonds, which prevents the
premature leakage of drug (31%) after 180 hours. In the lower
(more acidic) pH environment of the tumor (pH = 5.0), the
carboxylate groups of the linkers become protonated, and the
strength of Ni-O bonds are decreased, thus leading to the
controlled breakdown of the MOF structure and the subsequent
controlled release of 5-fluorouracil (5-FU) from the nanocarrier.
5-FU is then able to diffuse into the cytoplasm and nucleus of
the tumor cells, where it disrupts DNA and RNA synthesis and
ultimately cause the cancer cells to undergo apoptosis. The
combination of FA-mediated active targeting and pH-sensitive
release of the drug contribute to the nanocarrier's high thera-
peutic efficiency and reduced “off-target” toxicity and prefer-
ential drug accumulation within the tumor tissue, establishing
the FA/Ni-MOF/5-FU nanocarrier as a novel, effective, and good
platform for targeted cancer therapy.*

3.3 In Vitro cytotoxicity study

The anticancer efficacy and biocompatibility of free 5-fluoro-
uracil (5-FU), Ni-MOF, Ni-MOF/5-FU and FA/Ni-MOF/5-FU were
evaluated using the MTT assay against MDA-MB-231 human
breast cancer cells and MCF-10A normal breast epithelial cells
after 24 hours of incubation at 37 °C in a 5% CO, atmosphere
(Fig. 7). As presented in Table 1, the free 5-FU drug exhibited
substantial cytotoxicity toward MDA-MB-231 cells, achieving
71.23% inhibition at 40 uM (IC5, = 24.4 + 0.6 uM), but it also
showed significant toxicity toward normal MCF-10A cells, with
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Scheme 6 Mechanism scheme for the targeted drug delivery.
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Fig. 7 In vitro cell viability of MDA-MB-231 (breast cancer cells) and
MCF-10A cells after 24 h incubation at 37 °C in 5% CO, with 5-fluo-
rouracil (5-FU), FA/Ni-MOF/5-FU, Ni-MOF/5-FU and Ni-MOF at
a concentration of 40 puM.

78.43% viability inhibition (ICs, > 40 uM), indicating a lack of
tumor selectivity. FA/Ni-MOF/5-FU nanocomposite shows the
highest anticancer activity, reaching 83.51% inhibition against
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MDA-MB-231 cells (ICs5o = 18.5 £ 0.4 uM), while maintaining
86.54% viability in MCF-10A cells (only 16.34% inhibition, ICs,
> 40 puM). This difference demonstrates that folic acid func-
tionalization enhances the targeted uptake of the nanocarrier
through folate receptor (FR-a)-mediated endocytosis, which is
overexpressed on breast cancer cells, resulting in higher intra-
cellular accumulation and enhanced cytotoxicity in tumor
tissue while sparing normal cells.** Ni-MOF exhibited moderate
anticancer activity (58.91% inhibition, IC5, = 37.8 £ 0.5 pM)
and high cell viability in normal cells (88.32%), confirming its
biocompatibility and intrinsic structural safety. The progressive
enhancement in cytotoxic performance from Ni-MOF — 5-FU
— FA/Ni-MOF/5-FU highlights the synergistic effect of drug
encapsulation and FA surface modification, which improve
cellular selectivity, sustained drug release, and reduced off-
target toxicity. The lower ICs, for FA/Ni-MOF/5-FU in cancer
cells indicates higher cytotoxicity specifically toward tumor
cells, not normal cells, due to the targeted delivery via folate
receptor-mediated endocytosis. In normal cells, FA/Ni-MOF/5-
FU shows much less toxicity, which demonstrates improved
selectivity and reduced systemic toxicity. The ICs, values for
normal cells (MCF-10A) remain high, supporting the claim of
enhanced biocompatibility and tumor-selective cytotoxicity.
The dose response behavior and ICs, values convincingly
establish FA/Ni-MOF/5-FU as a promising tumor-specific and

Table 1 Cytotoxicity results of MDA-MB-231 (breast cancer cell) and MCF-10A cell line at 40 uM

MDA-MB-231 MCF-10A

Compounds Conc (MM) % Cell viability ~ % Inhibition  IC 5o values % Cell viability =~ % Inhibition IC 5, values
Normal (control) — 100 0 — 100 0 —
5-Fluorouracil 5-FU (standard) 40 27.89"" 71.23"" 24.4 £ 0.6 78.43" 22.42" >40
FA/Ni-MOF/5-FU 40 22.37""" 83.51""" 18.5 + 0.4 86.54" 16.34" >40
Ni-MOF/5-FU 40 24,717 75.32""" 23.6 + 0.4 80.88" 17.54" >40
Ni-MOF 40 39.53"" 58.91""" 37.8 £ 0.5 88.32" 13.63" >40

The data is indicated as % viability and % inhibition at 40 uM for each compound. n = 3, one way ANOVA, compared to normal control group (*p
< 0.05, ***p < 0.001). The respective ICs, values for each compound in both cell lines are given.

