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Bimetallic Fe/K y-cyclodextrin
metal-organic frameworks with
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tunable release behavior
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Cyclodextrin-based metal-organic frameworks (CD-MOFs) are bio-derived porous coordination
materials that combine hierarchical porosity with intrinsic host-guest recognition. Here, we report the
synthesis of a bimetallic y-cyclodextrin metal-organic framework incorporating potassium and iron
ions (Fe/K-CD-MOF) via a controlled vapor diffusion method and examine the influence of dual-metal
coordination on structural organization and guest transport behavior. Structural characterization by
Fourier-transform infrared spectroscopy, powder X-ray diffraction, scanning and transmission electron
microscopy, energy-dispersive X-ray spectroscopy, and Brunauer-Emmett-Teller analysis confirmed
preservation of the y-cyclodextrin framework together with improved crystallographic ordering

and increased accessible surface area following iron incorporation. Curcumin was used as a model
hydrophobic guest molecule to evaluate encapsulation efficiency and host-guest interactions. The
Fe/K-CD-MOF exhibited higher loading capacity than the monometallic analogue, which is attributed
to modified coordination environments and enhanced pore accessibility arising from heterometallic
crosslinking. Release studies conducted under acidic and neutral conditions demonstrated pH-
responsive behavior, indicating diffusion-controlled transport influenced by framework-guest
interactions. Kinetic modeling using Freundlich, Ritger-Peppas, and Elovich equations suggested a
combined adsorption—diffusion mechanism with anomalous transport characteristics. These findings
establish a direct relationship between bimetallic coordination and functional performance in
y-cyclodextrin MOFs, providing a rational strategy for tuning carbohydrate-based porous materials for
controlled molecular delivery.

Keywords y-cyclodextrin metal-organic framework, Bimetallic coordination, Host-guest interactions, PH-
responsive release, Porous biomaterials

The rational design of porous coordination materials has become a central theme in materials chemistry due
to their tunable architectures, high surface areas, and capacity for controlled molecular transport?. Among
these materials, metal-organic frameworks (MOFs) have attracted sustained attention because their crystalline
networks are constructed from metal nodes and multitopic organic ligands linked through well-defined
coordination geometries*>*. The modular nature of metal-ligand assembly allows systematic control over pore
size distribution, surface chemistry, and framework stability. Consequently, MOFs provide a versatile platform
for investigating adsorption thermodynamics, molecular confinement, and diffusion-controlled transport
phenomena in structured porous environments®”’. The physicochemical behavior of MOFs is intrinsically
governed by the identity of the metal centers and their coordination environment®®. Parameters such as ionic
radius, charge density, preferred coordination number, ligand field effects, and metal-oxygen bond strength
influence network topology and long-range crystallographic ordering®. Variations in these parameters alter
crosslinking density, pore accessibility, and structural rigidity, ultimately determining adsorption capacity and
guest mobility. Therefore, deliberate modulation of metal-ligand interactions represents a powerful strategy for
tailoring MOF functionality through coordination chemistry.
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In parallel with advances in synthetic MOF chemistry, increasing emphasis has been placed on the development
of bio-derived frameworks that combine structural tunability with biocompatibility and sustainability!.
Cyclodextrins (CDs), cyclic oligosaccharides composed of a-(1-4)-linked glucopyranose units, have emerged
as attractive building blocks for such systems!!. Their truncated cone geometry provides a hydrophobic internal
cavity capable of forming inclusion complexes with diverse guest molecules, while the exterior surface is rich
in hydroxyl groups that can participate in hydrogen bonding and metal coordination. This dual functionality
enables cyclodextrins to serve both as supramolecular hosts and as multidentate ligands in coordination
assemblies'?. Among the cyclodextrin homologues, y-cyclodextrin (y-CD) consists of eight glucopyranose units
and offers a relatively large toroidal cavity along with multiple primary hydroxyl groups arranged at the narrower
rim!2!3, These hydroxyl groups can coordinate alkali metal ions, promoting the formation of extended three-
dimensional networks through metal-mediated bridging interactions. The resulting cyclodextrin-based MOFs
(CD-MOFs) possess hierarchical porosity derived from both intrinsic y-CD cavities and interstitial channels
generated during framework assembly'4"1°. In conventional y-CD-MOFs, potassium ions (K*) act as primary
coordination centers, forming ionic interactions with deprotonated hydroxyl groups and stabilizing the cubic
crystalline architecture®.

