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for the ultra-high loading of
curcumin onto a nano-sized ZIF-68 as an effective
drug delivery system with good biocompatibility
and efficient anti-cancer therapy
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Loc Cam Luu,bd Tan Le Hoang Doan cd and My Van Nguyen *a

Recently, metal–organic frameworks have become well-known as promising drug carrier systems for

anticancer treatment. However, their performances are inadequate for real-life situations due to the

uncontrolled drug release rate and lack of strong interactions between the backbone and guest

molecules. To overcome these challenges, a nano-sized zeolite imidazole framework-68 was

successfully prepared, denoted as ZIF-68, through the solvothermal technique, and demonstrated an

extraordinary potential for curcumin (Cur) uptake. As a consequence, the maximum adsorption capacity

and drug loading content of Cur over ZIF-68 reached 720.1 mg g−1 and 42.0%, respectively, which are

much greater than those previously reported for drug carriers. These results best fit the Langmuir

isothermal and pseudo-second-order models, indicating that the chemical interaction is dominant

throughout the loading process. Furthermore, the Cur uptake mechanism is elucidated by the formation

of robust attractions involving electrostatic interactions, p–p stacking, and hydrogen bonding between

the drug molecules and the framework. This led to controlled drug release rates in human physiological

medium (pH 7.4) and the tumor microenvironment (pH 5.0), thereby avoiding the “burst effect” at the

initial stage. Remarkably, ZIF-68, after Cur loading (Cur@ZIF-68), was tested for cytotoxicity against HDF

normal cells and MCF-7 cancer cells. As a result, Cur@ZIF-68 shows good biocompatibility with HDF

cells and high cytotoxicity against MCF-7 cells at 25 mg mL−1. These studies demonstrate that ZIF-68 is

a promising candidate for an effective drug delivery system in anticancer therapy and support future

research directions in designing porous materials capable of efficient drug carrying to support

subsequent in vivo experiments.
1. Introduction

In the past decades, anti-cancer drug consumption encountered
several limitations in the treatment course, such as drug decline
before reaching target cells, low selectivity, inadequate phar-
macokinetics, and prolonged use demands.1–3 Curcumin (Cur)
is well-known as a type of promising therapeutic active ingre-
dient, with properties including anti-cancer, anti-oxidant, anti-
diabetic, etc.4,5 In particular, Cur has the possibility to prevent
the growth of many human cancer cell lines, involving breast,
lung, gastrointestinal, and skin cancers.6,7 Nevertheless, the
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therapeutic applications of Cur are restricted by low solubility
in water, limited bioavailability, and fast metabolism.8,9

Furthermore, the frequent and persistent use of the redundant
Cur through ingestion causes serious threats to human health,
as dysfunction of metabolic processes and stress increases.10

Therefore, the advancement of a potential drug carrier system
capable of replacing the conventional capsules and tablets to
conduct the drug release, reduce the side effects, and promote
its selectivity and biocompatibility, is urgent.11–13 The drug
nanocarriers have received much attention in order to deliver
drugs effectively, such as hydrogels,14 silica nanoparticles,15

liposomes,16 and polymeric/composite nanoparticles.17–20

However, there are many obstacles to employing these stated
drug carrier materials for efficient delivery in aspects of low
drug uptake capacity, rapid relative drug release rate, and a lack
of considerable affinity between the drug guest molecules and
loading sites within the structure of the materials. Thus, it is
imperative to seek a novel drug delivery system for efficiently
© 2026 The Author(s). Published by the Royal Society of Chemistry
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capturing the drug molecules and overcoming the mentioned
barriers. Recently, metal–organic frameworks (MOFs) have
appeared as a dominant candidate for notable drug encapsu-
lation and convenient drug release control with their extraor-
dinary properties. MOFs are coordination polymeric materials
with high porosity generated from organic ligands and metal
ions/clusters via the coordination bonds and are applied in
elds such as adsorption,21–23 catalysis,24–26 gas/vapour
sensors,27–30 energy storage,31 and drug carriers32,33 because of
their adjusted and exible architecture, large specic surface
area, nano-sized crystallinity, good biocompatibility, and high
thermal and chemical robustness.34,35 Notably, the ligand
moieties andmetal clusters within MOFs can easily be modied
by the functional groups for enhancing the drug uptake ability,
biocompatibility, and reducing cytotoxicity.33,36

In fact, the priority criteria to choose MOFs as the drug
carriers are whether they cause toxicity exceeding an acceptable
degree to normal cells in the body. Hence, the metal ions, such
as Zn2+, Cu2+, Mn2+, and Fe3+, naturally present in plasma and
tissues, have been selected as precursors for MOF synthesis.
Among these, Zn-containing MOFs are promising candidates
and widely employed in the literature for drug delivery
materials.37–39 Considerably, zeolite imidazole framework (ZIF),
a family of the MOF material constructed from imidazole/
imidazole's derivatives and Zn2+ owing to unique performances,
including high stability, facile modication, and low toxicity, is
considered an effective drug transportation and targeted release
carrier. Accordingly, Yu et al. fabricated ZIF-8-coated hyaluronic
acid, demonstrating efficient Cur encapsulation and strong
inhibition of breast cancer cells.40 Additionally, Chotchindakun
et al. used a ZIF-8 combined liposome layer as a Cur delivery
carrier for enhanced biocompatibility and MCF-7 cell resistance
with a low IC50 value.41 Despite the advantages of the ZIF-8
platform for Cur delivery system, many challenges remain to
be overcome. Consequently, the ZIF-8 platform can induce
toxicity in normal cells at high concentrations, and exhibit
a weak interaction with Cur molecules, and is merely the Cur
adsorption on its surface, leading to limited loading capacity
and an undesirable release rate, causing a “burst effect” at the
initial stage of release.37 Therefore, an approach using an
extensive imidazole ring along with the polar nitro groups
presented in the ligands to improve the strong attraction
between the guest drug molecules and the ZIF backbone,
incorporated with a suitable pore diameter to effectively capture
the bulky architecture and large molecular size of Cur (4.9 × 7.9
× 20.8 Å), should be considered. It is interesting to note that
ZIF-68, which possesses a fascinating structure, the appropriate
pore size, a high specic surface area, and benzimidazole and
nitro groups,42 can enhance the interaction between Cur and
the ZIF-68 framework and inhibit the drug burst effect. With
this in mind, we hope that ZIF-68 will be used as a drug nano-
carrier for efficient capture of Cur with high capacity and
a controlled release rate. Additionally, using ZIF-68 as a Cur
nanocarrier is considered an advantage in terms of synthetic
process cost, as ZIF-68 can be synthesized in a simple one-pot
process compared to the multi-stage preparation of other
© 2026 The Author(s). Published by the Royal Society of Chemistry
composite materials. This is a new pathway to cope with the
aforementioned drawbacks of the ZIF-8 platform.

