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In recent years, metal-organic frameworks (MOFs) have attracted significant attention as versatile mate-
rials for drug delivery systems due to their customizable structural properties. Building on this trend, we
report the successful development of a bioMOF-on-MOF hybrid nanostructure, denoted as CuGA/
CUR@ZIF-8 (CGCZ), as a promising controlled drug delivery platform synthesized via a straightforward
sonochemical synthesis approach. Based on advanced physicochemical analyses, CGCZ exhibited a
hydrodynamic diameter of approximately 160 nm and a polydispersity index below 0.2, indicating its
suitability for drug delivery applications. Notably, CGCZ demonstrated pH-responsive drug release with
superior control compared to its precursor materials, following the Higuchi model at pH 7.4 and
6.8, and the Korsmeyer—Peppas model at pH 5.5. In vitro cytotoxicity assays revealed that CGCZ exhib-
ited enhanced selective cytotoxicity toward MCF-7 cancer cells while maintaining high biocompatibility
with L929 normal cells. These results suggest that CGCZ is a promising candidate for controlled drug
delivery in cancer therapy, highlighting the potential of bioMOF-on-MOF hybrid systems for biomedical

rsc.li/materials-advances applications.

1. Introduction

Metal-organic frameworks (MOFs) are crystalline porous mate-
rials composed of metal ions or clusters coordinated to organic
linkers. These materials offer remarkable tunability in compo-
sition, pore size, and surface functionality.”> Over the past
decade, MOFs have garnered increasing attention in the bio-
medical field, particularly in applications such as biosensing,
imaging, and drug delivery, owing to their controllable archi-
tectures and ability to release therapeutic agents in a precise
manner.*>~ Several MOF families have demonstrated promising
drug delivery capabilities both in vitro and in vivo, including the
zeolitic imidazolate frameworks (e.g., ZIF-8, ZIF-90, ZIF-67),>%’
the Materials of Institute Lavoisier (e.g., MIL-100, MIL-101, MIL-
53, MIL-125),”° and the biological MOFs (e.g., metal-gallate,
metal-curcumin, metal-cyclodextrin).'®™"® Notably, the clinical
potential of MOFs is becoming increasingly tangible. In 2023, a
MOF named RiMO-301, which is constructed from hafnium
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ions and porphyrin ligands, became the first MOF-based nano-
platform to enter human clinical trials as a radiosensitizer.’*"

In addition to their use as individual components, MOFs
can also be integrated to form MOF-on-MOF architectures,
which offer several advantageous properties for biomedical
applications. For instance, Zhong et al.'® successfully devel-
oped a ZIF-8/MIL-100(Fe) hybrid structure exhibiting a remark-
ably high tetracycline adsorption capacity of up to 1288 mg g~ .
In another study, Yang et al.'” constructed a GaMOF/TiMOF
hybrid for ultrasound-assisted cancer therapy. This system
demonstrated a tumor inhibition rate of 96.1% in 4T1 tumor-
bearing mice, which was 2.9 times higher than that achieved
using TiMOF alone. In a different approach, Dong et al'®
coated ZIF-8 onto the surface of PCN-224 loaded with the
growth factor dimethyloxalylglycine. The ZIF-8 shell acted as a
regulatory barrier, enabling pH-responsive release of dimethylox-
alylglycine, with 72% released at pH 5.5 compared to 48.1% at
pH 7.4. Similarly, Ni’s group"® designed a MOF-on-MOF system by
coating NH,-MIL-88B onto doxorubicin-loaded NH,-MIL-88B.
This hybrid nanostructure not only exhibited pH-responsive
doxorubicin release but also responded to glutathione, thereby
enhancing its anticancer efficacy. Nevertheless, despite these
promising advancements, MOF-on-MOF systems still suffer from
several inherent drawbacks, including: (i) prolonged reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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times, (ii) the requirement for elevated synthesis temperatures,
and (iii) the reliance on hazardous reagents such as dimethyl-
formamide and hydrochloric acid.***°