Table 2 Comparison table of previous literature

Drug Drug

Sr  Compounds loading Capacity (%)  Stimulus release (%) Time (h) Cancer Cells Cancer type Ref.

1 Fe;0,@MOF-DOX-CDs-Apt 62 pH 47.3 96 MDA-MB-231  Breast cancer 44

2 ZIF-8@LTZ@CS-FA 85.5 £ 2.3 pH 75 120 MCF-7 Breast cancer 45

3 FA-NH,-UiO-66@5-FU 30.26 wt% pH 62 48 HelLa cells Cervical cancer 46

4 Co-MOF@5-FU 27 £ 3 wt% pH 75 120 EOMA Vascular tumor 47
hemangioma
cells

5 5-FU@FeMn-MIL-88B 43.8 wt% pH 70 24 HEK293T Human embryonic 48

kidney cells

6 5-FU@MOF-808-15%/PDA 56.82 pH 60.2 24 MCF-7 Breast cancer 49

7 5-FU@CS/Zn-MOF@GO 45 pH 41.5 72 MDA-MB-231  Breast cancer 50

8 FC-(Ni/Ta) MOF-DOX 81 pH 51 72 MCF-7 Breast cancer 51

9 5-FU@(FeCo)bi-MIL-88B-FC  29.8 pH 58 48 SW480 Colon cancer 52

10 FA/Ni-MOF/5-FU 81.2 pH 71.7 80 MDA-MB-231  Breast cancer This

Work
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safer nanocarrier system for targeted breast cancer therapy. The
ICs50 > 40 puM for free 5-FU in normal cells, coupled with 78.43%
viability, indicates that while 5-FU exhibits significant cytotox-
icity in cancer cells, the drug is less selective for normal cells. At
higher concentrations, the normal cells show some resistance
mechanisms, preventing complete cell death. The importance
of highlighted targeted delivery systems like FA/Ni-MOF/5-FU,
which improves drug selectivity and minimizes off-target
effects. Also literature are added into the Table 2.

Both % inhibition and IC;, values were calculated from the
same dose-response curve generated using the MTT cytotoxicity
assay. The inhibition percentages were determined at different
concentrations, and the ICs, was derived by fitting the dose-
response data to a nonlinear regression model to determine the
concentration at which 50% of cell viability was inhibited.

The FA/Ni-MOF/5-FU nanocarrier exhibited enhanced selec-
tivity toward MDA-MB-231 breast cancer cells compared with
normal MCF-10A breast epithelial cells. This selectivity can be
attributed to folate receptor-mediated uptake and the
biocompatible Ni-MOF core, which provides a stable, porous
structure for drug loading and controlled release. FA function-
alization improves targeting, while the Ni-MOF's porous struc-
ture ensures efficient drug delivery to cancer cells. The MTT
cytotoxicity assay further confirmed the selective cytotoxicity,
indicating that the Ni-MOF platform not only supports stability
and targeted drug delivery but also contributes to reduced
systemic toxicity and improved biosafety of the nanocarrier
system.

4 Conclusion

The FA/Ni-MOF/5-FU nanoplatform demonstrated remarkable
potential in enhancing 5-fluorouracil delivery for targeted
breast cancer therapy. The incorporation of folic acid (FA)
modification with nickel-based metal-organic frameworks (Ni-
MOF) enabled efficient folate receptor-mediated targeting of
MDA-MB-231 breast cancer cells, leading to significantly
improved anticancer efficacy. Cytotoxicity assays revealed that
FA/Ni-MOF/5-FU achieved 83.51% inhibition in MDA-MB-231
cells at 40 uM (ICso = 18.5 £+ 0.4 uM), outperforming free 5-
fluorouracil (71.23% inhibition, IC5, = 24.4 + 0.6 uM) and
unmodified Ni-MOF/5-FU (75.32% inhibition, IC5, = 23.6 & 0.4
uM). FA/Ni-MOF/5-FU nanoplatform exhibited enhanced
biocompatibility, showing high viability in normal MCF-10A
breast epithelial cells (86.54% viability, IC5, = 16.34 uM)
compared to free 5-FU (78.43% viability, IC5, = 22.42 pM). The
uncoated Ni-MOF displayed minimal cytotoxicity toward both
cancer and normal cells, confirming it's better for health. These
findings underscore the superior tumor selectivity, pH-
responsive release behavior, and reduced systemic toxicity of
the FA/Ni-MOF/5-FU nanoplatform, positioning it as a prom-
ising and safer alternative to conventional 5-fluorouracil
chemotherapy for breast cancer treatment. This study high-
lights an innovative folic acid-mediated nanocarrier system that
offers a more effective and targeted approach for overcoming
the limitations of traditional chemotherapy, way for improved
therapeutic precision and patient outcomes.

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