Although monometallic y-CD-MOFs have been widely investigated for adsorption, encapsulation,
and delivery applications, the coordination environment in these systems is predominantly defined by
monovalent alkali metal ions®!. Such ions typically exhibit flexible coordination geometries and relatively weak,
electrostatically dominated metal-oxygen interactions. As a result, framework stability and crosslinking density
are largely controlled by ionic association rather than directional bonding. While this configuration preserves
the intrinsic y-CD cavity and allows efficient inclusion, it may limit the degree of structural reinforcement and
restrict opportunities for fine-tuning pore architecture.

Incorporation of a secondary metal species introduces an additional level of coordination complexity that
may significantly influence network connectivity and structural ordering??-?%. Transition metal ions, such as
Fe*, differ substantially from alkali metals in terms of valence state, charge density, and preferred coordination
geometry'!. The higher positive charge and smaller ionic radius of Fe** confer stronger and more directional
metal-oxygen interactions with hydroxyl groups. Moreover, Fe** commonly adopts octahedral coordination
geometries, potentially acting as multidentate crosslinking nodes that increase framework rigidity and modify
pore connectivity. Such heterometallic coordination could enhance long-range crystallographic ordering,
alter electronic distribution within the network, and influence surface accessibility without disrupting the
fundamental toroidal structure of y-CD.

Despite these theoretical considerations, systematic experimental investigations correlating heterometallic
coordination with structural and functional properties in y-CD-MOFs remain limited. In particular, direct
relationships between dual-metal coordination, surface area modulation, and guest transport dynamics have
not been comprehensively established. Understanding these correlations is essential for developing rational
design strategies that exploit coordination chemistry to control framework performance. Iron was selected as
the secondary metal ion due to its unique combination of coordination versatility, environmental compatibility,
and functional performance in host-guest systems*. From a coordination chemistry perspective, Fe>* exhibits
strong affinity toward oxygen-containing ligands, such as the hydroxyl groups of y-cyclodextrin, enabling the
formation of stable and well-defined metal-organic frameworks. Compared to divalent cations (e.g., Zn>* or
Mg?*), Fe>* provides higher charge density, which enhances framework stability and crosslinking density?¢. From
a biomedical and environmental standpoint, iron is inherently biocompatible, non-toxic at controlled levels,
and widely used in drug delivery and biomedical applications?’. This makes Fe-based CD-MOFs particularly
attractive for controlled release systems compared to heavier or toxic metals (e.g., Cu**, Co®*). Moreover, the
redox-active nature of iron (Fe**/Fe®*) introduces additional functionality, enabling tunable interactions with
guest molecules and potentially influencing release kinetics through coordination strength modulation?®. This
redox flexibility distinguishes iron from other multivalent cations such as Al**, which lack similar electronic
adaptability. Therefore, Fe was selected as an optimal candidate to simultaneously enhance structural stability,
improve host-guest interactions, and maintain biocompatibility, making it superior to many alternative metal
ions for y-CD-MOF design.

To probe structure—property relationships in heterometallic y-CD-MOFs, a suitable guest molecule is required
that is sensitive to confinement effects and transport limitations. Curcumin, a naturally occurring polyphenolic
compound isolated from Curcuma longa, provides an appropriate molecular probe. Its conjugated diketone
structure enables keto—enol tautomerism and metal chelation, while its hydrophobic character and low aqueous
solubility render it poorly dispersible in polar media®. These characteristics make curcumin highly responsive
to changes in pore environment and surface chemistry. Furthermore, its instability in aqueous conditions
allows evaluation of diffusion-controlled release processes and framework-guest interactions**-**. Accordingly,
curcumin serves as a representative model for assessing encapsulation efficiency and transport behavior in
porous coordination materials. In this study, mono- and bimetallic y-CD-MOFs incorporating potassium and
iron ions were synthesized via a controlled vapor diffusion method to elucidate the influence of dual-metal
coordination on framework architecture. The introduction of Fe** alongside K* was hypothesized to increase
crosslinking density and modify pore accessibility through stronger and more directional metal-oxygen bonding
interactions. The resulting Fe/K-CD-MOF exhibited a BET surface area of 345.4 m? g™, approximately 15%
higher than the monometallic K-CD-MOF (298.7 m* g™'), along with a reduced average particle size of ~420 nm
and enhanced crystallinity as evidenced by low-angle XRD reflections at 7.1°, 12.24°, and 13.19°. Comprehensive
structural characterization was conducted using vibrational spectroscopy, powder X-ray diffraction, scanning
and transmission electron microscopy, elemental mapping, and Brunauer-Emmett-Teller surface area
analysis to establish correlations between coordination environment, crystallinity, morphology, and porosity.
Curcumin was subsequently employed to evaluate host-guest functionality through encapsulation efficiency
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measurements and pH-responsive release studies under acidic and neutral conditions. Kinetic modeling was
applied to distinguish adsorption-dominated processes from diffusion-controlled transport mechanisms within
the modified framework. By integrating coordination chemistry principles with adsorption and release analysis,
this work aims to clarify how heterometallic modulation influences both structural organization and functional
performance in carbohydrate-based MOFs. The results demonstrate that incorporation of Fe** into the y-CD
framework enhances long-range ordering and surface accessibility, leading to improved guest loading and
tunable release behavior. These findings establish a direct structure-property relationship in bimetallic y-CD-
MOFs and highlight heterometallic coordination as an effective strategy for engineering tunable bio-derived
porous materials. The insights gained provide a foundation for extending coordination-based modulation
approaches to other carbohydrate-derived frameworks and controlled molecular delivery systems.