Inspired by these advancements and challenges, we devel-
oped a novel bioMOF-on-MOF hybrid nanostructure for con-
trolled drug delivery that directly addresses the inherent
drawbacks of conventional MOF-on-MOF systems. In this sys-
tem, ZIF-8 (Z) was selected as the core MOF due to its high drug
loading capacity, pH-responsive release properties, and low
cytotoxicity.>*?° Curcumin (CUR), a model hydrophobic drug,
was directly incorporated into the Z framework during synth-
esis to form CUR@ZIF-8 (CZ), thereby eliminating the need for
a post-loading step and shortening the processing time. The CZ
core was subsequently coated with copper-gallate (CuGA) bio-
MOF to yield CuGA/CUR@?ZIF-8 (CGCZ). This CuGA shell func-
tions as a gatekeeper, regulating drug release and enhancing
structural stability. Additionally, the presence of gallic acid,
derived from CuGA, may further contribute to therapeutic
outcomes through its known antioxidant, anti-inflammatory,
and anticancer activities.”’ > To overcome the limitations of
previous MOF-on-MOF strategies, green chemistry principles
were integrated into the fabrication of CGCZ hybrid nano-
particles. A rapid sonochemical synthesis method was employed
to significantly shorten the reaction time, while the process was
conducted at room temperature without additional heating,
using water as the primary solvent to avoid hazardous organic
reagents. These features ensure both efficiency and sustainabil-
ity while maintaining successful MOF crystallization.

Besides, the physicochemical properties of the CGCZ hybrid
nanoparticles were thoroughly characterized using dynamic
light scattering (DLS), zeta potential analysis, Fourier-trans-
form infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), field emission scanning
electron microscopy (FESEM), and energy-dispersive X-ray
spectroscopy (EDX). The pH-responsive release profile was
investigated under physiologically relevant conditions at pH
7.4, 6.8, and 5.5. Drug release kinetics were analyzed using
several mathematical models, including zero-order, first-order,
Hixson-Crowell, Higuchi, and Korsmeyer-Peppas models.
In vitro cytotoxicity assessments were conducted on both nor-
mal and cancerous cell lines to evaluate the biosafety and
therapeutic efficacy of the CGCZ hybrid nanoparticles.

2. Experimental section

2.1. Synthesis of Z

The Z was synthesized via a sonochemical synthesis method as
follows: 300 mg of zinc nitrate hexahydrate (Zn>") was dissolved
in 10 mL of deionized water (DI) (solution 1), and 660 mg of
2-methylimidazole (2-MIM) was dissolved in 20 mL of methanol
(solution 2). Solution 1 was added to solution 2, and the
mixture was sonicated for 5 min to form Z. The product was
collected by centrifugation (15000 rpm, 10 min), freeze-dried
for 24 h, and stored at 8 °C.

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

The CZ was synthesized via a sonochemical method similar to
that used for Z, except that 10 mg of CUR was added to solution
2 prior to sonication.

2.3. Synthesis of CGCZ

The CGCZ was synthesized by dispersing 100 mg of CZ in 5 mL
of DI (solution 1). Separately, 62.3 mg of gallic acid monohy-
drate (GA) and 20 mg of copper(n) nitrate trihydrate (Cu**) were
dissolved in 30 mL (solution 2) and 5 mL (solution 3) of DI,
respectively. Solutions 1 and 3 were sequentially added to
solution 2, followed by sonication for 5 min to form CGCZ.
The product was collected by centrifugation, freeze-dried, and
stored as described above.

2.4. Drug loading and encapsulation efficiency

The drug encapsulation efficiency (EE) and loading capacity
(LC) of CZ and CGCZ were quantitatively evaluated following
the complete acidic degradation of the samples. Specifically,
5 mg of the dried CZ or CGCZ was dispersed in 50 pL of HCl1 1 M
to ensure thorough decomposition of the framework, followed
by vigorous agitation for 2-3 min. The resulting suspension was
then diluted to 2 mL with DI and filtered through a 0.45 um
membrane to eliminate any insoluble residues. The amount of
CUR loaded was analyzed by measuring the absorbance at a
fixed wavelength of 425 nm using a UV-vis light. The CUR
concentration was determined based on a pre-established
standard calibration curve, and the EE and LC values were
subsequently calculated using standard formulas.

EE = Mioaded drug

Maydded drug

LC = Mioaded drug

Mdrug-loaded nanoparticles

where: Mipadeddrug 18 the total amount of CUR loaded into
the structure. Maqded drug 1S the initial amount of drug added.
Mgrug-loaded nanparticles 1S the total amount of drug-loaded nano-
particles used for the decomposition.