In this contribution, we employed ZIF-68 as a strategy for
loading Cur with high capacity and conducted a release rate
study. As expected, ZIF-68 showed excellent Cur uptake of
720.1 mg g−1, with structural stability retained during the
encapsulation process. The architectural characterizations of
ZIF-68 and the uptake mechanism of Cur over ZIF-68 were
interpreted through the analytical procedures combined with
adsorption models. In addition, the pH-responsive Cur release
of Cur@ZIF-68 was evaluated at pH 7.4 and 5.0, indicating the
more effective release in an acidic medium. In particular, the
biocompatibility and anti-cancer performance of ZIF-68 were
conrmed through in vitro testing with normal and human
breast cancer cell lines. As a consequence, the cell viability by
ZIF-68 at a concentration of 25 mg mL−1 was about 74.2% for
normal cells and 28.1% for the breast cancer cell line. These
ndings demonstrate the potential of ZIF-68 as an efficient Cur
nanocarrier for future cancer treatment.
2. Experimental section
2.1. Chemicals and procedures

All the substances including zinc nitrate hexahydrate
(Zn(NO3)2$6H2O, 98%), 2-nitroimidazole (2-nIm, 98%), benz-
imidazole (bIm, 98%), curcumin (Cur, 98%), N,N-di-
methylformamide (DMF, 98%), methanol (MeOH, 99%), and
ethanol (EtOH, 99%) were purchased from local suppliers.

Powder X-ray diffraction (PXRD) patterns were collected on
a diffractometer (D8 Advance, Bruker) with Ni-ltered Cu Ka
using a wavelength of 1.54718 Å. Raman spectra were measured
on a spectrometer (XploRA ONE 532 nm, Horiba). Fourier
transform infrared (FT-IR) spectra were obtained on a spectro-
photometer (FT/IR-6600, Jasco). Scanning electron microscope
(SEM) images were recorded on a microscope (FESEM S-4800,
Hitachi) incorporated with energy-dispersive X-ray (EDX)
mapping measured on an analyzer (EDX H-7593, Horiba).
Thermal gravimetric (TG) analysis diagram was carried out on
a thermal analyzer under dry air with the temperature range of
25–800 °C and heating rate of 10 °C min−1 (STA PT 1600, LIN-
SEIS). Transmission electron microscopy (TEM) results were
conducted on a microscope (JEOL 1010, Hitachi). X-ray photo-
electron spectroscopy (XPS) was performed on an X-ray photo-
electron spectrometer (PHI 5000, Chigasaki) equipped with
a monochromatic Al Ka source operating at 50 W and 15 kV.
The zeta potential and hydrodynamic diameter were measured
on a zeta potential and particle size analyzer (SZ-100, Horiba).
The nitrogen isotherm experiments were carried out on a 3Flex,
Micromeritics at 77 K. UV-vis spectra were conducted on
a spectrometer (Lambda 25, PerkinElmer).
2.2. Synthesis of ZIF-68

Based on the reported investigations,42,43 a mixture containing
1.8 mL of Zn(NO3)2$6H2O solution (0.2 M, 0.36 mmol), 5.4 mL
of 2-nIm solution (0.2 M, 1.08 mmol), and 1.8 mL of bIm
solution (0.2 M, 0.36 mmol) in DMF solvent with molar ratios of
RSC Adv., 2026, 16, 20960–20978 | 20961

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02515c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
:0

6:
57

 P
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
1 : 3 : 1, respectively, was added to a 20 mL Pyrex vial. The
mixture was then heated at 100 °C for 72 h. Aer cooling to
room temperature, the product was centrifuged, washed with
DMF for 48 h (30 mL per 24 h) to purge unwanted precursors,
and exchanged with MeOH for 48 h (20 mL per 24 h). Subse-
quently, the sample was collected by centrifugation, dried, and
activated under dynamic vacuum at 100 °C for 24 h to gain
a light-yellow solid, denoted as ZIF-68 (85% yield, based on
Zn2+).
2.3. Drug loading studies

The Cur uptake investigations were carried out at room
temperature with a stirring rate of 400 rpm. The Cur concen-
tration in EtOH aer capture over ZIF-68 was conrmed by a UV-
vis spectrophotometer at 425 nm. The efficiency (%) and
adsorption capacity (mg g−1) at equilibrium (qe) and intervals
(qt) of Cur were determined by the equations:

Efficiency ð%Þ ¼ Co � Ct

Co

� 100 (1)

qe ¼ Co � Ce

m
� V (2)

qt ¼ Co � Ct

m
� V (3)

where m (mg) and V (mL) are the material mass and the Cur
solution volume. Whereas, Co, Ct, and Ce are the Cur concen-
trations at original, t, and equilibrium time.

The different dosage (2–25 mg) of ZIF-68 was introduced to
40 mL of the Cur solutions (10 mg L−1) to evaluate the optimal
content. The uptake isotherms were conducted with the
optimum dosage addressed, which was introduced into 40 mL
of various initial concentrations of Cur (50–700 mg L−1) and
stirred for 24 h at room temperature. Furthermore, the loading
kinetic models of ZIF-68 were observed at intervals from 15 to
150 min. In detail, a tested optimal content of ZIF-68 was
immersed in 40mL of the Cur solution of 30 mg L−1, and stirred
at the mentioned intervals. Particularly, to assess the drug
loading content (DLC) and drug loading efficiency (DLE)
parameters of ZIF-68, a series of experiments was conducted.
Accordingly, 50 mg of the activated ZIF-68 was introduced to
40 mL of the Cur solution (700 mg L−1) in EtOH and stirred at
room temperature for 24 h. The solid was then centrifuged and
washed with excess EtOH to remove the abundant Cur mole-
cules anchored on the ZIF-68 surface. Continuously, the
product was dried and activated under vacuum at 60 °C for 24 h
to obtain a dark orange solid, termed Cur@ZIF-68. In order to
calculate the DLC and DLE values, 3 mg of Cur@ZIF-68 was
decayed in the mixture containing 0.75 mL of 2 M HCl and
30 mL of EtOH. The extraction was analyzed on a UV-vis spec-
trometer at a wavelength of 425 nm to determine the Cur
content loaded in the ZIF structure based on the Cur standard
curve and the equations for calculating the drug loading (Fig. S1
and Section S7). All adsorption experiments were conducted in
triplicate.
20962 | RSC Adv., 2026, 16, 20960–20978
2.4. In vitro drug release experiments

