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modified Fe-based metal–organic
framework loaded with cisplatin for targeted lung
cancer therapy

Ammar Saleem, a Komal Zaman Khan,a Eman Fayad,b Aurang Zaib,a

Ghazanfar Abbas,a Dalal Nasser Binjawhar,c Ali Junaid,d

Muhammad Naeem Ashiq, d Zahid Shafiq *d and Hua Li Qin *a

Lung cancer is still the most common cause of cancer fatalities around the world. To address these issues,

we fabricated a cisplatin-containing hyaluronic acid-modified Fe-MOF that was designed to release drugs

in response to changes in pH and actively target lung cancer cells. The incorporation of HA, which

specifically binds to CD44 receptors that are overexpressed on the surface of lung cancer cells,

improves cellular uptake and therapeutic effectiveness. The pH-dependent behavior is confirmed by in

vitro drug release experiments, demonstrating little cisplatin release at physiological pH and enhanced

release within the acidic tumor microenvironment. Cytotoxicity studies showed that HA/Fe-MOF/CP is

more effective against A549 lung cancer cells than free cisplatin (82.72% inhibition at 50 mM and IC50 =

17.3 ± 0.5 mM). HA/Fe-MOF/CP showed less toxicity to normal BEAS-2B cells (85.34% viability and IC50 >

40 mM), while free cisplatin showed more toxicity to BEAS-2B cells (23.16% inhibition and IC50 > 40 mM).

The uncoated Fe-MOF/CP inhibited A549 cells by 76.42% (IC50 = 22.4 ± 0.3 mM), which indicates

a moderate level of effectiveness. Fe-MOF has been altered a significant effect on cancer cells (60.41%

inhibition and IC50 = 35.6 ± 0.5 mM) and worked well with BEAS-2B cells (89.31% viability).
1. Introduction

Cancer is still one of the most signicant health problems
globally, killing millions of people every year.1 Lung cancer is
among the most prevalent and deadly cancers and a leading
cause of death worldwide.2 Smoking is the primary cause of
cancer fatalities in the US, accounting for around 85% of all
lung cancer cases.3 Lung cancer cases have been increasing
signicantly, and estimations indicate that the number of lung
cancer deaths will continue to rise until 2030.4 The prognosis
for lung cancer is poor; in the advanced stages of the disease,
the ve-year survival rate remains below 20%.5 Chemotherapy
has been a key part of treatment, and it is oen used with
surgery and radiation therapy.6 However, systemic toxicity, poor
pharmacokinetics, multidrug resistance, and insufficient
tumour targeting hinder the development of therapies that
improve long-term survival.7 Chemotherapy cannot
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differentiate between healthy and cancerous cells in advanced-
stage lung cancer, which is why these problems are difficult to
address.8 Bone marrow suppression, liver and kidney damage,
nausea, and fatigue are some of the serious side effects that may
arise from such failures.9

To address these challenges, recent improvements in drug
delivery systems (DDS) have focused on making therapeutic
agents more bioavailable, more specic to their targets, and
easier to control when they are released.10 Metal–organic
frameworks (MOFs) and other nanocarriers have become
promising platforms for the prolonged and regulated admin-
istration of drugs due to their unique advantages, including
biodegradability, large surface area, and adjustable pore size.11

Iron based MOFs (Fe-MOFs) that are safe for the body and work
well with living organisms, like have shown a lot of promise for
delivering drugs, especially for treating cancer.12 Iron-based
MOFs (Fe-MOFs) are great for targeted cancer therapy because
they can load extensive amounts of chemotherapy drugs and
remain stable under both aqueous conditions and in organic
solvents.13 Adding different targeting ligands to these materials
can render them more specic to cancer cells.14

We are working on a new system for targeted drug delivery
called HA/Fe-MOF/CP. This system treats lung cancer with an
Fe-MOF that has been modied with hyaluronic acid (HA) and
lled with cisplatin (CP). Hyaluronic acid (HA) is a naturally
occurring anionic polysaccharide composed of repeating
© 2026 The Author(s). Published by the Royal Society of Chemistry
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disaccharide units of D-glucuronic acid and N-acetyl-D-glucos-
amine linked via alternating b(1/3) and b(1/4) glycosidic
bonds. Owing to its biocompatibility and ability to specically
bind CD44 receptors that are overexpressed on lung cancer cell
surfaces, HA plays a crucial role within the tumor microenvi-
ronment (TME).15,16 In this study, HA was utilized to function-
alize iron-based metal–organic frameworks (Fe-MOFs) to
enhance tumor selectivity and promote receptor-mediated
cellular uptake. The HA used (Mw z 120 kDa, intrinsic
viscosity 3.8 dL g−1, as determined by gel permeation chroma-
tography and Ubbelohde viscometry) also improved the hydro-
philicity and colloidal stability of the Fe-MOF.17 This
modication enabled controlled, pH-responsive release of
cisplatin (CP) in the acidic TME, thereby enhancing therapeutic
efficacy while minimizing systemic toxicity.18 Numerous
systems have been developed for targeted drug delivery using
metal–organic frameworks (MOFs), including those modied
with hyaluronic acid (HA) to target CD44 receptors. While many
of these systems utilize MOFs for drug encapsulation, our work
stands out by integrating multiple features into a single nano-
platform. Specically, we have designed a system that combines
pH-responsive drug release, HA-mediated CD44 targeting, and
enhanced biocompatibility, which results in reduced off-target
toxicity and improved tumor-specic drug delivery.