Experimental

Materials and methods

Potassium acetate (CH;COOK), gamma-cyclodextrin (CssHsoOuo), iron(II) sulfate (FeSO4-7 H;0), curcumin
(C21H2006), sodium acetate (CH;COONa), potassium chloride (KCl), potassium dihydrogen phosphate
(KH,PO,), and dipotassium hydrogen phosphate (K,HPO,) were purchased from Sigma-Aldrich or Merck
Companies. Also, methanol (CH;OH), absolute ethanol (C,HsOH), dimethylformamide (C;H,;NO), acetone
(CsH60), acetic acid (CH;COOH), and hydrochloric acid (HCI, 37%) were purchased from Merck and Sigma-
Aldrich Companies. All materials were analytical grade and used as received without further purification.

The evolution of the MOF structure was monitored with FTIR on a Nicolet Magna 550 using KBr pellets.
TEM (Zeiss EM10C, Germany), operated at 100 kV, was used to analyze nanoparticle size and morphology.
Nanoparticles were also analyzed with MIRA 3 TESCAN FE-SEM. Elemental analysis was done with EDX using
a ZEISS Sigma with Oxford Instruments EDX. Textural properties (surface area) were measured using the BET
method on nitrogen adsorption data from a Micromeritics Tristar 3000. Crystalline structure was characterized
by powder XRD on a Philips X’Pert diffractometer. Quantitative determination of potassium and iron content
in the bimetallic Fe/K-CD-MOF was performed using inductively coupled plasma mass spectrometry (ICP-
MS). Approximately 10 mg of dried sample was digested in 2 mL of concentrated HNO; (69%) at 120 °C for
4 h, followed by dilution to 25 mL with ultrapure water (18.2 MQ-cm). Measurements were conducted on an
Agilent 8900 ICP-MS Triple Quadrupole system equipped with a MicroMist nebulizer and helium collision cell.
Operating parameters were: RF power 1550 W, plasma gas flow 15.0 L min™, nebulizer gas flow 0.90 L min™,
and He cell gas flow 5.0 mL min™". Calibration was performed using six standard solutions in the concentration
range of 0.1-100.0 pug L™ prepared from certified reference material (HPS, ICP-MS-68 A, traceable to NIST SRM
3100). Internal standard solution (10 pg L™*, Agilent) was used for system stability control. Data processing and
collection were performed using MassHunter workstation software. Each sample was analyzed in triplicate, and
results are reported as mean * standard deviation.

Synthetic methods

Preparation of porous K/Fe-CD-MOF

50 mg (0.9 mmol) of potassium acetate (CH;COOK) and 100 mg (0.1 mmol) of iron(II) sulfate heptahydrate
(FeSO47 H,0) were dissolved in deionized water. The mixture was stirred for 3 h at room temperature. Then, a
solution of y-cyclodextrin (260 mg, 0.2 mmol) in deionized water (6 mL) was slowly and dropwise added to the
aqueous suspension and stirred for 8 h at room temperature (Fig. 1 (a)).

The resulting solution was then filtered through a 0.45 pm microporous membrane. The beaker was then
transferred to a tank containing 50 mL of methanol, followed by methanol diffusion at room temperature
for 7 days. K/Fe-CD-MOF was obtained by the modified vapor diffusion method, which has been previously
reported!#18193435 In this method, the preferential volatilization of methanol may be directly introduced into a
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Fig. 1. Schematic illustration of a the preparation process of the bimetallic Fe/K-y-CD-MOF and b the vapor
diffusion method employed for the synthesis of y-CD-based MOFs.
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polar solution containing metals and organic linkers and generally reduces the solubility of the sample, leading
to the slow formation of K/Fe-CD-MOF crystals®. After that, the solid product was filtered and washed three
times with methanol to remove residual solvent and to open the pores of the MOE The resulting K/Fe-MOF was
dried at 35 °C in a vacuum oven for 8 h. Figure 1 (b) shows a schematic of the vapor diffusion method for the
synthesis of K/Fe-CD-MOF crystals in methanol.