2.5. Drug release at different pH values

The pH-responsive drug release profile of CZ and CGCZ was
systematically investigated under physiologically relevant con-
ditions to assess their release behavior in environments
mimicking normal and tumor tissues. For this purpose,
30 mg of each sample was enclosed in a dialysis membrane
(MWCO = 3.5 kDa) and immersed in phosphate-buffered saline
(PBS) medium of varying pH values (pH 7.4, 6.8, and 5.5),
representing physiological, mildly acidic, and tumor microen-
vironments, respectively, and maintained at 37 °C. At prede-
termined time intervals, 1 mL of the external release medium
was collected and replaced with an equal volume of fresh buffer
to maintain sink conditions and ensure sustained diffusion.
The amount of CUR released into the medium was quantified
by measuring the absorbance at a fixed wavelength of 425 nm

Mater. Adv,, 2025, 6, 7574-7584 | 7575
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using a UV-vis. The drug release percentage was calculated
using the following equation:
Drugrelease percentage (%) = Wl
i
where: W, represents the cumulative amount of drug released at
time ¢. W; represents the total amount of drug initially loaded
within the material.

2.6. Drug release kinetic modeling

To elucidate the underlying release mechanisms, the experi-
mental drug release data were fitted to a series of established
kinetic models, including zero-order, first-order, Hixson-
Crowell, Higuchi, and Korsmeyer-Peppas models. These
models enable a systematic and quantitative assessment of
the release Kkinetics, providing insights into the diffusion,
dissolution, and matrix erosion processes governing drug
release from the materials. The detailed equations are provided
in the SL
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2.7. In vitro cytotoxicity evaluation

The cytotoxic effects of Z, CZ, and CGCZ materials were system-
atically assessed using the MTT assay on two representative cell
lines: mouse fibroblasts (L929) to evaluate biocompatibility,
and human breast cancer cells (MCF-7) to investigate anti-
cancer potential. Both cell lines were cultured under standard
conditions in Dulbecco’s modified Eagle medium supplemen-
ted with 10% fetal bovine serum and 1% penicillin-streptomy-
cin. Cells were maintained in a humidified incubator at 37 °C
with 5% CO, to ensure optimal growth and viability throughout
the experimental procedures. For the assay, 90 pL of cell
suspension was seeded into 96-well plates at a density of
1 x 10" cells per well and incubated overnight to allow for cell
adhesion. Subsequently, 10 pL of the test materials at varying
concentrations (12.5, 25, 50, 100, and 200 ug mL™ ") were added
to each well, and the plates were incubated for an additional
24 h under standard culture conditions. After treatment, cel-
lular morphology was observed and captured by using the
microscope. The medium was then removed, and cells were
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Schematic representation of the sonochemical synthesis of (a) Z, (b) CZ, and (c) CGCZ.
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gently washed twice with PBS to eliminate residual materials.
Next, 50 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) solution (0.5 mg mL ") was added to
each well, followed by incubation for 4 h at 37 °C to allow for
the formation of formazan crystals. The resulting formazan was
dissolved by adding 100 pL of dimethyl sulfoxide to each well.
The absorbance was measured at fixed wavelength of 540 nm
using a microplate reader to determine cell viability. The cell
viability was calculated relative to untreated controls.

Cell viability (%) = igzsamtple, - /zl;z:ani
contro! an

where: AbSg,mpie is the absorbance of cells treated with the test
samples. Abscontrol iS the absorbance of the untreated control
cells. Abspank is the absorbance of the blank containing only
the MTT reagent without cells.

2.8. Statistical analysis

All experimental data are presented as mean values + standard
deviation, based on triplicate measurements (n = 3) to ensure
reproducibility and accuracy. Statistical analysis was performed
using Microsoft Excel, applying a two-tailed Student’s ¢-test
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assuming equal variances to assess the significance of differ-
ences between groups. Statistical significance was denoted as
follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3. Results and discussion