The most commonly used drug for lung cancer treatment is
cisplatin, which works by attaching to the DNA of cancer cells,
reducing growth and killing cells.19,20 But its clinical efficacy is
constrained by systemic toxicity, inadequate solubility, and
a lack of selective targeting of cancer cells.21 To overcome these
problems and make treatment more accurate, we modied
cisplatin in HA-functionalized Fe-MOFs. The pH-sensitive
properties of Fe-MOFs enable controlled release of cisplatin in
the acidic tumor microenvironment, thereby improving thera-
peutic efficacy and minimizing the adverse effects associated
with conventional chemotherapy.22 J.-J. Shen et al. developed
a (Luteolin + Matrine) NH2-MIL-101(Fe)@GO system with 9.8%
and 14.1% drug loading efficiencies, showing pH-sensitive
release: 54.8% and 60.8% at pH 5, and 17.8% and 58.3% at
pH 7.4, respectively.23 P. Raju et al. synthesized a FU@Eu-MOF
nanocomposite with 22.15 wt% loading capacity, from which
drug release was limited to 15.4% at pH 7.4 but increased to
53.6% (pH 6) and 85.3% (pH 5).24 A. Ahmed et al. designed
a PEG-FA-NH2-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, and 36%
at pH 7.4, increasing to 70.2% at pH 5.3 without US.25 Yang et al.
designed a MIL-100@Apa@MPN with a drug-loading and
encapsulation efficiency of 28.33% and 85.01%, respectively,
from which drug release was limited to 42.31% at pH 7.4 and
increased to 73.72% at acidic pH 5.26

This study reports the design and synthesis of a hyaluronic
acid-functionalized iron-based metal–organic framework
loaded with cisplatin (HA/Fe-MOF/CP) for targeted lung cancer
therapy. The novelty of this study lies in the optimized combi-
nation of CD44-targeting, pH-responsive drug release, and
selective cytotoxicity toward lung cancer cells. The hypothesis of
© 2026 The Author(s). Published by the Royal Society of Chemistry
this work is that HA modication of Fe-MOF enhances tumor-
specic targeting and pH-responsive release of cisplatin,
thereby improving its antitumor efficacy while minimizing
systemic toxicity. Hyaluronic acid (HA), a naturally occurring
polysaccharide with a high affinity for CD44 receptors overex-
pressed on lung cancer cells, was employed to confer selective
targeting and improved biocompatibility. The Fe-MOF core
serves as a stable and efficient nanocarrier, while HA func-
tionalization increases hydrophilicity and bioavailability,
enabling controlled, pH-sensitive drug release within the tumor
microenvironment. HA/Fe-MOF/CP effectively mitigates the
limitations of free cisplatin, including poor pharmacokinetics,
high systemic toxicity, and non-specic biodistribution, by
facilitating tumor-selective accumulation. In vitro cytotoxicity
assays demonstrated that HA/Fe-MOF/CP exhibited markedly
lower toxicity toward BEAS-2B normal lung epithelial cells
(17.23% inhibition; 85.34% viability; IC50 > 40 mM) while
maintaining potent anticancer activity against A549 lung cancer
cells (82.72% inhibition; IC50 = 17.3 ± 0.5 mM). In contrast, free
cisplatin caused higher toxicity to BEAS-2B cells (23.16% inhi-
bition; 76.23% viability; IC50 > 40 mM). HA/Fe-MOF/CP is thus
a promising nanoplatform for the safe and efficient delivery of
cisplatin, offering enhanced tumor selectivity, controlled
release, and reduced off-target toxicity for lung cancer
treatment.
2. Experimental section
2.1 Materials and methods

Ferric chloride hexahydrate (FeCl3$6H2O, 98%), hyaluronic acid
((C14H21NO11)n, 85%), benzene-1,3,5-tricarboxylic acid (BTC,
95%), parabenzoquinone (C6H4O2, 99%), and absolute ethanol
were purchased from Sigma Aldrich. Hyaluronic acid (sodium
hyaluronate; (C14H20NO11Na)n, CAS no. 9067-32-7), with
a molecular weight of 1.0–1.8 MDa and purity $98%, was ob-
tained from Sigma Aldrich. These chemicals were all utilized as
received, without additional purication.
2.2 Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on
a Panalytical Empyrean diffractometer (Malvern Panalytical,
Spectris Plc, England) using BBHD Cu-Ka radiation (l = 1.5406
Å). Samples were ground into ne powder, placed on a glass
sample holder, and scanned in the 2q range of 5° to 80° with
a step size of 0.01° and a scanning speed of 10° min−1 at 40 kV
and 40 mA. Fourier-transform infrared (FTIR) spectra were
recorded on a Thermo Fisher Scientic NICOLET iS50 spec-
trometer (Thermo Fisher Scientic, Waltham, MA, USA) in
attenuated total reectance (ATR) mode over the wavenumber
range of 400–4000 cm−1 with a resolution of 4 cm−1 and 64
scans. Sample preparation for solid powder: 1 mg of the sample
and 100 mg of potassium bromide were mixed thoroughly and
ground into a powder. A tablet press was then used to compress
the powder into a transparent tablet for testing. The surface
morphology of the samples was examined using eld-emission
scanning electron microscopy (FE-SEM) on a Carl Zeiss ULTRA
RSC Adv., 2026, 16, 24838–24851 | 24839

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00754f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 4
:0

2:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
55 (Carl Zeiss AG, Oberkochen, Germany). The surface
morphology and elemental composition of the samples were
examined using eld-emission scanning electron microscopy
(FE-SEM) on a ZEISS Sigma 300 (Carl Zeiss AG, Oberkochen,
Germany), equipped with an energy-dispersive X-ray spectrom-
eter (EDX, Oxford Instruments, Abingdon, UK). Powder samples
were dispersed on carbon tape mounted on aluminum stubs
and sputter-coated with gold for 60 s prior to imaging at an
accelerating voltage of 5–15 kV. High-resolution transmission
electron microscopy (HR-TEM) images were obtained using
a JEOL JEM-F200 microscope (JEOL Ltd, Tokyo, Japan) operated
at 200 kV. Samples were dispersed in water by sonication for
10 min, and a drop of the suspension was placed on a carbon-
coated copper grid and air-dried at room temperature before
analysis. X-ray photoelectron spectroscopy (XPS) was carried out
using a Thermo Fisher Scientic K-Alpha spectrometer (Thermo
Fisher Scientic, Waltham, MA, USA) with monochromatic Al-
Ka radiation (1486.6 eV). Survey and high-resolution spectra
were collected at a pass energy of 50 eV. Powder samples were
pressed onto indium foil for analysis, and charge neutralization
was applied. Zeta potential measurements were performed on
a Malvern Panalytical Zetasizer Nano S90 (Malvern Panalytical
Ltd, Malvern, UK). Samples were dispersed in deionized water
(concentration ∼0.1 mg mL−1), sonicated for 5 min, and
measured at 25 °C using disposable folded capillary cells. Three
measurements were averaged for each sample. UV-Vis absorp-
tion spectra for drug loading, release, and TMB oxidation
studies were acquired using a Shimadzu UV-1800 spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan) in the wave-
length range of 200–800 nm using quartz cuvettes with a path
length of 1 cm. Samples were appropriately diluted in the
Scheme 1 Reaction scheme for the synthesis of Fe-MOF.