To gain initial insight into the pH-responsive performance of
the material in the phosphate buffer solutions of pH 7.4
(physiological medium in the body) and 5.0 (survival condition
of cancer cells), 5 mg of each Cur@ZIF-68 was soaked in 50 mL
ask bottles, including 40 mL of phosphate buffer solutions
containing 0.1% v/v Tween 80 at pH 7.4 and 5.0 separately.
Subsequently, themixture was put in a shaking incubator at 37 °
C. Aer the specic intervals, 3 mL of the solution was with-
drawn and relled with 3 mL of a fresh solution of buffer and
0.1% v/v Tween 80 to restrict the saturated Cur and retain the
same release conditions. Aer each time, the withdrawn solu-
tion was measured by a UV-vis spectrophotometer to indicate
the content of the Cur released at various times. Moreover, the
kinetic studies of release were surveyed. Consequently, the
kinetic models such as zero order, rst order, Higuchi, Kors-
meyer–Peppas, and Hixson–Crowell were utilized to elucidate
the drug release mechanism. The stated kinetic equations were
detailed in the Section S8. All release studies were performed in
triplicate.
2.5. Cell culture

The normal human dermal broblast (HDF) cells and the breast
cancer cell line (MCF-7) were supplied from the American Type
Culture Collection (ATCC, USA). The cells were suspended in
Dulbecco's modied Eagle's medium (DMEM, Gibco) and
introduced into 10% fetal bovine serum (FBS) and 1% v/v
penicillin/streptomycin (P/S). The cells were then cultured in
an incubator at 37 °C and 5% CO2 in medium. As the cells grew
and lled over 80% of the culture well plate surface, the culture
environment was removed, and the cells were washed by PBS
with pH 7.4 at least three times to totally detach the cell frag-
ments. Subsequently, the cells were treated with 0.25% trypsin–
EDTA solution (Gibco) for 5 min to separate them from the
wells. Aer that, the cells were redistributed in the mixture of
DMEM, 10% FBS, and 1% P/S. The cells were counted and
seeded into 96-well culture plates with a density of 2.5 × 103

cells per well in an incubator for 24 h.
2.6. Cytotoxicity assay

The cell toxicity of ZIF-68, free Cur, and Cur@ZIF-68 on HDF
and MCF-7 cell lines was determined by the 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1)
method through evaluation of the reduction level in cellular
metabolism. In detail, the various concentration samples (1–30
mg mL−1) in DMSO solvent were dispersed in DMEM medium
with the presence of 1% P/S. Aer complete removal of the
medium in the culture wells, the cells were incubated in the
sample solutions with the prepared different concentrations for
24 h. Continuously, 10 mL of WST-1 reagent solution was
introduced into each well and placed in the incubator for 2 h.
The absorbance of the reaction solution in each well was then
analyzed at 450 nm using a microplate reader (Tecan Group,
Switzerland). Herein, the cell viability (%) was calculated by the
percentage recorded from the uorescence intensity of treated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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cells in comparison with untreated cells, according to the
following equation:

Cell viability ð%Þ ¼ ODsample �ODblank

ODcontrol �ODblank

� 100 (4)

where ODsample, ODcontrol, and ODblank are the optical density of
cells treated with the sample, DMEM, and pure DMEMmedium
without the cells, respectively.

Besides, the morphology and viability of the HDF cells were
studied by a Live/Dead assay kit through calcein acetoxymethyl
(AM) staining procedure. Aer the cells were treated with the
Cur@ZIF-68 samples at various concentrations, such as 0, 10, 25
mg mL−1, similar to the mentioned cytotoxicity assay, the cells
were incubated with 100 mL of PBS solution containing 2 mM
calcein-AM and 4 mM ethidium homodimer-1 for 15 min. The
uorescence microscope (Nikon, Japan) was then employed for
survey. All cytotoxicity assays were also conducted in triplicate.
2.7. Statistical analysis

The data were gured statistically signicant with p < 0.05 (*), p
< 0.01 (**), p < 0.001 (***), and ns: no signicant. Furthermore,
the IC50 values were estimated from the dose–response graph
with the dependence between the logarithm of sample
concentration and cell viability. The number of replicates was 3
for all experiments.
3. Results and discussions
3.1. Fabrication and full characterization of ZIF-68

To enhance the adsorption capacity of Cur and control the drug
release rate, a strategy of the ZIF synthesis with the appropriate
pore diameter, and effective interaction between the framework
and drug guest molecules has been proposed. With all this
considered, a stock solution of 2-nIm and bIm linker, and
Zn(NO3)2$6H2O salt was heated at 100 °C for 3 days to achieve
a light yellow solid.

Subsequently, the product was washed with DMF to purge
the unreacted precursors and exchanged with excess MeOH to
facilitate the removal of solvent during activation under mild
conditions. The solid was then dried and activated upon
vacuum at 100 °C for 1 day to detach the solvent from the
backbone and obtain a pure product, namely ZIF-68 (Fig. 1).
Herein, ZIF-68 is composed of the clusters of ZnL4 tetrahedral
type generated at the original stage of the reaction, and two of
the 2-nIm and bIm ligands to form the three-dimensional
architecture with GME topology. The GME topology of ZIF-68
was well-known as a beautiful topology mode with a large
pore size, attractive surface area, and bearing the moieties of
benzene rings and nitro groups,42 which is suitable for high
loading possibility of Cur via the strong interaction between the
Cur guest molecules and the ZIF framework, leading to an
efficient control for the drug release process.

To access the phase purity degree of ZIF-68, the powder X-ray
diffraction (PXRD) analysis is performed. As a result, the PXRD
pattern of the activated ZIF-68 sample is in a good agreement
with the simulated structure (CCDC 671075) through high
© 2026 The Author(s). Published by the Royal Society of Chemistry
correspondence of the lattice planes including (1 0 0), (1 0 1), (2
−1 0), (2 0 0), (0 0 2), (3 −1 0), (3 −1 1), and (4 −2 0) (Fig. 2a).
Raman spectra of ZIF-68 and the linkers are revealed in Fig. 2b.
Accordingly, the characteristic vibrational modes at 1121/1163,
1294, 1367/1406, and 1480 cm−1 are assigned to dC–H (out of
plane), dC–H (in plane), nC–N, and nC]N/C]C, respectively, in the
presence of ZIF-68 but appeared at different positions for two of
2-nIm and bIm linkers. In addition, the nC]N/C]C band of the
benzene ring at 1587 cm−1 appears in both bIm and ZIF-68
samples, whereas the existence of the characteristic signal at
1545 cm−1 is attributed to the absorption mode of asymmetric –
NO2 groups inside the ZIF-68 and 2-nIm spectra.44,45 Also, the
FT-IR spectra of the samples are clearly displayed in Fig. 2c. As
expected, the main characteristic bands, such as the asym-
metric nitro, C]N/C]C, symmetric nitro, C–N, C–N–C
stretching, and ring deformation mode (out of plane) at 1537,
1482, 1363, 1168, 1004, and 653 cm−1, respectively,46,47 are
revealed in the ZIF-68 spectrum, but located at the various
wavelengths in the linker spectra. This phenomenon can be
accounted for by the generation of coordination bond networks
between inorganic and organic moieties within the ZIF archi-
tecture in comparison to the initial individual components and
exhibits a high correlation with the results observed in Raman
analyses.