Preparation of K-CD- MOF

897 mg (1.6 mmol) of potassium acetate and 260 mg (0.2 mmol) of y-cyclodextrin were dissolved in 4 mL of
deionized water and stirred for 8 h at 70 °C. Afterward, the solution was filtered through a 0.45 pm syringe filter.
The beaker was then transferred to a tank containing 50 mL of methanol, followed by methanol diffusion at
room temperature for 7 days. The products were carefully separated from the solution and washed three times
with methanol. Finally, the colorless crystals were dried in a vacuum oven at 35 °C for 8 h and ground to fine
powders for subsequent applications.

Preparation of Fe-CD-MOF

For the synthesis of Fe-CD-MOF, all the reaction conditions were similar to those of K-CD-MOF, except for
changing the potassium acetate to iron(II) sulfate heptahydrate (FeSO,-7 H,O) (55 mg, 0.4 mmol). During the
synthesis, although FeSO,¢7 H,O was used as the iron precursor (Fe?* source), partial oxidation of Fe** to Fe**
is expected under the employed conditions*’. The reaction was carried out in aqueous medium under ambient
atmosphere and prolonged stirring (=11 h total), followed by slow methanol vapor diffusion over 7 days. Under
these conditions, dissolved oxygen promotes oxidation of Fe** according to®®:

4Fe*t + O+ 2H.0 — 4Fe®* T + 40H™ (1)

In addition, the coordination environment provided by y-cyclodextrin (rich in hydroxyl groups) stabilizes
Fe®* through stronger metal-ligand interactions compared to Fe**. Therefore, the final framework is expected
to predominantly contain Fe** species, with possible minor residual Fe** depending on local coordination
environments.

Loading of curcumin

An amount of 200 mg of curcumin was dissolved in 15 mL of methanol. To this mixture, 100 mg of X-MOF
was added drop wise with stirring at room temperature; temperature was protected from light (25 °C). To
quantitatively measure drug loading, three 500 ul aliquots from the mixture were taken at 24, 48 and 96 h, with
each sample measured for curcumin concentration using UV-Vis spectroscopy at 425 nm. After 96 h, the loaded
MOFs were centrifuged and washed two times with methanol. The solid product was then dried at 37 °C for 24 h.

Curcumin release studies

The curcumin release behavior from the nanocarriers was assessed through in vitro release studies. The studies
were done at two different pH levels (2.0 and 7.4), which represent acidic and neutral buffer environments
commonly used to study pH-dependent release behavior. To carry out the release study, 1 mg of the curcumin-
loaded nanocarrier in a 30 mL buffer solution (at 37 °C) were placed in a flask with a stirring rod. The flask was
placed in a light-protective container during the release study. At various times during the study (0.5, 1, 2, 3,
4, 8, 12, and 24 h) a sample of the solutions was removed and the concentration of the released curcumin was
determined by UV-Vis spectroscopy at 425 nm. Each curcumin-loaded nanocarrier was subjected to the testing
at pH 2.0 (using a standard KCI/HCl buffer solution) and pH 7.4 (using a phosphoric acid-buffered system).

Results and discussion

FT-IR analysis

The FT-IR spectra of (a) y-cyclodextrin (y-CD), (b) K-CD-MOF, (c) Fe-CD-MOF, and (d) Fe/K-CD-MOF are
shown in Fig. 2. Pristine y-CD (Fig. 2a) exhibits a broad absorption band centered at 3309 cm™, corresponding
to the stretching vibration of hydroxyl (-OH) groups involved in extensive intermolecular hydrogen bonding,
a characteristic feature of polysaccharide-based macromolecules. The weak band at approximately 2923 cm™ is
attributed to aliphatic C-H stretching vibrations of the glucopyranose units. The characteristic absorptions at
1022 and 1152 cm™ correspond to C-O and C-O-C stretching vibrations, respectively, confirming the integrity
of the cyclodextrin backbone. The band observed at ~ 1641 cm™ is associated with the bending vibration of
adsorbed water molecules, while the signal around 575 cm™ arises from skeletal vibrations of the polysaccharide
framework.