Scheme 2 Reaction scheme for the loading of Fe-MOF/CP.

24840 | RSC Adv., 2026, 16, 24838–24851
respective medium, and baseline correction was performed
with the blank medium.
2.3 Synthesis of Fe-MOF

FeCl3$6H2O (20 mmol) and 1,3,5-benzene tricarboxylic acid
(BTC) (20 mmol) were dissolved in 70 mL of ethanol (C2H5OH)
to create Fe (BTC) MOF. Parabenzoquinone (10 mmol) was then
added and the mixture was stirred for 30 minutes to ensure
a homogeneous solution. The resulting solution was then
transferred to a 100 mL stainless-steel autoclave lined with
Teon and heated at 120 °C for 24 hours. Aer the reaction
period, the mixture was allowed to cool to room temperature.
The solid product was ltered, and the precipitate was collected.
The product was then washed with 3 × 20 mL of ethanol and
dried for 12 hours at 60 °C in a vacuum oven. The samples
collected aer drying were designated as Fe-MOF (Scheme 1).
2.4 Synthesis of Fe-MOF/cisplatin (CP)

Cisplatin loading into the Fe-based MOF was carried out by
immersing 0.1 g of Fe-MOF and 0.1 g of cisplatin in 20 mL of
deionized water, followed by sonication for 30 minutes. The
mixture was then stirred in a tightly sealed Teon container for
36–48 hours. Aerward, the solution was centrifuged to remove
the solvent, and the resulting product was air-dried (Scheme 2).

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

Encapsulation efficiency ð%Þ ¼ Mass of incapsulated drug

Mass of total drug added

� 100
© 2026 The Author(s). Published by the Royal Society of Chemistry
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where Cen and Cin represent the amount of encapsulated
cisplatin over its input quantity, respectively, during the process
(mg).
2.5 Synthesis of hyaluronic acid (HA) functionalized Fe-MOF

Stock solutions of ultrapure water (10 mL) and ethanol (20 mL)
were combined and subjected to sonication for one hour.
Subsequently, Fe-MOF (3 mg mL−1) and hyaluronic acid (HA)
(12 mg mL−1) were added dropwise in sequence. The mixture
was then exposed to ultrasound for 4 hours and stirred for 20
hours at 25 °C with a speed of 800 rpm. The resulting HA-
functionalized Fe-MOF was washed three times with ultrapure
water, dispersed in ethanol, and collected aer being air-dried
(Scheme 3).
2.6 Synthesis of HA/Fe-MOF/CP

Stock solutions of alkaline cisplatin (1 mg mL−1) (30 mL) and
ethanol (EA) (20 mL) were mixed and subjected to sonication for
one hour. Fe-MOF (3 mgmL−1) and hyaluronic acid (HA) (12 mg
mL−1) were then added dropwise in sequence. The mixture was
treated with ultrasound for 4 hours and stirred for 20 hours at
25 °C with a speed of 800 rpm. The resulting cisplatin-loaded
HA-functionalized Fe-MOF was washed three times with ultra-
pure water, dispersed in ethanol, and collected aer being air-
dried (Scheme 4).
2.7 Synthesis scheme

See Scheme 5.
Scheme 3 Reaction scheme for the synthesis of HA/Fe-MOF.

Scheme 4 Reaction scheme for the synthesis of HA/Fe-MOF/CP.

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

For drug loading, the Fe-MOF nanocarriers were activated
under vacuum at 100 °C for 24 hours to eliminate any coordi-
nated solvent molecules residing in the pores. Briey, 100 mg of
Fe-MOF was suspended in a 30 mL solution of cisplatin (1000
ppm) in ethanol. The solution was placed on a shaker at room
temperature for 48 hours. Subsequently, the cisplatin-loaded
HA-functionalized Fe-MOFs were isolated via centrifugation,
and the supernatant was examined to quantify the residual
drug. The drug loading capacity (DLC) and drug loading effi-
ciency (DLE) of the nanocarriers were determined using a cali-
bration curve of cisplatin in ethanol (lmax = 270 nm) based on
the following formulae.

DLE ðwt%Þ ¼ weight of loaded CP

intial weight of CP
� 100

DLC ðwt%Þ ¼ amount of drug loaded CP ðmgÞ
total weight of carrier

� 100

2.9 Drug release

The pH-responsive drug release from the samples was assessed
in PBS solutions mimicking both the tumor microenvironment
(TME, pH 5) and physiological conditions (pH 7.4). Briey,
60 mg of cisplatin-loaded HA/Fe-MOF was dispersed in a dial-
ysis bag (3.5 kDa MWCO) containing a small amount of PBS.
The dialysis bag carrying the drug-loaded nanocarriers was
then placed in a beaker with 60 mL of PBS (pH 5 and 7.4). The
drug release was carried out through dialysis at 37 °C under
continuous stirring. At predetermined intervals, 2 mL of the
RSC Adv., 2026, 16, 24838–24851 | 24841
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Scheme 5 Synthesis scheme of Fe-MOF, Fe-MOF/CP, HA/Fe-MOF, and HA/Fe-MOF/CP.
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dialysate solution was withdrawn and exchanged with an equal
volume of fresh PBS to keep the total volume constant. The
withdrawn samples were investigated using a UV-vis spectro-
photometer, and the concentration of the released cisplatin
was determined according to the calibration curve of cisplatin
in PBS (lmax = 270 nm). The experiments were performed in
duplicate, and the results were averaged and plotted. The
following equations were used to calculate the cumulative
cisplatin release percentage:

Drug release ðcumulative%Þ ¼ Rt

Rf
� 100

where Rt denotes the cisplatin concentration released at time t,
and Rf represents the total amount of cisplatin loaded on the
HA/Fe-MOF nanocarriers.
2.10 In vitro pharmacokinetics study of released cisplatin

To assess and dene the kinetics andmechanism governing the
cisplatin release, zero-order (eqn (1)), rst-order (eqn (2)),
Higuchi (eqn (3)), and Korsmeyer–Peppas (eqn (4)) kinetic
models were applied to the in vitro cisplatin release data
(Fig. S1–S4). The correlation coefficient (R2) for each equation
was calculated to evaluate whether the experimental results t
the respective model. Additionally, the mechanism of drug
release was determined by calculating the diffusional exponent
“n”. The value of “n” helps identify the release mechanism:
a value of 1.0 corresponds to Case II transport, 0.45–1.0 indi-
cates non-Fickian diffusion, and a value# 0.45 suggests Fickian
diffusion.

Q = k0t (1)

LnQ = lnQ0 − k1t (2)
24842 | RSC Adv., 2026, 16, 24838–24851
Q = kHt
1/2 (3)

LnQ = nLn t + Ln kp (4)

In eqn (1)–(4), k0, k1, kH, and kp display the rate constant of the
zero-order, rst-order, Higuchi, and Korsmeyer-Peppas kinetic
models, respectively, and Q is the amount of released drug.27

2.11 Cell culture

The cells were grown in RPMI-1640 medium augmented with
1% Pen-strep (100 IU mL−1 penicillin and 100 mg mL−1 strep-
tomycin), 10% Hi-FBS, and 2 mM L-glutamine in a humidied
incubator at 37 °C with 5% CO2. Cytotoxicity assays were
completed to assess the anticancer potential of the HA/Fe-MOF/
cisplatin fabricated. A549 lung cancer cells were treated with
varying concentrations of HA/Fe-MOF/Cisplatin, showing
signicant inhibition, with 82.72% inhibition at 40 mM and an
IC50 of 17.3 ± 0.5 mM, compared to free cisplatin, which
exhibited 72.91% inhibition at 40 mM with an IC50 of 23.2 ± 0.7
mM (Table 1). BEAS-2B normal lung epithelial cells were also
treated, showing 17.23% inhibition (IC50 > 40 mM) at 40 mM for
HA/Fe-MOF/CP, indicating selective toxicity toward cancer cells,
compared to cisplatin, which showed 23.16% inhibition at 40
mM with an IC50 of >40 mM.

2.12 Cell cytotoxicity assay

In vitro cytotoxicity of cisplatin, Fe-MOF, Fe-MOF/Cisplatin, HA/
Fe-MOF, and HA/Fe-MOF/CP was evaluated by the MTT assay.
Briey, A549 lung cancer cells and BEAS-2B normal lung
epithelial cells were seeded in a 96-well plate at a density of 1 ×

104 cells per well and incubated in a CO2 incubator for 24 h at
37 °C. A549 lung cancer cells and BEAS-2B normal lung epithelial
cells were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and cultured in RPMI-1640
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cytotoxicity results with A549 (NSCLC) and BEAS-2B cell lines at 50 mM

Compounds Conc (mM)

A549 (NSCLC) BEAS-2B cell line

% cell viability % inhibition IC50 (mM) values % Cell viability % Inhibition IC50 values

Normal (control) — 100 0 — 100 0 —
Cisplatin CP (standard) 50 25.49 72.91 23.2 � 0.7 76.23 23.16 >40
HA/Fe-MOF/CP 50 19.73 82.72 17.3 � 0.5 85.34 17.23 >40
Fe-MOF/CP 50 21.87 76.42 22.4 � 0.3 79.98 18.94 >40
Fe-MOF 50 39.53 60.41 35.6 � 0.5 89.31 12.12 >40
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medium supplemented with 10% fetal bovine serum, 1% peni-
cillin–streptomycin, and 2 mM L-glutamine at 37 °C in a humid-
ied atmosphere containing 5% CO2. Following a 24-hour
period, the cell culture medium was removed, and varying
concentrations of the test materials (7.81–500 mM) dissolved in
culture medium were delivered to the cells, which were then
incubated for an additional 48 h. Aer incubation, 10 mL of MTT
(12 mM) reagent was introduced to each well, and the cells were
incubated for an additional 4 hours. Aer incubation, the
medium was discarded, and 100 mL of DMSO was introduced to
each well to dissolve the formazan crystals. The absorbance at
570 nm was measured using a PerkinElmer EnSpire 2300
multimode reader. The studies were carried out in triplicate, and
the nal results were calculated as the average of three trials. A
nonlinear regression model in GraphPad Prism 8 was used to
determine the IC50 values.
2.13 Statistical analysis

The statistical analysis for this study was carried out using
GraphPad Prism 8.0. Results of the MTT experiments are shown
as mean ± standard deviation. The Kruskal–Wallis test and
Dunn's multiple comparison analysis were employed to deter-
mine whether group differences were statistically signicant.
The treatment groups' signicance levels relative to the control
Fig. 1 (a) XRD spectra of Fe-MOF, Fe-MOF/CP, HA/Fe-MOF and HA/Fe-
MOF/CP, HA/Fe-MOF and HA/Fe-MOF/CP. (c) Reaction mechanism of H

© 2026 The Author(s). Published by the Royal Society of Chemistry
are indicated as ****p # 0.0001, ***p # 0.001, *p # 0.01, and
**p # 0.05.
3. Results and discussion