To obtain a deeper understanding of the unique properties
of ZIF-68, a series of additional measurements, including TGA,
SEM-EDX-mapping, TEM, 77 K N2 sorption, zeta potential,
particle size, and XPS, were conducted on the activated ZIF-68.
As a consequence, the TGA diagram is analyzed in a dry air
medium and specically shown in Fig. 2d. A small weight
decrease of 6.7% is assigned to the loss of residual solvent in the
pores and absorbed water molecules on the surface of ZIF-68
from room temperature to 300 °C. Next, a signicant loss
(81.2 wt%) from 300 to 800 °C is attributed to the decomposi-
tion of the framework corresponding to the release of moiety
caps and linker within ZIF-68. This proves that the backbone of
ZIF-68 can withstand temperatures up to 300 °C, which is
relevant for further applications in harsh conditions.

Besides, the N2 isotherm of ZIF-68 at 77 K indicates a desir-
able value with a BET surface area of 1098 m2 g−1 (Fig. 3a). The
pore size distribution reveals a dominant window pore diameter
of approximately 22 Å. With the Cur molecule size (4.9 × 7.9 ×

20.8 Å), the pore size of ZIF-68 is quantitatively sufficient to
encapsulate curcumin molecules. This spatial compatibility,
combined with the high surface area, facilitates effective
capture and high Cur loading capacity within the ZIF-68 back-
bone. In particular, the SEM and TEM images exhibit that the
particles of ZIF-68 have the shape of polyhedron blocks with
a relatively uniform distribution of the average size in the range
of 150–200 nm (Fig. 3b–e). To further conrm the morphology
of the material, the EDX-mapping analysis was also conducted.
Accordingly, the dominant existence of the elements on the ZIF-
68 surface is clearly displayed (Fig. S2). This evidence shows
a high single-phase level of the fabricated material.

Remarkably, the XPS measurements reveal the complete
appearance of C, N, O, and Zn constituents in ZIF-68 (Fig. 4a).
The high-resolution XPS data were collected to interpret the
RSC Adv., 2026, 16, 20960–20978 | 20963
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Fig. 1 The architectures of ZIF-68 are generated by ZnL4 tetrahedral and the linkers of 2-nIm and bIm (a); space filling model of ZIF-68 (b);
chemical structure of curcumin (c). Atom colors: Zn, pink polyhedra; C, black; O, red; N, blue; H, off-white.
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binding energy of bonds and the oxidation states of each
element within the material. The high-resolution C 1s core of
ZIF-68 indicates the peaks at 284.7 and 286.8 eV, assigned to the
C]C/C–C and C–N/C]N bonds, respectively (Fig. 4b). In the N
1s spectrum, the various signals at 393.3, 401.1, and 406.0 eV
are accounted for the presence of the N–C, N]C, and N–O
bonds, respectively, with the corresponding percentage contri-
bution in Fig. 4c. In addition, in Fig. 4d, the O 1s curve is
deconvoluted into the two distinctive contributions at 532.3,
and 535.4 eV, respectively, derived from the O–N and absorbed
water due to the exposured ZIF-68 process.48,49 Especially, the Zn
2p band is divided into the two peaks of Zn moieties, as deno-
ted, 1021.9, and 1045.0 eV, corresponding to Zn 2p3/2, and Zn
2p3/2, respectively (Fig. 4e).49

In order to evaluate the zeta potential and particle size of ZIF-
68, the dynamic light scattering (DLS) method was performed. It
is interesting to note that the zeta potential of the materials
functionalized by nitro groups becomes more negative in an
aqueous medium.50 As expected, nitro-containing ZIF-68
possesses a negative zeta potential of −64.9 mV (Fig. 5a),
which is impressive in forming an efficient attraction between
20964 | RSC Adv., 2026, 16, 20960–20978
the negative surface of ZIF-68 and the polar groups, including
the keto/enol moieties of the Cur molecules.

Thus, the zeta potential of Cur@ZIF-68 is−23.1 mV (Fig. 5b),
which is reasonable and proves the successful encapsulation of
Cur onto the pores of ZIF-68 via the stated interactions. These
high absolute zeta potential values exhibit a good colloidal
robustness, and aggregation decrease in serum, resulting in the
remarkable support for the drug delivery.51 The fact reveals that
the nanoparticles with size in the range of 50–300 nm will
enhance the ability of tumor tissue accumulation for the cancer
treatment via the enhanced permeability and retention (EPR)
effect, which is much more effective than free Cur.52 Conse-
quently, the particle size of ZIF-68 is conrmed by the DLS
analysis to be 131.4 ± 29.4 nm (Fig. 5c), which is no signicant
difference in comparison with the mentioned TEM data.
Meanwhile, aer loading of Cur, the particle size of Cur@ZIF-68
rises to 252.9 ± 33.8 nm, which is a common situation in the
drug-loaded nanocarriers.53 This phenomenon can be explained
by the fact that the Cur molecules are uptaken on the surface
and anchored in the pores of ZIF-68, causing an increase in the
hydrodynamic diameter. All of the observations mentioned
above, obtained from modern and highly reliable analytical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Powder X-ray diffraction analysis of activated ZIF-68 (red) in comparison with the simulated ZIF-68 (black) (a); Raman spectra of 2-nIm
linker (black), bIm linker (red), and ZIF-68 (blue) (b); Fourier transform infrared spectra of 2-nIm linker (black), bIm linker (red), and ZIF-68 (blue)
(c); TGA diagram of activated ZIF-68 (d).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
:0

6:
57

 P
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
methods, demonstrate that the ZIF-68 material has been
successfully prepared in terms of high uniformity and phase
purity, which are conducive to carrying and delivering Cur
effectively for anti-cancer treatment.

3.2. Drug uptake investigations

To study the ideal dosage of ZIF-68 for the encapsulation
process of Cur onto the material, the various contents (2–25mg)
of ZIF-68 were introduced into 40 mL of the Cur solution in
EtOH with a concentration of 10 mg L−1, and stirred with
a constant rate at room temperature for 24 h.

As exhibited in Fig. 6a, the uptake efficiency of Cur increases
from 21 to 98% with the dosage change from 2 to 15 mg,
respectively. This difference can be accounted for by the
increase in the material's content, leading to more adsorptive
sites and cavities for the Cur capturing. When the ZIF-68 dosage
reaches about 20–25 mg, the Cur uptake changes insignicantly
by about 0.3%, indicating a generated encapsulation balance.
Therefore, the optimal content of 15 mg is utilized for the
subsequent studies.