3.1. Preparation

Fig. 1a—c illustrates the synthesis of Z, CZ, and CGCZ, respec-
tively. Initially, Z was synthesized via a sonochemical process
using Zn>" and 2-MIM. Ultrasonic irradiation for 5 min rapidly
facilitated the formation of uniform Z nanocrystals. Subse-
quently, CZ was prepared by a one-pot sonochemical approach.
In this procedure, the amounts of Zn** and 2-MIM were kept
consistent with the Z synthesis, while CUR was introduced into
the reaction mixture. The ultrasonic irradiation promoted the
loading of CUR within the Z framework, resulting in a high EE
of 89.35% and LC of 10.72% (Fig. 2h). Finally, CGCZ was
synthesized by dispersing CZ in an aqueous solution of GA,
followed by the addition of Cu®*. Under ultrasonic irradiation
for 5 min, an in situ self-assembly process formed the CuGA
bioMOF layer on the CZ surface. The CGCZ sample exhibited an
EE of 73.60% and an LC of 8.83% (Fig. 2h). The reduction in EE
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(a)—-(f) Characterization of Z, CZ, and CGCZ using various techniques: (a) FT-IR spectra compared with GA and CUR, (b) XRD patterns, (c) TGA

profiles, (d) hydrodynamic diameter, (e) PDI by DLS, and (f) zeta potential analysis. (g) Stability of CGCZ in DI water and PBS over 72 h. (h) Evaluation of the

loading profiles of CZ and CGCZ, presented as EE and LC.
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and LC compared to the CZ sample could be attributed to the
partial leakage or displacement of CUR during the bioMOF
coating process, likely due to structural rearrangements
induced by the ultrasonic treatment. Overall, this sequential
sonochemical approach enabled the successful synthesis of Z,
CZ, and CGCZ materials with tunable surface characteristics
and high CUR loading, highlighting their potential application
in drug delivery systems.

3.2. Characterization

To gain comprehensive insight into the surface chemical
features of the synthesized materials, FT-IR spectra of CGCZ,
CZ, Z, GA, and CUR were analyzed. As shown in Fig. 2a, the Z
sample exhibited characteristic vibrational bands, including
N-H stretching (3573-3189 cm '), C-H stretching (3137 and
3042-2931 cm '), C=N stretching (1584 cm ), entire imida-
zole ring stretching (1459 and 1384 cm™ '), imidazole ring in-
plane bending (1350-950 cm™ '), aromatic sp> C-H bending
(760 and 693 cm '), and Zn-N stretching (422 cm™ '), which are
consistent with previously reported features of Z.>° For CUR,
characteristic absorption bands were observed at 3499-3414 cm ™"
(O-H stretching), 1627 cm™' (C=C stretching), 1592 and
1502 ¢cm~ ' (C=C skeletal vibrations of the benzene ring),
1407 cm™* (C-H bending of the hydrocarbon group), 1280-
1028 cm™ ' (C-O stretching), and 978 and 815 cm™ ' (C-H out-
of-plane rocking).””*® In the case of the CZ sample, the FT-IR
spectrum is predominantly dominated by the characteristic
peaks of Z, while the signals of CUR are less distinguishable,
a phenomenon that has also been reported in previous
studies.”*! This observation can be attributed to the strong
vibrational modes of the Z framework overlapping with and
masking the characteristic vibrations of CUR. Furthermore, the
results also contribute to confirming that the structural integrity
of the Z framework remains intact upon the incorporation of
CUR. In contrast, the FT-IR spectrum of CGCZ, which was formed
by coating the CZ core with a CuGA bioMOF layer, exhibited
several noticeable changes, strongly indicating successful surface
functionalization. Specifically, the intensity of several character-
istic peaks of CZ decreased and exhibited slight shifts, most
prominently at 1584, 1426, 1310, 1147, 996, 760, 694, and
422 cm™ . These changes suggest interactions between the CuGA
coating and the Z framework. Additionally, an enhancement in
the absorption band around 3422 cm™' was observed, likely
associated with O-H stretching vibrations from GA in the
CuGA layer.*®?* The appearance of new bands in the range of
618-508 cm ™" may also be attributed to Cu-O vibrations char-
acteristic of the CuGA structure.***