Upon coordination with metal ions, noticeable spectral changes are observed for all CD-MOF samples.
Deconvolution of the O-H stretching region (3300-3500 cm™) reveals three component bands corresponding
to free O-H (~3450 cm™), hydrogen-bonded O-H (~3350 cm™), and metal-coordinated O-H (~3250 cm™).
The relative area of the metal-coordinated band increases from 12% in K-CD-MOF to 18% in Fe/K-CD-MOF,
indicating a higher degree of metal-oxygen coordination in the bimetallic system. The observed shifts in C-O
stretching bands (from 1022 cm™ in y-CD to 1015 cm™ in Fe/K-CD-MOF) are consistent with literature reports
of metal coordination to cyclodextrin hydroxyl groups!!.

Notably, the bimetallic Fe/K-CD-MOF (Fig. 2d) displays sharper and split bands at approximately 580
and 523 cm™ compared to the monometallic counterparts, reflecting the presence of distinct metal-oxygen
coordination environments. The selection of Fe as a co-metal is justified by its strong coordination with hydroxyl
groups, high biocompatibility, and redox flexibility (Fe**/Fe**), which collectively enhance framework stability
and guest-host interactions compared to conventional divalent or non-redox-active cations. In addition,
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Fig. 2. FT-IR spectra of a y-CD, b K-CD-MOE, ¢ Fe-CD-MOE, and d Fe/K-CD-MOE.

the band near 1659 cm™ becomes sharper and shifts to higher wavenumbers, indicating reduced structural
water content and a more ordered hydrogen-bonding network. These observations confirm the successful
formation of a bimetallic y-CD-based coordination framework with enhanced structural organization relative

to monometallic systems®.

Powder-X-ray diffraction analysis

The powder XRD patterns of y-CD, K-CD-MOEF, Fe-CD-MOE, and Fe/K-CD-MOF are presented in Fig. 3.
Pristine y-CD exhibits characteristic diffraction peaks at 20 values of approximately 9.26°, 10.91°, and 12.82°,
which are considered fingerprint reflections of its crystalline supramolecular arrangement. Coordination with
K* or Fe**/Fe’* ions leads to peak shifts and broadening, indicating partial modulation of the native y-CD lattice
while preserving its fundamental framework. Comparison of the experimental patterns with literature reports
of y-CD-MOFs* confirms retention of the characteristic cubic framework topology. The low-angle reflection
at approximately 7.1° corresponds to the (200) plane of the cubic unit cell, consistent with reported values.
The absence of reflections that would indicate framework collapse or formation of a different crystalline phase
supports the conclusion that the y-cyclodextrin scaffold remains intact after metal coordination.

The oxidation state of iron in the synthesized K/Fe-CD-MOF requires careful consideration, as FeSO4¢7 H,O
introduces Fe?* initially. However, under ambient aqueous conditions and prolonged synthesis time, Fe** is
thermodynamically unstable and readily oxidizes to Fe** in the presence of dissolved oxygen. This transformation
is further facilitated by the strong coordination ability of y-cyclodextrin hydroxyl groups, which preferentially
stabilize Fe** centers due to their higher charge density and stronger ligand field interactions. Previous studies on
cyclodextrin-based MOFs and related aqueous Fe systems have consistently reported spontaneous oxidation of
Fe®* to Fe** during synthesis under similar conditions. Consequently, the dominant oxidation state of iron in the
final framework is assigned to Fe**, although partial coexistence of Fe**/Fe®* redox pairs cannot be completely
excluded. This mixed-valence scenario may also contribute to enhanced coordination flexibility and improved
functional performance of the framework.

For K-CD-MOF (Fig. 3b), the disappearance of reflections at 11.19° and 20.18° suggests successful
incorporation of potassium ions within the cyclodextrin framework. In Fe-CD-MOF (Fig. 3c), the emergence
of new reflections near 9.77° and 13.73°, along with intensity redistribution, reflects iron-induced structural
rearrangements. In contrast, the bimetallic Fe/K-CD-MOF (Fig. 3d) exhibits sharper and more intense
diffraction peaks, including prominent reflections at 7.1°, 12.24°, 12.83° and 13.19°, as well as an increased
density of peaks in the 15-22° range. These features indicate enhanced crystallinity and improved long-range
ordering resulting from cooperative bimetal coordination. The intense low-angle reflection at 7.1° is suggestive of
increased interlayer spacing, which may be associated with the formation of a bimetallic coordination network.
However, we acknowledge that definitive assignment of lattice parameters would require Rietveld refinement
against higher-resolution synchrotron XRD data. Therefore, while the data indicate improved crystallographic
ordering in the bimetallic system, statements about specific lattice dimensions remain preliminary. Low-angle
XRD analysis (Fig. 3e) further confirms this ordering, with distinct reflections at 6.2° and 8.5°. Overall, the data
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Fig. 3. XRD patterns of a y-CD, b K-CD-MOE, ¢ Fe-CD-MOE, d Fe/K-CD-MOF, and e low-angle XRD
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indicate that while the cyclodextrin macromolecular framework remains intact, bimetallic Fe/K coordination
promotes superior supramolecular organization, consistent with FT-IR observations*.