In order to point out the nature of the Cur adsorption over
ZIF-68, the uptake isothermal models were used to detail the
interaction between the Cur molecules and the framework. As
illustrated in Fig. 6b, the Cur adsorption capacity is promptly
© 2026 The Author(s). Published by the Royal Society of Chemistry
boosted with an increase in the Cur initial concentration from
50 to 500 mg L−1. This can be ascribed to the enhancement of
the adequate adsorption sites within ZIF-68 to effectively
encapsulate Cur. Meanwhile, the uptake capacity reaches an
equilibrium value as the Cur concentration increases from 500
to 700 mg L−1, which is attributed to the complete lling of the
Cur molecules inside the pores of ZIF-68. Next, the isothermal
models, including Langmuir, Freundlich, Temkin, and Dubi-
nin–Radushkevich (DR), were employed. The linear forms of the
stated isothermal equations are indicated in Section S7. Fig. 6c–
f shows the linear tting plots of the Cur uptake models onto
ZIF-68. As given in Table S1, the tting coefficient of the Lang-
muir model (R2 = 0.996) is greater than those of the Freundlich,
Temkin, and DR models with R-squared values of 0.960, 0.982,
and 0.769, respectively. In addition, the maximum Cur
adsorption capacity is 720.1 mg g−1 recorded from the
isothermal curve (Fig. 6b), which is reasonable as compared to
the theoretical value derived from the Langmuir model
(833.3 mg g−1). This difference can be attributed to steric
hindrance between the Cur molecular size and the ZIF-68 pores,
which prevents 100% theoretical monolayer coverage. The ob-
tained evidence reveals that the Cur monolayer uptake onto the
material is created at the boundary between ZIF-68 and the
guest molecules. Moreover, the separation value of RL is
RSC Adv., 2026, 16, 20960–20978 | 20965
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Fig. 3 N2 isotherm at 77 K for activated ZIF-68 (a): closed and open circles represent the adsorption and desorption branches, respectively. Inset:
the plot of the pore size distribution of ZIF-68. SEM image of ZIF-68 at a scale bar of 5 mm (b) and 2 mm (c); TEM image of activated ZIF-68 at
a scale bar of 200 nm (d), and 100 nm (e).
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inferred from the Langmuir model in Section S2, considered as
a vital factor to assess the capturing convenience. In detail, the
gained RL parameter is acceptable (0 < RL < 1) to demonstrate an
irreversible and advantageous anchoring of Cur over ZIF-68.
This can be argued by the formation of the effective interac-
tion of the active adsorption centers within ZIF-68 and the Cur
molecules via the attraction of the conjugated p electron
clouds, hydrogen bond system, and electrostatic attraction
generated during the encapsulation.54,55

Besides, the adsorption kinetic experiments were surveyed to
further elucidate the Cur uptake mechanism onto ZIF-68. As
20966 | RSC Adv., 2026, 16, 20960–20978
shown in Fig. 7a, the uptake capacity of Cur over ZIF-68
increases rapidly aer the rst 90 min and achieves the
balance value in 120 min. Subsequently, the uptake kinetic
models, including pseudo-rst-order and pseudo-second-order,
were used (see eqn (S8) and (S9)). The pseudo-rst-order model
indicates that the absorbent surface is affected by the uptake
rate. Whereas the pseudo-second-order model exhibits a strong
attraction between the active sites within the material and the
guest components.21 Accordingly, the R-squared values of the
pseudo-rst-order and pseudo-second-order models are 0.986
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The XPS measurement of ZIF-68: the XPS survey (a); high-resolution spectrum of C 1s (b); high-resolution spectrum of N 1s (c); high-
resolution spectrum of O 1s (d); high-resolution spectrum of Zn 2p (e).
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and 0.998, respectively, and are clearly revealed in Fig. 7b, c, and
Table S2.

Based on these data, the Cur encapsulation onto ZIF-68 is
consistent with a process dominated by chemical interactions,
supported by efficient p–p stacking, electrostatic interactions,
and hydrogen-bonding networks formed between the ZIF
backbone and Cur. To further affirm the unique performance of
ZIF-68, the maximum Cur uptake capacity of the material was
compared with that of the other carriers in Table S3. Accord-
ingly, ZIF-68 possesses a much greater adsorption ability than
the other Cur delivery materials. On the other hand, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
structural robustness of the drug delivery material aer the
encapsulation plays a vital role in considering the economic
effectiveness of the nanocarrier in terms of storing and
preserving medicines for prolonged periods. Consequently, ZIF-
68 aer the Cur uptake was washed with EtOH to remove the
Cur molecules remaining on the ZIF surface, dried, and acti-
vated under vacuum at 80 °C for 24 h. The sample was then kept
for 1 month under ambient conditions. Continuously, the
architectural stability of the stored Cur@ZIF-68 was inspected
by the PXRD, FT-IR, SEM, and TEM procedures. As exhibited in
Fig. S3, the PXRD patterns of the activated ZIF-68 and the
RSC Adv., 2026, 16, 20960–20978 | 20967
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Fig. 5 The hydrodynamic diameter (a) and zeta potential (b) of ZIF-68; the hydrodynamic diameter (c) and zeta potential (d) of Cur@ZIF-68.
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preserved Cur@ZIF-68 sample indicate a good accordance,
conrming a high stability of Cur@ZIF-68 in the practical
medium. Next, the FT-IR spectrum of Cur@ZIF-68 displays the
characteristic bands retained throughout the encapsulation as
compared to the pristine ZIF-68 (Fig. S3). Also, the surface
morphology and particle size of the nanocarrier show no
considerable change aer the uptake, as clearly illustrated in
the SEM and TEM analyses (Fig. S3). These gained observations
highlighted that ZIF-68 could be applied as a potential drug
carrier under actual storage and circulation conditions.
3.3. Plausible uptake mechanism

Owing to the existence of the applicable pore size and high-
density conjugated p electron system of the linkers within
ZIF-68, the capturing mechanism of Cur over ZIF-68 can be
proposed by the creation of the p–p interactions, hydrogen
bonding system, and electrostatic attractions. To inspect this
assumption, we carried out extensive measurements such as FT-
IR, Raman, and XPS. Accordingly, the FT-IR spectrum of
Cur@ZIF-68 shows the shi to the other frequencies of the
characteristic bands of asymmetric nitro groups, nC]N/C]C, and
nC–N at 1499 and 1159 cm−1, respectively, as compared to the
pristine ZIF-68 spectrum (Fig. 8a).
20968 | RSC Adv., 2026, 16, 20960–20978
Particularly, the presence of two new vibrational modes at
1594 and 1612 cm−1 in the Cur@ZIF-68 spectrum is assigned to
the C]O stretching vibration of the Cur molecules anchored
into the pores of the material. This situation can be described
by the generation of the considerable interaction between the
hydroxyl groups, benzene rings of the Cur molecules, and the
active uptake centers, including the electron-rich nitrogen sites
of N-heterocyclic in both linkers, nitro groups of 2-nIm and
benzene ring of bIm within ZIF-68.55,56 Raman spectroscopy of
the Cur@ZIF-68 sample was also analyzed to further conrm
the Cur efficient encapsulation onto the ZIF framework. As
given in Fig. 8b, the reasonable appearance of the C]O char-
acteristic signal related to the Cur molecules at 1628 cm−1

within Cur@ZIF-68, which is similar to the stated FT-IR result
and proves the successful capturing of Cur into the material's
architecture.