By using XRD analysis, the phase purity and successful
synthesis of the fabricated catalysts were conrmed. As shown
in Fig. 1(a), Fe-MOF displays distinct diffraction peaks at 2q =

11.6°, 15.9°, 17.6°, 21.5°, 22.4°, 22.8°, 25.1°, 27.1°, 29.2°, 30.02°,
32.02°, 35.4°, 37.5°, 40.5°, and 48.87°, which indicate a well-
dened crystalline framework. The decrease in intensity,
slight shiing, or disappearance of several peaks following the
addition of cisplatin (CP) conrmed the drug's effective
encapsulation within the MOF structure. The Fe-MOF/CP
composite retains major diffraction peaks at 2q = 11.6°, 17.7°,
21.5°, 22.5°, 25.2°, 27.1°, 29.3°, 32.1°, 35.5°, 38.1°, 40.3°, and
48.9°, demonstrating that the crystalline structure remains
largely preserved. The addition of hyaluronic acid (HA) shows
effective absorption into the Fe-MOF framework withmaxima at
2q = 7.1°, 10.4°, 18.5°, and 23.9°. While the HA/Fe-MOF/CP
exhibits new and slightly displaced peaks at 2q = 7.01°, 10.5°,
15.4°, 19.01°, 20.01°, 23.7°, and 28.6°, which indicate changes
in the lattice structure while maintaining phase purity. The
observed peak shis and intensity decreases are consistent with
drug-MOF interactions, specically HA and Fe-MOF/CP. The
MOF/CP also add their magnified view. (b) FTIR spectra of Fe-MOF, Fe-
A/Fe-MOF/CP.
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average crystallite sizes, calculated using the Debye–Scherrer
equation, were 68.35 nm for Fe-MOF, 43.14 nm for Fe-MOF/CP,
and 32.5 nm for HA/Fe-MOF/CP, indicating that functionaliza-
tion and drug loading decrease particle size while enhancing
structural compactness.

D = Kl/b cos q (5)

where q denotes the diffraction angle, l is the X-ray wavelength,
and the variable b represents the full width at half maximum
(FWHM) of the diffraction peaks. Fe-MOF's porosity and crys-
tallinity are altered by the addition of cisplatin (CP) and hya-
luronic acid (HA), which inuence the drug release behaviour.
Structural alterations brought about by the drug's integration
into the altered framework decrease crystallinity and encourage
slower, more regulated drug release. Because the framework
permits slow drug diffusion, these modications enable a sus-
tained drug release. These structural changes are supported by
the decreases in peak intensity and minor changes in peak
locations, as depicted in Fig. 1(a).

Hyaluronic acid (HA) and the metal–organic framework
(MOF) combine with ethanol to generate the stable HA/Fe-MOF
complex. This complex forms the multifunctional structure HA/
Fe-MOF/CP by efficiently binding with the chemotherapeutic
agent cisplatin (CP).

The Fourier-transform infrared (FTIR) spectra of Fe-MOF, Fe-
MOF/CP, HA/Fe-MOF, and HA/Fe-MOF/CP composites, which
are displayed in Fig. 1(b), reveal how drug encapsulation and
surface functionalization affect the structural and functional
characteristics of these materials. O–H stretching vibrations
Fig. 2 XPS spectra of (a) C, (b) O, (c) N, (d) Fe and (e) Pt, and (f) the surv

24844 | RSC Adv., 2026, 16, 24838–24851
from surface hydroxyl groups are responsible for the large
absorption band at 3412 cm−1 in the FTIR spectra of pristine Fe-
MOF.28 The C]O stretching vibrations of the carboxyl groups of
the organic linker are represented by the peak at 1692 cm−1,
while the bands at 1133 cm−1 and 784–712 cm−1 are associated
with C–O and Fe–O stretching vibrations, respectively, sug-
gesting coordination between Fe3+ ions and the carboxylate
ligands.29 Additional peaks at 2396 cm−1 and 2196 cm−1 in the
Fe-MOF/CP spectra are recognised as N–H and C^C stretching
vibrations from the cisplatin molecule, respectively, indicating
that it was successfully encapsulated within the Fe-MOF
framework. The FTIR spectrum of Fe-MOF/HA displays
a broadening of the O–H band at 3400 cm−1 and introduces
a C–H stretching vibration at 2738 cm−1, characteristic of hya-
luronic acid (HA), along with bands at 1628 cm−1 (asymmetric –
COO− stretching) and 1108 cm−1 (C–O–C and C–O stretching),
signifying successful surface functionalization with HA.30 For
the HA/Fe-MOF/CP, peaks appear at 3299 cm−1 (O–H/N–H
stretching), 2897 cm−1 (C–H stretching), 2192 cm−1 (C^C
stretching), and 1601 cm−1 (C]O stretching), while a peak for
the Fe–O vibration is observed at 827 cm−1.31 These peaks show
slight shis and intensity changes compared to pristine Fe-
MOF, reecting strong coordination and hydrogen-bonding
interactions between Fe–O, C]O, and N–H functional groups.
This suggests the successful synthesis of Fe-MOF, modication
with HA, and encapsulation of cisplatin within the framework.32

Fig. 2 presents the high-resolution XPS spectra of the HA/Fe-
MOF/CP composite. Fig. 2(a) shows the C 1s peak, which can be
deconvoluted into three components: C]C/C–C (284.7 eV), C–
ey spectrum of HA/Fe-MOF/CP.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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OH (286.2 eV), and C–O/C]O (288.2 eV). Aer hydroxylation,
the C]O groups remained mostly unchanged, while the C–OH
content increased signicantly. Fig. 2(b) shows the broad O 1s
peak, consisting of several components, including M-O at
531.5 eV, an OII vacancy peak at 532.9 eV, and O–OH at 535.3 eV.
Fig. 2(c) shows the N 1s spectrum, which reveals a peak at
399.5 eV corresponding to pyridinic nitrogen, associated with
nitrogen bonded to two carbon atoms. Additional components
at 398.3 eV, 399.5 eV, and 401.2 eV are attributed to –N–H
bonds.33 Fig. 2(d) shows the Fe 2p3/2 peak at 710.3 eV, indicating
the presence of Fe3+ in the composite. The XPS spectra of
different samples reveal a transformation from Fe3+ to Fe2+,
with Fe3+ peaks at 710.6 eV, 713.7 eV, and 723.6 eV diminishing,
while Fe2+ peaks at 708.4 eV, 718.4 eV, and 728.8 eV increase.
The existence of Fe0 is indicated by a minor peak at 708.4 eV.34