SEM and TEM analysis

The morphology of the synthesized CD-MOFs was examined by SEM (Fig. 4). Monometallic K-CD-MOF and
Fe-CD-MOF (Fig. 4b and c) consist of relatively larger, aggregated particles. In contrast, the bimetallic Fe/K-CD-
MOF (Fig. 4a) exhibits a more homogeneous morphology with a reduced average particle size of approximately
420 nm. The smaller and more uniform particles in the bimetallic system are attributed to cooperative nucleation
effects arising from simultaneous Fe and K coordination, which suppress excessive crystal growth. These
observations are consistent with the enhanced crystallinity observed in XRD analysis.

TEM images of Fe/K-CD-MOF (Fig. 4d, e) reveal aggregated nanoscale domains with distinct contrast
variations. Darker regions correspond to metal-rich coordination domains, while lighter regions represent the
cyclodextrin-based organic matrix. This contrast confirms the formation of an integrated bimetallic coordination
network within the macromolecular scaffold.

Elemental composition analysis

The identification and analysis of the elemental composition and relative abundance of the constituent elements
between the two types of nanoparticles was accomplished using energy-dispersive X-ray spectroscopy (EDS)
and elemental mapping analyses on each of the two samples (i.e., the bimetallic Fe/K-MOF and monometallic
K-MOF). The results provided in Fig. 5 indicate that there are iron, potassium, carbon, and oxygen present in
the bimetallic Fe/K-MOF, while just potassium, carbon, and oxygen are present in the monometallic K-MOF.
Figure 5a contains the corresponding weight and atomic amounts of each of the elements, as well as their spatial
distributions and dispersions within the bimetallic Fe/K-MOF. The EDX analysis of the monometallic K-MOF
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Fig. 4. SEM images of a Fe/K-CD-MOE, b K-CD-MOE and ¢ Fe-CD-MOF; d, e TEM images of Fe/K-CD-
MOE

Scientific Reports|  (2026) 16:18613 | https://doi.org/10.1038/s41598-026-50037-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

IC Ke.
Elt Line Int Error K Kr W% A%

0O Ka 127.5 80574 0.1762 0.0874 35.00 29.95

Fe Ka 1.1 0.1617 0.0026 0.0013 0.11 0.14

Ka 295.4 80574 0.8197 0.4068 60.04 66.68

Ka 1.8 4.6025 0.0016 0.0008 0.85 0.23

KKp

K Koy FeKaFeKp keV
v

Element Atomic % Weight% ~
Potassium 34.92% 60.27%

Oxygen 29.66% 20.95%

Carbon 3542% 18.78%

4.0K 4.5 5.0K 5.5 6.0K

(b)

Fig. 5. a EDS spectrum and elemental mapping of Fe/K-CD-MOF, and b EDS spectrum of K-CD-MOE.

shows a relatively high percentage of potassium due to the monometallic system. Conversely, the bimetallic Fe/K-
MOF showed lower metal content overall (Fe and K) due to the coordination of metal ions within cyclodextrin.
The elemental mapping data show a uniform distribution of Fe and K throughout the sample, with no evidence
of iron oxide clusters or separate iron-containing phases. This uniform distribution suggests that iron is
incorporated into the framework coordination nodes rather than being merely surface-deposited or present as a
separate phase. The absence of phase segregation confirms that a well-dispersed bimetallic coordination network
was formed, where Fe** and K* ions cooperatively participate in crosslinking the y-cyclodextrin ligands.

To obtain quantitative metal content, the bimetallic Fe/K-CD-MOF was further analyzed by ICP-MS. The
measured potassium content was 0.90+0.05 mg g™* (0.0230+0.0013 mmol g™'), and the total iron content
was 0.17 £0.02 mg g™* (0.0030+0.0004 mmol g™'). Based on the y-cyclodextrin content in the framework, the
calculated molar ratios are approximately y-CD : K : Fe=1: 4.6 : 0.6. The Fe/K molar ratio is 0.13, confirming
the successful incorporation of iron at approximately one-sixth the molar amount of potassium. This relatively
low iron content is consistent with the role of Fe** as a secondary crosslinking agent that enhances framework
stability without disrupting the primary K*-based coordination network. The observed Fe/K ratio is also
consistent with the synthesis feed ratio (0.1 mmol Fe : 0.9 mmol K=0.11), indicating efficient incorporation of
both metals with minimal loss during washing.