Furthermore, the vibrational modes at 1118, 1356, 1487, and
1594 cm−1, corresponding to the bonds of C–H (out of plane),
C–N, C]N/C]C, and C]N/C]C in bIm, respectively, exist in
the Cur@ZIF-68 sample,44,56 but are located in the various
regions in the pure ZIF-68 range. This nding again conrms
the main formation of the hydrogen bonding system and p–p

interactions between the backbone and guest moieties. The
uptake mechanism was further elucidated with XPS
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Influence of ZIF-68 content on the Cur uptake (a) [m= 2–25mg, V= 40mL, Co: 10 mg L−1, t= 24 h]; effect of the initial concentration on
the Cur loading capacity (b) [m = 15 mg, V = 40 mL, Co: 50–700 mg L−1, t = 24 h]. Data fitting with the isothermal models: Langmuir (c),
Freundlich (d), Temkin (e), and DR (f).
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measurement. Fig. 8c shows the appearance of the components
such as C, N, O, and Zn inside the Cur@ZIF-68 material, like the
XPS analysis of the pristine ZIF-68. However, the high-
resolution spectra of Cur@ZIF-68 exhibit the displacement of
binding energies for each element in comparison with the pure
ZIF-68 sample. Consequently, the C 1s core of Cur@ZIF-68 is
divided into three signals located at 284.0 and 286.5 eV, which
are assigned to the C]C/C–C and C–N/C]N bonds, respec-
tively (Fig. 8d). Interestingly, these peaks are moved to different
ranges in relation to the parent ZIF-68 (284.7 eV for C]C/C–C,
and 286.8 eV for C–N/C]N) (Fig. 4b).49 Notably, a new signal of
© 2026 The Author(s). Published by the Royal Society of Chemistry
C]O is found in Cur@ZIF-68 at 284.9 eV, but is absent in the
ZIF-68 spectrum, which proves the Cur settlement into the
pores of ZIF-68.57 The high-resolution N 1s curve is deconvo-
luted into three characteristic peaks at 399.0 eV, 400.2 eV, and
405.8 eV with the corresponding percentage of area in Fig. 8e,
relating to the N–C, N]C, and N–O,40 respectively, similar to the
signals collected in the ZIF-68 sample, but occupied at the
various positions. This affirms that the outstanding attraction is
generated between the N-heterocyclic and N sites of the
framework and Cur. Additionally, the O 1s spectrum of
Cur@ZIF-68 indicates the essential peaks at 532.6 and 535.2,
RSC Adv., 2026, 16, 20960–20978 | 20969
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Fig. 7 The kinetic data for the Cur uptake over ZIF-68 (a) [m = 15 mg, V = 40 mL, Co = 30 mg L−1, t = 15–150 min]; fitting results with the Cur
uptake kinetic models: pseudo-first-order (b), pseudo-second-order (c).
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corresponding to the N–O and adsorbed H2O binding energies,
which is comparable to the ZIF-68 spectrum (Fig. 8f).

Noteworthily, in the Cur@ZIF-68 spectrum, there is a new
signal at 531.8 eV, corresponding to the C]O bond within the
material, demonstrating the prosperous anchoring of Cur onto
ZIF-68. Apart from the mentioned crucial interactions,
including the hydrogen bondings formed by the electron-rich
nitro groups with the phenolic and enol-type hydroxyl groups,
and p–p stackings, a hypothesis regarding the generation of the
electrostatic interactions between the hydroxyl and b-ketone
moieties inside Cur and the Zn2+ tetrahedral species within ZIF-
68 has been suggested. As a consequence, the Zn 2p spectrum of
ZIF-68 aer the Cur encapsulation reveals the movements to the
lower binding energy peaks, such as 1021.5 eV for Zn 2p3/2 and
1044.6 eV for Zn 2p1/2 (Fig. S4) in contrast to the pure ZIF-68
sample (Fig. 4e). This implies that the formation of the
considerable electrostatic interaction of the electron-rich
groups in Cur along with the Zn2+ moieties within the ZIF
backbone during the capture of Cur. This case is also observed
in the previously reported literature.56 These ndings demon-
strate that the ultra-high uptake capacity of Cur over ZIF-68 is
supported by the strong attractions, involving hydrogen
bonding networks, p–p, and electrostatic interactions (Scheme
20970 | RSC Adv., 2026, 16, 20960–20978
1). This is one of the important factors to using Cur@ZIF-68 as
an effective drug carrier for the subsequent in vitro testing to
treat cancer cells.
3.4. In vitro drug release experiments

In fact, the burst effect occurred during the drug release process
of nanocarriers causes the limitations, including the increase of
local cytotoxicity risk due to a large number of drug molecules
released at the original stage, the decline of durable therapeutic
efficiency, the difficulties in controlling the drug concentration
in the range of the optimal treatment, and causing to the
deviation of the desired drug release kinetic.58 Owing to the
stated obstacles, the design strategy of the Cur delivery material
capable of controlling drug release kinetics via the optimal pore
size engineering and the enhancement of intermolecular
attractions between Cur and the ZIF structure to cope with the
burst phenomenon has been approached. As mentioned in the
Cur uptake mechanism, ZIF-68 has emerged as a promising
candidate for controlled Cur release from the architecture.
Hence, a series of investigations was conducted to explore the
Cur release of Cur@ZIF-68. In detail, 15 mg of ZIF-68 was added
to 40mL of the Cur solution with a concentration of 700mg L−1.
The mixture was stirred at room temperature with a constant
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The FT-IR spectroscopy of activated ZIF-68 (black) in comparison with Cur@ZIF-68 (a); Raman spectra of activated ZIF-68 (black) and
Cur@ZIF-68 (red) (b); the XPS analysis of Cur@ZIF-68: the XPS survey of Cur@ZIF-68 (blue) as compared to ZIF-68 (red) (c); high-resolution
spectrum of C 1s in Cur@ZIF-68 (d); high-resolution spectrum of N 1s in Cur@ZIF-68 (e); high-resolution spectrum of O 1s in Cur@ZIF-68 (f).
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rate for 24 h to generate an uptake equilibrium. The product
was then centrifuged, washed with excess EtOH to purge the
absorbed Cur molecules on the surface, and dried at 80 °C upon
vacuum for 24 h to achieve Cur@ZIF-68 with the maximum
adsorption capacity of 720.1 mg g−1. Notably, to affirm this
maximum uptake capacity and calculate the DLC and DLE
values, Cur@ZIF-68 (3 mg) was digested in a solution contain-
ing EtOH (30 mL) and 2 M HCl (0.75 mL). The extract was then
measured by UV-vis analysis to determine the total Cur content
inside the ZIF-68 material. As expected, the DLC and DLE are
42.0% and 35.2%, respectively, which is in high agreement with
the previously mentioned isothermal result. Continuously, 5 mg
© 2026 The Author(s). Published by the Royal Society of Chemistry
of the fabricated Cur@ZIF-68 sample is immersed and shaken
in the phosphate buffer solutions at pH 7.4 and 5.0 at 37 °C, as
indicated in Fig. 9a. It is noted that the release prole of ZIF-68
reveals that the Cur release rate of Cur@ZIF-68 in physiological
medium is lower than that in an acidic environment, displaying
the dominant pH-responsive features. This situation can be
accounted for by the deprotonation of the ligands, leading to
the decomposition of the coordination bonds between the Zn2+