Two pairs of overlapping Lorentzian curves, representing Pt
4f7/2 and Pt 4f5/2 lines at 76.4 eV and 73.2 eV, respectively, are
shown in Fig. 2(e) of the Pt 4f spectrum. Peaks representing Pt-II
(at 73.05 eV and 76.2 eV) and Pt-VI (at 73.4 eV and 76.8 eV)
oxidation states of platinum are also present. The XPS survey
spectrum, shown in Fig. 2(f), displays the distinctive peaks for
carbon (C), nitrogen (N), oxygen (O), iron (Fe), and platinum
Fig. 3 SEM images of (a) Fe-MOF, (b) Fe-MOF/CP, (c) HA/Fe-MOF and (d
MOF, (f) Fe-MOF/CP, (g) HA/Fe-MOF and (h) HA/Fe-MOF/CP, and (i) ele

© 2026 The Author(s). Published by the Royal Society of Chemistry
(Pt).35 The unique binding energies of these peaks conrm that
each element was successfully incorporated into the HA/Fe-
MOF/CP. The successful integration of platinum-based drug
molecules and hyaluronic acid is conrmed by the changes in
binding energies, particularly the reduction of Fe3+ to Fe2+ and
the modication of nitrogen, oxygen, and platinum compo-
nents. The existence of platinum in two different oxidation
states (Pt-II and Pt-VI) and the change of Fe3+ to Fe2+ indicate that
the composite have the potential for burst release, in which the
interaction of metal ions with platinum results in a regulated
and quick release of drugs.

The structural and surface modications of Fe-MOF, Fe-
MOF/CP, HA/Fe-MOF, and HA/Fe-MOF/CP caused by drug
loading and functionalization are demonstrated by SEM
images, histograms, and surface plots. Fe-MOF is efficient for
drug-delivery applications because of its octahedral shape,
which increases its surface area, as seen at 200 00x magnica-
tion in Fig. 3(a). Fe-MOF loaded with cisplatin (CP) is shown in
Fig. 3(b), where the surface becomes more aggregated and
rougher. The crystalline structure is further rened by func-
tionalization with hyaluronic acid (HA) to generate HA/Fe-MOF,
as shown in Fig. 3(c). In HA/Fe-MOF/CP, as depicted in Fig. 3(d),
) HA/Fe-MOF/CP. Particle size histograms and surface plots of (e) Fe-
mental mappings and EDX spectra of HA/Fe-MOF/CP.
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the drug and hyaluronic acid (HA) combination improves
interaction with biological materials, enabling more efficient
and regulated drug administration. The surface changes with
each modication stage for Fe-MOF are shown by surface plots
and histograms. Fe-MOF, as shown in Fig. 3(e), has a smooth,
porous surface with an average particle size of 34.8 nm.
Following the loading of cisplatin, as shown in Fig. 3(f), the
surface becomes rougher and more aggregated and exhibits
a wider size distribution at 64.9 nm. Furthermore, functionali-
zation with HA increases the particle size to 67.4 nm, as shown
in Fig. 3(g), improving its surface complexity and biocompati-
bility. The nal composite, HA/Fe-MOF/CP, optimizes the
material for enhanced biological interactions and effective drug
administration, with the largest particle size of 69.2 nm and
a highly irregular surface, as seen in Fig. 3(h). The EDX spec-
trum and elemental mapping displayed in Fig. 3(i) provide the
material composition of the HA/Fe-MOF/CP composite. Here,
the uniform distribution of carbon (C) across the sample indi-
cates the presence of organic material. Oxygen and nitrogen
signals in the EDX spectrum originate from the organic linkers
of the MOF framework and from the drug components incor-
porated into the composite. The localized iron (Fe) indicates the
iron-based components, which point to the metal–organic
framework (MOF). It is conrmed that platinum (Pt) is
a component of the medication structure. These conclusions
are further supported by the EDX spectrum, which shows
characteristic peaks for C, O, N, Fe, and Pt, along with their
corresponding intensities, which reect the relative abun-
dances of these elements in the HA/Fe-MOF/CP.

The DLS results in Fig. 4(a and b) show a wide particle size
distribution, with an average size of 2426 nm and the bulk of
Fig. 4 (a) Zeta potential and (b) DLS Z-average size. HRTEM images at (c
5–1 nm and (f) latice fringe profile of the HA/Fe-MOF/CP.

24846 | RSC Adv., 2026, 16, 24838–24851
particles centred at 571.6 nm, indicating the presence of bigger
aggregates or clusters in the material. The relatively high poly-
dispersity index (PDI) of 0.981 implies some variability in
particle size and suggests partial aggregation in suspension,
which arises from nanoparticle clustering during measure-
ment. However, TEM/SEM analysis conrms uniform
morphology and nanoscale size distribution, indicating that
primary particle formation is well controlled. The zeta potential
of 3.26 mV shows the stability of the materials, though the low
value implies a higher stability of aggregation. The zeta poten-
tial is relatively low, and the presence of hyaluronic acid
provides steric stabilization and enhances biological interac-
tions, which can compensate for electrostatic instability and
support effective drug delivery performance. The HRTEM
images shown in Fig. 4(c–e) reveal that the composite exhibits
a nanostructured, crystalline structure with well-dened lattice
spacings of 0.311 nm, reecting high crystallinity and robust
structural integrity. The uniformity of the crystalline domains of
the SAED pattern emphasizes the material's high degree of
order. In Fig. 4(f), lattice ngers demonstrate a periodicity
consistent with the crystalline nature observed in the HRTEM
images. The HA/Fe-MOF/CP composite thus exhibits
outstanding crystallinity, structural stability, a broad particle
size distribution and effectiveness in drug delivery.
3.1 Drug loading and release