To assess the oxidation state distribution, a separate aliquot was analyzed after reduction with hydroxylamine
hydrochloride to determine total iron, and the difference between total iron and Fe** (determined by
1,10-phenanthroline colorimetry) gave the Fe** content. Approximately 90% of the incorporated iron was
present as Fe** (0.15+0.02 mg g™'), with the remainder as Fe** (0.02+0.01 mg g™'). This confirms that partial
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oxidation of Fe** to Fe** occurred during synthesis, consistent with the experimental clarification in the section
“Preparation of Fe-CD-MOF”, The predominance of Fe** is advantageous for framework stability due to its
higher charge density and stronger coordination with cyclodextrin hydroxyl groups. Despite these findings,
several limitations should be acknowledged. The precise oxidation state and coordination environment of iron
were not directly determined, and advanced spectroscopic techniques would provide further insight. In addition,
quantitative elemental analysis and systematic variation of Fe/K ratios were beyond the scope of this study but
represent important directions for future work.

BET analysis

The textural properties of the synthesized MOFs were evaluated by nitrogen adsorption-desorption
measurements. The N, sorption isotherms of K-MOF and Fe/K-MOF are shown in Fig. 6. The calculated BET
surface areas are 298.7 m* g™ for K-MOF and 345.4 m* g™ for Fe/K-MOF, indicating that incorporation of
Fe ions alongside K ions leads to an increase in accessible surface area. The total pore volumes, determined
from the amount of N, adsorbed at P/P, = 0.99, were 1.50 cm® g™ for K-MOF and 4.43 cm® g™ for Fe/K-MOF.
Pore size distribution analysis using the Barrett-Joyner-Halenda (BJH) method revealed a bimodal distribution
for both samples, with micropores centered at approximately 0.8 nm and mesopores ranging from 2 to 5 nm.
The bimetallic sample exhibited a higher proportion of mesopores, which likely contributes to its enhanced
curcumin loading capacity and altered release behavior.

Both samples exhibit adsorption isotherms characteristic of a combination of type I and type IV behavior,
accompanied by a narrow hysteresis loop in the relative pressure (P/P,) range of 0.3-1.0. The steep uptake at
low relative pressures suggests the presence of micropores, while the hysteresis loop at higher pressures indicates
mesoporous characteristics. The coexistence of micro- and mesoporous structures is advantageous for drug
loading and release, providing sufficient surface area as well as accessible pore channels for guest molecule
diffusion.

Loading and release behavior of curcumin

Calibration curve and loading confirmation

A calibration curve for curcumin was established using UV-Vis spectroscopy at the characteristic absorption
wavelength (425 nm), showing a good linear relationship between absorbance and concentration within the
studied range (ESI Fig. S1). This calibration curve was used to quantify the amount of curcumin released from
the carriers during the release experiments.

Structural characterization after drug loading

FT-IR and XRD analyses were performed to confirm the successful loading of curcumin onto the y-CD, K-MOF,
and Fe/K-MOF carriers. The FT-IR patterns of curcumin and other X-MOF@Cur carriers are shown in Fig. 7.
The characteristic peaks of curcumin could be observed at 1626 cm™, representing stretching vibration of the
carboxyl groups C=0. The peaks at 1425 and 1595 cm™" can be assigned to the stretching vibration of the C=C
bond in the aromatic ring. In addition, the peak at 3505 cm™ is related to the O-H groups, and the peak at
1272 cm™ corresponds to C-O vibration of phenol groups (Fig. 7a). As shown in Fig. 7 compared to Fig. 2, the
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Fig. 6. BET nitrogen adsorption-desorption isotherms of a K-CD-MOF and b Fe/K-CD-MOE
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Fig. 8. XRD patterns of a curcumin, b K-CD-MOF@Cur, ¢ Fe-CD-MOF@Cur, and d Fe/K-CD-MOF@Cur.