ions and the linkers under acidic conditions and causing the
structural order loss of Cur@ZIF-68 at pH = 5.0 aer 120 h, as
observed by the PXRD pattern (Fig. S5).
RSC Adv., 2026, 16, 20960–20978 | 20971
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Scheme 1 The proposed uptake mechanism of Cur onto ZIF-68. Atom colors: Zn, pink polyhedra; C, black; O, red; N, blue. Almost H atoms are
omitted for clarity.
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Accordingly, the cumulative Cur release at pH 7.4 is 36.1%
for 6 h, 43.3% for 24 h and reaches 54.1% for 132 h, which is
18.8, 23.7 and 40.9% lower than at pH 5.0 under the similar
periods (Fig. 9a). The unique pH-responsive release perfor-
mance of ZIF-68 in both mediums will prevent the rapid Cur
release at initial stage, resulting in the efficient improvement of
the cancer cell treatment possibility. Despite exhibiting
a specic pH-responsive trend, the stated in vitro data are
preliminary and do not account for physiological factors such as
enzymes and serum proteins. Further in vivo experiments are
required to assess the long-term stability and degradation
behavior of the material in more complicated biological media.
The achievable results demonstrated again the formation of the
aforementioned strong interactions between the drug guest
molecules and the ZIF backbone, as well as the relevant pore
diameter of ZIF-68, supporting the controlled Cur release
process to efficiently inhibit the burst effect.

To gain a deeper insight into the Cur release mechanism, the
kinetic models such as zero-order, rst-order, Higuchi, Kors-
meyer–Peppas, and Hixson–Corwell were used. The linear
ttings of the release models are described in the eqn
(S10)–(S14). For further meaning of zero-order model, the drug
release is only a function of the rate constant and time, driving
the same amount of drugs released aer the various intervals.
Meanwhile, the rst-order model points out that the release rate
is proportional to the remaining drug content within the plat-
form material. The Higuchi model assumes that the drug's
solubility in the solution is lower than its initial concentration
within the material. Also, the drug diffusion is unidirectional,
the edge effect is not pronounced, and the drug particle size is
smaller than the system thickness. The Korsmeyer–Peppas
20972 | RSC Adv., 2026, 16, 20960–20978
model is a semi-empirical model to depict the multiple release
phenomena that take place simultaneously. A vital parameter of
this model is n, a release exponent, which represents the drug
release mechanism. As n# 0.5, the drug release corresponds to
the Fickian diffusion, exhibiting a diffusion-controlled release.
Whereas the intermediate values (0.5 < n < 1) show anomalous
or non-Fickian transport, implying the drug release is driven by
the structural swelling/relaxation/rearrangement and diffusion.
Finally, the Hixson–Crowell model displays the surface area and
particle size of the drug transport material changed throughout
the drug release. This model highlights that the carrier is
gradually dissolved as the discharged drug, causing a decrease
in particle size over time.54,59 Subsequently, the obtained data
from the Cur release experiments of ZIF-68 incorporated with
the various kinetic models are clearly shown in Fig. S6 and S7.
As a result, for pH 5.0/7.4, the calculated R2 coefficient for tting
in the Korsmeyer–Peppas model (0.993/0.995) is greater than
the zero-order (0.864/0.890), rst-order (0.989/0.919), Higuchi
(0.954/0.980), and Hixson–Crowell model (0.989/0.910), respec-
tively. Additionally, the n parameter achieved from the Kors-
meyer–Peppas model is 0.18 and 0.13 for pH 5.0 and 7.4,
respectively. These values correspond to the quasi-Fickian
diffusion mechanism as a dominant driving force for the Cur
release from the ZIF-68 framework at both pH environments.60
3.5. In vitro biocompatible and cytotoxicity studies

To assess the prospect performance of ZIF-68 as a drug nano-
carrier platform for breast cancer cell treatment, in vitro
biocompatibility and cytotoxicity experiments were carried out.
As previously mentioned in the discussion, Cur@ZIF-68
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cumulative Cur release of Cur@ZIF-68 at pH 7.4 (red) and 5.0 (blue) (a); cytotoxicity of free Cur, ZIF-68, and Cur@ZIF-68 in HDF cells (b)
and MCF-7 cells (c); the p-value was confirmed by unpaired two-tailed t-tests (p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and ns: no significant);
the IC50 values of free Cur, ZIF-68, and Cur@ZIF-68 were calculated from the cytotoxicity toward HDF and against MCF-7 cell lines (d).
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possesses the unique properties, including controlled release
rate with extraordinary pH-responsive degradation property,
and suitable particle size, which enable selective drug release in
the tumor microenvironment, resulting in the improvement of
the resistance ability toward the cancer cells and minimizing
toxicity to the normal cells.