The XRD patterns shown in Fig. 2b offer additional insight
into the crystalline evolution of the materials during each
modification step. For the pristine Z sample, a series of sharp
diffraction peaks appeared at 7.20° (011), 10.24° (002), 12.57°
(112), 14.56° (022), 16.35° (013), 17.87° (222), 19.31° (123),
22.00° (114), 24.30° (233), 25.40° (224), 26.50° (134), 29.51°,
30.37° (224), 31.32° (235), 34.69° (226), and 36.44° (444). These
peaks are in excellent agreement with the standard diffraction
pattern of Z, confirming the successful formation of a highly
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crystalline Z framework.>**” Upon drug loading, the CZ sample
retained a diffraction profile closely resembling that of Z, albeit
with minor peak shifts to 7.22, 10.28, 12.59, 14.60, 16.31, 17.91,
19.31, 22.00, 24.30, 25.50, 26.48, 29.47, 30.47, 31.28, 34.73, and
36.41°. These subtle deviations are likely attributed to the
incorporation of CUR molecules into the porous framework,
which may slightly distort the lattice symmetry or parameters.
Nonetheless, the preserved peak positions and intensities
indicate that the fundamental Z structure remains largely intact
after drug loading. Meanwhile, the XRD pattern of the CGCZ
sample displayed more distinct alterations, suggesting struc-
tural changes resulting from the deposition of the CuGA shell
on the CZ surface. Diffraction peaks appearing at 10.10° (200),
13.16° (011), 20.01° (112), 28.03° (213), 31.09° (413), 41.84°
(613), and 42.85° (132) matched well with the characteristic
reflections of CuGA.*>**3® Additionally, several weak and broad-
ened peaks at 10.28, 12.59, 19.31, 25.50, and 31.28° may be
attributed to the underlying CZ structure being partially
masked by the outer CuGA layer. These findings further con-
firm the successful surface functionalization of CZ with a
bioMOF coating.

TGA was employed to investigate and compare the thermal
stability of the materials Z, CZ, and CGCZ, with the results
presented in Fig. 2c. In the temperature range of 30-110 °C, all
three samples exhibited a slight mass loss of approximately
1.85%, which is generally attributed to the evaporation of
physically adsorbed water molecules on the material surfaces.
At around 400 °C, both Z and CZ displayed similar mass losses
of approximately 15.76%, primarily due to the partial decom-
position of organic components such as 2-MIM and CUR
incorporated within the frameworks. This observation suggests
that the incorporation of CUR into CZ does not significantly
affect the thermal stability of the Z framework. Meanwhile,
CGCZ showed a higher mass loss (26.56%) within this tem-
perature range, likely due to the decomposition of the CuGA
coating functionalized onto the CZ surface. This result is
consistent with previous reports on the thermal behavior of this
bioMOF,*>*® further confirming the successful functionaliza-
tion of the CZ surface with bioMOF. As the temperature was
further increased to 800 °C, all samples experienced substantial
decomposition. Specifically, Z exhibited a total mass loss of
79.92%, while CZ and CGCZ lost 61.40% and 56.08% of their
masses, respectively. The residual mass can be attributed to the
formation of metal oxides such as CuO, Cu,0, or ZnO, which
are the typical decomposition products of the metal-containing
components in these materials.>***

The hydrodynamic diameter and polydispersity index (PDI)
of the Z, CZ, and CGCZ were characterized using DLS to
evaluate the size distribution and uniformity of the materials
after successive functionalization steps (Fig. 2d and e). The
pristine Z exhibited an average particle size of 96.44 nm with a
low PDI of 0.09, indicating a highly monodisperse system.
Following the addition of CUR, the particle size of CZ increased
markedly to 121.90 nm, which suggests the successful incor-
poration of CUR into the structure of Z. Notably, the PDI of CZ
remained low at 0.07, demonstrating that the particle size

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution remained narrow and uniform even after drug
loading. Further surface functionalization with the CuGA
bioMOF coating resulted in an additional increase in particle
size for CGCZ, reaching 160.20 nm. This indicates the success-
ful formation of the bioMOF shell around the CZ core. How-
ever, the PDI of CGCZ increased to 0.19, reflecting a broader
size distribution compared to Z and CZ. Despite this increase,
the PDI remained below 0.2, which is generally considered
acceptable for biomedical applications, indicating that the
overall uniformity of the system was maintained at a satisfac-
tory level. The colloidal stability of CGCZ was further assessed
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O 0.5%
N 32.8%
I Zn 7.4%