UV-visible analysis, shown in Fig. 5(a), conrmed the successful
encapsulation of cisplatin (CP) within the nanocarrier system.
The spectrum of HA/Fe-MOF/CP showed a signicant decrease
and broadening of the characteristic cisplatin peaks compared
) 100 nm and (d) 5 nm and the d-spacing. (e) HRTEM SAED pattern at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-visible spectra of cisplatin (CP), hyaluronic acid (HA), Fe-MOF/CP, and HA/Fe-MOF/CP. (b) Encapsulation efficiency of Fe-MOF/CP
and HA/Fe-MOF/CP.
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to the free drug. This dilution indicates that CP is effectively
shielded within the Fe-MOF pores as a result of strong drug–
carrier interactions. These interactions primarily involve coor-
dination bonding between the platinum atom of cisplatin and
the unsaturated iron sites (Fe-nodes) of the MOF. Hydrogen
bonding stabilizes the drug within the framework. The role of
hyaluronic acid (HA) is also signicant. The greater reduction in
the absorbance of the HA/Fe-MOF/CP spectrum demonstrates
increased drug entrapment compared to Fe-MOF/CP. This is
due to the functional groups of HA (–COOH, –OH), which
provide additional hydrogen bonding and electrostatic inter-
actions with CP, creating networks around the drug. Fig. 5(b)
spectral evidence directly correlates with the superior encap-
sulation efficiency (EE%) of 85.21% for HA/Fe-MOF/CP, signif-
icantly higher than 72.31% for Fe-MOF/CP. This conrms that
the multi-model bonding Fe coordination, hydrogen bonding,
and electrostatic forces in the HA-coated system are responsible
for the higher drug loading and improved formulation stability,
and its potential for sustained drug release.

Fig. 6 illustrates the pH-responsive cisplatin release behavior
of Fe-MOF/CP and HA/Fe-MOF/CP over 70 h to 270 h, convinc-
ingly demonstrating the superior tumor-selective delivery
Fig. 6 (a) Cumulative release of cisplatin (CP), HA/Fe-MOF/CP and Fe-MO
MOF/CP and Fe-MOF/CP at pH 7.4 and pH 5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
capability of the HA-functionalized system. Fig. 6(a) presents
the cumulative release in the acidic tumor microenvironment
(pH 5), with HA/Fe-MOF/CP exhibiting the most rapid and
extensive release, reaching approximately 73.3% to 81.5%
within 70 h to 270 h, respectively, signicantly outperforming
the drug release of 52% to 59.6% for uncoated Fe-MOF/CP. In
contrast, under physiological conditions (pH 7.4), HA/Fe-MOF/
CP exhibits a release of 34.5–44.2%, which is higher than that
of Fe-MOF/CP (32.7–38.9%). Fig. 6(b) shows a clear bar-graph
comparison, highlighting that HA functionalization reduces
undesired drug release to 44.2% at pH 7.4 while simultaneously
boosting on-demand release by 81.5% at pH 5. Fig. 6 illustrates
HA/Fe-MOF/CP as a highly tumor-activated nanocarrier that
minimizes systemic exposure and off-target toxicity while
maximizing therapeutic cisplatin concentrations precisely at
the tumor site, representing a substantial advancement over
conventional cisplatin therapy and uncoated MOF systems.
3.2 Mechanism of drug release

The targeted delivery and pH-responsive release mechanism of
HA/Fe-MOF/CP is schematically depicted in Scheme 6. Aer
F/CP at pH 7.4 and pH 5. (b) Percentage drug release graphs of HA/Fe-

RSC Adv., 2026, 16, 24838–24851 | 24847
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Scheme 6 Mechanism for the targeted drug delivery.

Fig. 7 In vitro cell viability of A549 (NSCLC) and BEAS-2B cells after
24 h incubation at 37 °C in 5% CO2 with cisplatin (CP), HA/Fe-MOF/CP,
Fe-MOF/CP and Fe-MOF at a concentration of 40 mM.
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intravenous administration, the hyaluronic acid (HA) coating
confers excellent colloidal stability and biocompatibility while
actively targeting CD44 receptors that are highly overexpressed
on A549 lung cancer cells, thereby promoting selective receptor-
mediated endocytosis and enhanced intracellular accumulation
of the nanocarrier. Under the neutral pH of blood circulation
and healthy tissues (pH 7.4), the HA layer remains compact, and
the Fe-MOF maintains structural integrity through strong Fe3+

carboxylate coordination bonds, effectively sealing the encap-
sulated cisplatin and restricting premature release to 34.5%
over 70 h. However, upon reaching the acidic tumor microen-
vironment (pH 5) following internalization into endo/lysosomal
compartments (pH 4.5–5.5), protonation of the BTC linker's
carboxylate groups weakens the coordination bonds, H+ ions
competitively displace cisplatin from open Fe3+ sites, and the
HA shell undergoes protonation-induced swelling and
increased solubility, collectively triggering rapid framework
destabilization and burst release of cisplatin (approximately
73.3% within 70 h). The released cisplatin then diffuses into the
nucleus, forming DNA-platinum, which inhibits DNA replica-
tion and transcription and eventually promotes apoptosis in
lung cancer cells. The Fe3+ ions are released and enter the labile
iron pool following intracellular degradation of the MOF.
Within the reductive cellular environment, endogenous
reducing agents such as glutathione (GSH) convert Fe3+ to Fe2+,
which partially depletes cellular antioxidants. The generated
24848 | RSC Adv., 2026, 16, 24838–24851
Fe2+ catalyzes Fenton reactions with intracellular hydrogen
peroxide, producing reactive oxygen species (ROS) that initiate
lipid peroxidation and weaken antioxidant defenses, ultimately
leading to ferroptotic cell death. This synergistic combination
of CD44-mediated active targeting and precise pH-gated drug
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison table of the present work with previously reported studies