In this contribution, the cytotoxicity of the ZIF-based drug
delivery system is estimated utilizing the colorimetric assays
with the WST-1 reagent, which is generally employed to deter-
mine the cell viability and cytotoxicity derived from the meta-
bolic activity of the living cells. Different from the MTT assay,
which generates insoluble formazan crystals in water,
demanding an additional dissolution stage, WST-1 forms water-
soluble formazan crystals, leading to a shorter protocol, more
sensitive, and less cytotoxic to the cells.61 Accordingly, seven
various concentrations of the free Cur, ZIF-68, and Cur@ZIF-68,
ranging from 1 to 30 mg mL−1 in comparison with the control
sample, were experimented on both HDF and MCF-7 cell lines.
As given in Fig. 9b, three of the samples indicate a dose-
dependent cytotoxicity by decreased cell viability and prolifer-
ation aer 24 h incubation with the HDF cells. In detail,
© 2026 The Author(s). Published by the Royal Society of Chemistry
Cur@ZIF-68 maintains the cell viability with a high level up to
74.2% and 80.0% at the concentration ranges of 25 and 20 mg
mL−1, respectively, whereas the remaining two samples show
a relatively signicant decline in biocompatibility with approx-
imately 25.1% and 56.8% cell viability for the free Cur and pure
ZIF-68 at 25 mg mL−1, respectively. This can be ascribed to the
initial prompt burst release of the free Cur molecules and the
effect of the nitro moieties inside ZIF-68 at a relatively high
concentration, which can cause the rapid inhibition and
damage to the normal cells. In contrast, the Cur@ZIF-68 carrier
demonstrates a much lower cytotoxicity towards the HDF cells,
which can be attributed to its sustained and controlled drug
release performance aer 24 h. Notably, it is realized that there
are differences in the cytotoxicity towards the normal cell
between ZIF-68 and Cur@ZIF-68 at the high dose range from 10
to 25 mg mL−1. This can be explained by the following factors: (i)
at the relatively high doses, ZIF-68 possesses a higher density of
the nitro groups in its structure, causing a relative increase in
the toxicity to the HDF cells; (ii) the Cur molecules inside the
pores of the ZIF material contributed to locking/covering in the
activity of the nitro groups within ZIF-68 through ultra-high
RSC Adv., 2026, 16, 20960–20978 | 20973
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Fig. 10 Live/Dead cell staining assay images of calcein-AM and ethidium homodimer-1 stained the HDF normal cells treated with Cur@ZIF-68 at
the concentration ranges of 0, 10, and 25 mg mL−1. Scale bar = 200 mm.
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encapsulation by forming strong interactions as mentioned.
This discovery opens up novel research to enhance the
biocompatible possibility through the capturing of the drug
molecules onto the porous material structure containing the
functional groups capable of causing cytotoxicity at high dose
ranges. Interestingly, the trends in cell morphology and survival
rates of the samples as compared to the control group are
clearly revealed in bright-eld microscopy images (Fig. S8 and
S9). Additionally, the IC50 values of the free Cur, ZIF-68, and
Cur@ZIF-68 are 18.88, 26.51, and 28.12 mg mL−1, respectively
(Fig. 9d), which is in good accordance with the stated data. All
achievable evidence proves that the Cur@ZIF-68 material
possesses a high biocompatible ability towards the normal cell
line with an acceptable cell viability degree at the high doses,
which is recognized in the reported works,32,62–64 and the stan-
dard ISO 10993-5. Subsequently, for the MCF-7 cell, the IC50

value of ZIF-68 is 24.25 mg mL−1, which is higher than Cur@ZIF-
68 (19.38 mg mL−1). In particular, the cell viability of the
Cur@ZIF-68 sample reaches 28.1% at 25 mg mL−1 and 18.3% at
30 mg mL−1 concentration, while for the pristine ZIF-68, the
cytotoxicity against the MCF-7 cell line is 48.1% and 40.4%,
20974 | RSC Adv., 2026, 16, 20960–20978
respectively (Fig. 9c and Table S4). This suggests that the
Cur@ZIF-68 carrier indicated a greater cytotoxicity as compared
to the parent ZIF-68 aer 24 h. For the free Cur, the IC50

parameter is determined to be 14.12 mg mL−1 aer 24 h of the
therapeutic testing for the MCF-7 cell. At rst glance, the IC50

value of the free Cur is lower than that of ZIF-68 and Cur@ZIF-
68, driving a higher resistance against the breast cancer cells.
Nevertheless, the actual Cur content within the Cur@ZIF-68
nanocarrier is calculated as 8.14 mg mL−1 with a drug loading
content of 42%, which is much smaller than the free Cur IC50

value. It is worth noting that the encapsulation of Cur into the
ZIF-68 framework indicates a signicantly enhanced anticancer
efficiency in comparison with the free Cur on a dose-normalized
basis. Furthermore, Cur@ZIF-68 can minimize the burst effect
and facilitate the sustained drug release, resulting in the
enhancement of the therapeutic activity. This drug delivery
system could reduce the requirement for frequent use, which
generally causes systemic toxicity and undesirable side effects.

To provide a more visual and intuitive understanding of the
high biocompatible property of Cur@ZIF-68 at the dose ranges
of 0, 10, and 25 mg mL−1 toward the normal cell, a Live/Dead
© 2026 The Author(s). Published by the Royal Society of Chemistry
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assay was performed by staining with the calcein acetoxymethyl
(AM) reagent to evaluate the cell morphology and viability.
Herein, the staining mechanism is conducted through the
reagents, such as calcein-AM and ethidium homodimer-1.
Calcein-AM is capable of traveling through the intact cell
membrane and is hydrolyzed by intracellular esterases in active
cells to create green uorescence, indicating living cells.
Meanwhile, ethidium homodimer-1 can not pass through the
intact cell membranes and only penetrates the cells owing to the
damaged membranes to generate the red uorescence, showing
the dead cells. As illustrated in Fig. 10, there is no remarkable
change in the cell morphology and viability observed through
the dispersion of green and red uorescence in the pictures for
the Cur@ZIF-68 samples in the concentration range of 10 and
25 mg mL−1, relating to the control sample (0 mg mL−1), which
corresponds to the surveyed cytotoxicity experiment. This
nding points out that Cur@ZIF-68 could be used as a highly
biocompatible drug nanocarrier for further in vivo assay.

4. Conclusion

In summary, a Zn-based ZIF with GME topology, termed ZIF-68,
containing the nitro moieties and benzene rings incorporated
with a suitable pore window size, capable of effective curcumin
encapsulation, was successfully fabricated and investigated for
its biocompatible performance towards normal cells and cyto-
toxicity against the breast cancer cell line. It is realized that the
maximum uptake capacity for the Cur molecules over ZIF-68 is
obtained as 720.1 mg g−1, corresponding to the DLC calculation
of 42%. To the best of our knowledge, this value is much greater
than the previously published Cur carriers. Besides, the results
from the uptake isothermal and kinetic models indicate that
the Cur encapsulation is closely related to the Langmuir
isotherm and the pseudo-second-order models, suggesting that
the adsorption behavior follows model-based interpretations
typically associated with chemical interactions. In addition, the
Cur anchoring mechanism is interpreted via the combined
analyses, indicating the formation of strong attractions such as
the electrostatic and p–p interactions, and hydrogen bonding
during the adsorption. Furthermore, the Cur@ZIF-68 carrier
possesses the desirable controlled Cur release rate, which effi-
ciently suppresses the drug burst phenomenon at the initial
stage and the side effects caused by the free drug. In particular,
the in vitro cytotoxicity experiments prove that Cur@ZIF-68 has
a good biocompatible possibility for the HDF normal cells, and
the high cytotoxicity against the MCF-7 cancer cell lines with
a low IC50 value of 19.38 mg mL−1. These ndings reveal that
ZIF-68 is a dominant candidate to be employed as a potential
drug delivery system with high biocompatibility and effective
anti-cancer therapy, leading to opening up a new horizon for
scientists in the design of porous drug nanocarriers for further
in vivo assays.
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