Il C 58.5%
O 1.6%
N 33%

I Zn 6.9%

B C 56.7%

O 26.4%
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Fig. 3 (a) and (

(c)-(e) Elemental analy5|s of (c)Z
mapping, scale bar 2 pm.
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) Surface morphology of CGCZ examined by (a) FESEM with a scale bar of 500 nm, and (
, (d) CZ, and (e) CGCZ by EDX, presented as elemental percentages (atomic percentage) along with corresponding EDX
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in both DI and PBS. As presented in Fig. 2g, the particle size of
CGCZ showed excellent stability in DI, with a negligible change
(approximately 25 nm) after 72 h of incubation. In contrast, an
increase in particle size over time was observed in PBS, which
may be attributed to the potential attack of phosphate anions
on the coordination bonds within the CGCZ framework, lead-
ing to partial disruption.***

Fig. 2f presents the zeta potential data for the Z, CZ,
and CGCZ samples. Specifically, Z exhibited a zeta potential
of 39.93 mV, reflecting a strongly positively charged surface
characteristic of Zn*" ions on the structure of Z. In contrast,

) TEM with a scale bar of 100 nm.

Mater. Adv., 2025, 6, 7574-7584 | 7579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00645g

Open Access Article. Published on 26 September 2025. Downloaded on 4/3/2026 2:51:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

CZ shows a lower zeta potential of 20.83 mV, which may be
attributed to the partial neutralization of the positive surface
charge by negatively charged functional groups (such as hydro-
xyl and carbonyl groups) present in the CUR molecules. Nota-
bly, after functionalization with the CuGA coating, the zeta
potential of CGCZ shifts to a negative value (—17.83 mV). This
reversal in surface charge may be associated with the tight
coating of carboxylate groups from the CuGA on the CZ surface.
Interestingly, previous studies have shown that drug delivery
systems with negative surface charges often exhibit advantages
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in circulation within the bloodstream, thereby potentially
enhancing the efficiency of drug delivery to target tissues.

The surface properties of the CGCZ bioMOF-on-MOF struc-
ture were further examined using FESEM and TEM imaging,
EDX spectra, and EDX elemental mapping. As depicted in
Fig. 3a and b, the CGCZ particles exhibited a truncated
hexagonal-like shape with a uniform size distribution, consis-
tent with the DLS results previously discussed. Furthermore,
the successful development of the CGCZ structure was con-
firmed by EDX spectra and elemental mapping. Specifically, the
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Z and CZ samples showed predominant signals of carbon (C),
nitrogen (N), and zinc (Zn), along with a minor presence of
oxygen (O), which might originate from adsorbed oxygen spe-
cies on the particle surfaces (Fig. 3¢, d and Fig. S3, S4). After the
deposition of the CuGA bioMOF coating on CZ, a substantial
increase in oxygen content was observed in CGCZ, approxi-
mately 16.5 times higher than in CZ (Fig. 3e and Fig. S5). This
increase likely arises from the carboxylate groups contributed
by the GA ligands of the bioMOF. Additionally, the appearance
of a copper (Cu) signal in the EDX spectrum confirmed the
successful incorporation of the CuGA coating on the CZ sur-
face. Overall, these results demonstrate that the CGCZ material
was successfully developed, with a bioMOF coating formed on
the MOF surface as expected.