S. no. Compounds Drug loading capacity (%) Stimulus Drug release (%) Time (h) Ref.

1 HA/a-TOS@ZIF-8 43.03 pH 74 at pH 5 25 36
2 NH2-MIL-101(Fe)@GO (luteolin and matrine) 9.8 and 14.1 pH 60.8 and 54.8 at pH 5 72 23
3 DOX@Fe-MOF@PEM 88.4 pH 72 at pH 5 12 37
4 RSSR@DOX@PEG-Gox 61.02 pH/GSH 82.1 at pH 5 48 38
5 Fe3O4@C@MIL-88-DOX-FC 83.6% EE, 8.3% DLC pH 70.3 at pH 5 72 39
6 Chitosan-coated 5-uorouracil-GEM@MIL-100 23.2 pH 77 at pH 5 48 40
7 HA/MIL-100@DOX (DMH NPs) 28 pH 66 at pH 5.5 60 41
8 MIL-100(Fe)/FA@PG 36.64 pH 73 at pH 5.5 24 42
9 P@F-FD (Fe-MIL-53-NH2@5-FAM) 12.13 pH 81 at pH 5.5 72 43
10 HA/Fe-MOF/CP 85.21 pH 85 at pH 5 72 This work
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release maximizes therapeutic efficacy at the tumor site while
signicantly reducing systemic toxicity, establishing HA/Fe-
MOF/CP as a highly intelligent and tumor-specic cisplatin
delivery platform.
3.3 In Vitro cytotoxicity study

Aer a 24-hour incubation period at 37 °C with 5% CO2, the
anticancer activity and biocompatibility of free cisplatin (CP),
bare Fe-MOF, Fe-MOF/CP, and HA/Fe-MOF/CP against A549
human lung cells and BEAS-2B normal lung epithelial cells were
evaluated using the MTT test. According to Table 1, free
cisplatin (CP) showed signicant cytotoxicity against A549 cells,
exhibiting a 72.91% inhibition at 50 mM (IC50 = 23.2 ± 0.7 mM).
However, it also demonstrated a lack of selectivity by signi-
cantly harming BEAS-2B normal cells (23.16% inhibition, IC50 >
40 mM). The targeted HA/Fe-MOF/CP nanoplatform showed the
highest anticancer activity against A549 cells (82.72% inhibition
at 50 mM, IC50 = 17.3 ± 0.5 mM), indicating a signicantly
improved therapeutic index, while it showed signicantly lower
toxicity toward BEAS-2B cells (85.34% viability, 17.23% inhibi-
tion, IC50 > 40 mM). The uncoated Fe-MOF/CP displayed inter-
mediate efficacy, with 76.42% inhibition in A549 cells at 50 mM
(IC50 = 22.4 ± 0.3 mM), and moderate toxicity toward BEAS-2B
cells (79.98% viability, IC50 > 40 mM). The inherent safety of
the Fe-MOF was conrmed by the fact that pristine Fe-MOF
showed the lowest cytotoxicity against cancer cells (60.41%
inhibition, IC50 = 35.6 ± 0.5 mM) but the highest biocompati-
bility, with 89.31% cell viability in BEAS-2B cells are shown in
Fig. 7. The gradual improvement from Fe-MOF, Fe-MOF/CP, to
HA/Fe-MOF/CP makes it abundantly evident that cisplatin
encapsulation and hyaluronic acid functionalization work in
concert to increase anticancer potency and selectivity. This
improvement is accomplished by pH-triggered release that only
occurs within tumor cells, increased intracellular drug accu-
mulation, and endocytosis mediated by CD44 receptors. The
dose–response curves and corresponding IC50 values clearly
demonstrate that HA/Fe-MOF/CP exhibits signicantly greater
cytotoxicity against cancer cells and superior compared to free
cisplatin and unfunctionalized formulations across all tested
concentrations, establishing it as a more effective and selective
for cisplatin-based lung cancer therapy. Although we did not
include receptor-blocking, uptake, or competitive binding
© 2026 The Author(s). Published by the Royal Society of Chemistry
studies in this work, the selective cytotoxicity observed toward
CD44-overexpressing cancer cells, along with literature sup-
porting HA-CD44 interactions, suggests that our system effec-
tively targets CD44 receptors. A table for comparison with
previously reported materials is given in Table 2.

4. Conclusion

The HA/Fe-MOF/CP nanoplatform showed promising results in
enhancing cisplatin delivery for lung cancer therapy. The
combination of hyaluronic acid modication and iron-based
metal–organic framework (Fe-MOF) enabled targeted drug
delivery through CD44 receptor-mediated endocytosis, signi-
cantly improving the anticancer efficacy of cisplatin. Cytotox-
icity assays demonstrated that HA/Fe-MOF/CP achieved 82.72%
inhibition in A549 lung cancer cells at 50 mM (IC50 = 17.3 ± 0.5
mM), which is notably higher compared to that of free cisplatin
(72.91% inhibition, IC50 = 23.2± 0.7 mM). Signicantly, the HA/
Fe-MOF/CP nanoplatform, with 85.34% cell viability and IC50 >
40, demonstrated less toxicity to normal BEAS-2B cells than free
cisplatin, which inhibited BEAS-2B cells by 23.16% with IC50 >
40. These results demonstrate HA/Fe-MOF/CP's improved
tumor selectivity and decreased systemic toxicity, supporting its
promise as a safer and more successful lung cancer treatment
option than traditional cisplatin chemotherapy. This pH-
responsive, targeted delivery system offers an innovative
approach for overcoming the limitations of traditional chemo-
therapy, improving therapeutic outcomes while minimizing
side effects.
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