3.3. Drug release study

To investigate the pH-sensitive drug release behavior of the
prepared materials, in vitro release studies of CZ and CGCZ
were conducted under different pH conditions (7.4, 6.8, and
5.5) using PBS as the release medium at 37 °C. For CZ, the
release profile demonstrated a clear pH-dependent trend
(Fig. 4a). At pH 7.4, approximately 22.48% of CUR was released
after 24 h, increasing slightly to 30.86% after 48 h and stabiliz-
ing around 33.59% at 72 h. Under mildly acidic conditions
(pH 6.8), CUR release increased significantly, reaching 41.17%
at 24 h, 54.41% at 48 h, and 62.69% at 72 h. Notably, at the
more acidic pH 5.5, the cumulative release was markedly
higher, with 65.82% at 24 h, 78.14% at 48 h, and 87.44% at
72 h. Similarly, CGCZ also exhibited pH-responsive drug release
characteristics. At pH 7.4, the release percentages were 20.09%
at 24 h, 24.53% at 48 h, and 29.33% at 72 h. At pH 6.8, the
release increased to 29.50% at 24 h, 38.59% at 48 h, and 44.21%
at 72 h. Under acidic conditions (pH 5.5), the release rate was
further enhanced, with 56.78% at 24 h, 66.85% at 48 h, and
77.57% at 72 h (Fig. 4b).
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The pH-responsive drug release behavior observed in this
study can be attributed to the increased proton concentration
(H") in acidic environments, which promotes the cleavage of
the coordination bonds between metal ions and organic
ligands in both Z MOF and CuGA bioMOF structures. This
process facilitates the release of CUR, as illustrated in Fig. 5.
These results highlight the potential of both CZ and CGCZ as
pH-responsive drug delivery systems, particularly for targeting
tumor microenvironments that typically exhibit lower pH
values than healthy tissues. Furthermore, when comparing
the release profiles of CUR between CZ and CGCZ, it is evident
that the presence of the CuGA bioMOF shell on CGCZ effec-
tively controls drug release by acting as a “‘gatekeeper” provid-
ing an additional diffusion barrier and enhancing the
structural stability of the material. As a result, CGCZ demon-
strates a slower release rate of CUR at all tested pH values
compared to CZ. In other words, the CuGA shell not only forms
a protective barrier but also helps regulate the release of CUR in
various physiological environments.

3.4. Kinetics study

The release kinetics of CUR from CZ and CGCZ at pH 7.4, 6.8,
and 5.5 were analyzed using the zero-order, first-order, Hixson—-
Crowell, Higuchi, and Korsmeyer-Peppas models (Table S1),
with the corresponding kinetic plots presented in Fig. 4c-1. For
the zero-order model, both CZ and CGCZ exhibited moderate R?
values (0.797-0.907 for CZ and 0.797-0.927 for CGCZ), suggest-
ing that the release was not perfectly constant over time across
all tested pH conditions. The first-order model showed high R*
values (0.924-0.960 for CZ and 0.926-0.944 for CGCZ), indicat-
ing that concentration-dependent release may play a role under
these conditions. In contrast, the Hixson-Crowell model dis-
played lower R* values (0.667-0.832 for CZ and 0.660-0.849 for
CGCZ), suggesting that erosion or changes in particle geometry
had a limited impact on the overall release behavior.

Intracellular environment
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Illustration of CGCZ synthesis via a sonochemical approach and its pH-responsive drug release mechanism. In the acidic intracellular

environment, protonation disrupts the coordination bonds of CuGA and Z, thereby triggering the controlled release of therapeutic agents.
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The Higuchi model demonstrated a strong fit to the release
data, particularly highlighting the diffusion-controlled release
behavior. This model fits best for CZ at pH 7.4 (R* = 0.974) and
for CGCZ at both pH 7.4 (R* = 0.982) and pH 6.8 (R* = 0.989).
Additionally, the Korsmeyer-Peppas model also provided valuable
insights into the release mechanism. This model fit well with the
release data from CZ at pH 6.8 (R*> = 0.958) and 5.5 (R* = 0.972), as
well as from CGCZ at pH 5.5 (R* = 0.934). The n values ranged from
0.334 to 0.556 under all pH conditions, indicating that the release
process of CUR could be explained by both Fickian diffusion
(n < 0.45) and non-Fickian diffusion (0.45 < n < 0.89). Fickian
diffusion reflects drug release through the matrix, while non-
Fickian diffusion involves a combination of diffusion and relaxa-
tion or erosion of the carrier matrix. Overall, these results empha-
size that both the Higuchi and Korsmeyer-Peppas models are
essential for understanding the CUR release mechanisms from
these systems, with diffusion playing a significant role under all
tested pH conditions, while polymer relaxation effects become
more prominent at lower pH values. Besides, the CuGA coating
in CGCZ proved effective in modulating the release profile by
providing a pH-responsive diffusion barrier.

3.5. In vitro cytotoxicity study

The cytotoxicity of the Z, CZ, and CGCZ materials was evaluated
using the MTT assay on two cell lines: the normal fibroblast cell
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line L929 and the breast cancer cell line MCF-7, at concentra-
tions ranging from 12.5 to 200 ug mL ™" (Fig. 6a-d). The aim was
to investigate both the biocompatibility of these materials and
their potential selective cytotoxicity toward cancer cells. In the
L1929 cells, all three samples maintained cell viability above
100% at concentrations from 12.5 to 50 ug mL™ ", indicating a
high level of safety within this concentration range. At higher
concentrations, a dose-dependent increase in cytotoxicity was
observed. However, at 200 pg mL~ ", CGCZ exhibited the highest
biocompatibility compared to Z and CZ, with a viability of
58.63%. This phenomenon can be explained by the negatively
charged cell membrane, which promotes strong electrostatic
interactions with positively charged particles such as Z and
CZ.**® This trend is also in good agreement with previous
reports on the biocompatibility of Z and Z-based drug delivery
systems on L1929 cells.**>!

For the MCF-7 cancer cell line, Z showed cell viability
ranging from 105.50% at 12.5 pug mL™" to 90.55% at
200 pg mL™?, indicating that Z itself lacked significant anti-
cancer activity. In contrast, CZ demonstrated dose-dependent
cytotoxicity toward MCF-7, with cell viability decreasing from
97.81% to 51.26% as the concentration increased. This suggests
a moderate anticancer potential, possibly related to the release
of CUR from the structure. Importantly, CGCZ exhibited the
strongest cytotoxic effect on MCF-7 cells, with viability sharply
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In vitro cytotoxicity analysis of (a) Z, (b) CZ, and (c) CGCZ formulations against L929 and MCF-7 cell lines, as determined by the MTT assay.

(d) Microscopic evaluation of cell morphology in L929 and MCF-7 cells following exposure to CGCZ at varying concentrations (12.5, 25, 50, 100,
200 pg mL™Y). Scale bar: 200 um. Data are presented as mean = standard deviation, with statistical significance indicated as p < 0.05, *p < 0.01, and
*%

p < 0.001.
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decreasing from 88.34% at 12.5 ug mL™" to only 8.19% at
200 ug mL ™. This pronounced activity could be attributed to
the synergistic effect between the active compounds CUR and
GA within the material structure. Additionally, some studies
have suggested that Cu®>* ions may react with excess glutathione
and hydrogen peroxide in the tumor microenvironment to
generate Fenton-like reactions, thereby enhancing the anti-
cancer efficacy.>>™*

Overall, the marked difference in cell viability between L929
and MCF-7 for CGCZ highlights the high selectivity of this
material system, likely due to the external CuGA bioMOF coat-
ing. This coating enhances the stability of the material in
normal cell environments while enabling controlled release of
therapeutic agents in the acidic microenvironment of cancer
cells. In other words, the CGCZ bioMOF-on-MOF structure was
successfully developed and shows potential for controlled drug
delivery applications. Nevertheless, as this study primarily
focuses on the initial development and evaluation of the
material, further in vitro and in vivo investigations are required.
In particular, it will be important to assess the biodegradation
pathways of the CGCZ and the potential risk of accumulation in
living systems to comprehensively evaluate its efficacy and
safety for clinical applications.

4. Conclusion

In summary, the CGCZ bioMOF-on-MOF hybrid nanostructure
was successfully synthesized through the direct growth of CuGA
bioMOF on the surface of CZ using a sonochemical synthesis
method. Notably, this approach aligns with green chemistry
principles by utilizing a mild, environmentally friendly synthe-
sis route that reduces the use of hazardous reagents. The
physicochemical characterization confirmed that CGCZ inher-
its favorable properties from its constituents, including a
nanoscale dimension of approximately 160 nm, a low PDI
(0.19), a high EE (73.60%), and excellent stability maintained
over 72 h. Regarding drug release, CGCZ exhibited a pH-
dependent and more controlled release profile compared to
CZ, with higher release observed at pH 5.5 than at pH 6.8 and
7.4, which could be attributed to the protective bioMOF coat-
ing. Kinetic modeling revealed that CGCZ followed the Higuchi
model at pH 7.4 (R*> = 0.982) and pH 6.8 (R*> = 0.989), while
fitting the Korsmeyer-Peppas model at pH 5.5 (R*> = 0.934).
Furthermore, in vitro cytotoxicity assays demonstrated that
CGCZ exhibited superior selective cytotoxicity compared to Z
and CZ. At a concentration of 200 pg mL ™", it maintained over
50% viability of normal 1929 cells while effectively killing over
90% of MCF-7 cancer cells. These findings indicate that CGCZ
is a promising candidate for controlled drug delivery toward
cancer therapy.
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