peaks at regions of 1500 and 1270 cm™ in both monometallic and bimetallic MOFs are related to the stretching
vibration of the C=C and C-O bonds in curcumin over MOFs, respectively. The peak at 2920 cm™ is related
to y-CD, and it remains stable in X-MOF@Cur. These FT-IR spectral features indicated the successful loading
of curcumin over both monometallic and bimetallic coordination networks. The XRD pattern of curcumin,
K-MOF@Cur, Fe-MOF@Cur, and Fe/K-MOF@Cur is depicted in Fig. 8a, b and ¢, and 8d, respectively. The
broad feature centered near 30° in Fig. 8b (K-MOF@Cur) corresponds to the amorphous curcumin fraction,
which is less pronounced in the bimetallic system (Fig. 8d), suggesting more uniform dispersion of curcumin
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within the Fe/K-CD-MOF matrix. Both mono and bi-metallic forms of metal-organic frameworks (MOFs) show
altered patterns when curcumin is present on/in them as evidenced by the characteristic bands attributed to
curcumin in the Fourier Transform Infrared (FT-IR) spectra as well as the change in intensity and width of peaks
(broadening) and the structure of the frame remains intact, confirming the formation of curcumin incorporated
into the carrier matrices.

pH-dependent release behavior

The release behavior of curcumin from the synthesized carriers was investigated under acidic (pH 2.0) and
neutral (pH 7.4) conditions to simulate gastric and physiological environments. The release profiles demonstrate
a clear pH-dependent behavior for all carriers, indicating their sensitivity to the surrounding medium. At pH
7.4, curcumin exhibited higher adsorption and a more controlled release compared to acidic conditions, where
faster release was observed (Fig. 9).

At pH 2.0, the highest release rate was observed for K-MOF, followed by Fe/K-MOF and Fe-MOE This
behavior can be attributed to the relatively weaker K-O coordination bonds, which are more susceptible to
proton-induced framework relaxation under acidic conditions, facilitating curcumin release. In contrast,
stronger Fe—O coordination interactions result in a more rigid framework, thereby restricting curcumin release.
Under neutral conditions (pH 7.4), the Fe/K-MOF exhibited the highest release efficiency, followed by Fe-
MOF and K-MOE. The superior performance of the bimetallic system is attributed to its smaller particle size,
uniform metal distribution, and more accessible coordination environment, as confirmed by SEM, TEM, and
EDS analyses.

Release kinetics modeling

The release kinetics of curcumin (Figs. 10 and 11) were analyzed using the Freundlich, Elovich, and Ritger-
Peppas models*2. Among these kinetic models, the Ritger-Peppas model exhibited the highest correlation
coefficients (R*=0.95), indicating the best agreement with the experimental release data and providing a more
accurate description of the release behavior compared to the other models*.

The kinetic analysis highlights the important role of metal incorporation in regulating curcumin loading and
release behavior, particularly in the bimetallic Fe/K-MOF system. The Fe/K-MOF demonstrated a well-balanced
and pH-responsive release profile, which is a critical requirement for effective delivery applications.

Furthermore, the release exponent (1=0.4-0.5) values derived from the Ritger-Peppas model suggest that
curcumin release follows an anomalous transport mechanism, governed by a combination of diffusion and
matrix relaxation processes. This behavior is especially pronounced under acidic conditions, where partial
framework relaxation facilitates controlled release. These findings confirm that the bimetallic Fe/K coordination
environment plays a key role in modulating release kinetics and enhancing the performance of y-CD-based
MOFs as curcumin carriers. This anomalous release behavior is further supported by BET and SEM analyses,
which revealed an increased specific surface area, hierarchical porosity, and reduced particle size for the Fe/K-
MOE, collectively facilitating enhanced diffusion pathways and matrix relaxation during curcumin release.

Conclusions

Mono- and bimetallic y-cyclodextrin-based metal-organic frameworks were successfully synthesized via
a modified vapor diffusion approach to evaluate the influence of heterometallic coordination on framework
structure and functionality. Structural analyses confirmed that concurrent incorporation of Fe** and K* ions
preserves the intrinsic crystalline architecture of the y-cyclodextrin network while enhancing long-range
ordering, as evidenced by low-angle X-ray diffraction. Compared with monometallic analogues, the bimetallic
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Fig. 9. Effect of pH on the release behavior of curcumin from CD-MOF host systems.

Scientific Reports |

(2026) 16:18613

| https://doi.org/10.1038/s41598-026-50037-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.6
0.8 m 2Fe m 2Fe @
e 2K 0.5+ e 2K
A 2FeK A 2FeK
A
0.6 0.4 -
—~ ®
> Model RitgerPeppas (User)
! ° 0.34 Equation Kxn
=044 = Reduced Chi-Sqr 7.7277E-4 00018 000106
= Model freundich (User) Ad.R-Square  0.96342 0.95076 0.95413
—_— Equation In(k)*a‘In(x-10) Value Standard Error
' Reduced Chi-Sqr 392005E-4 674523E-4  8.05312E-4 or K 0.12258 001208
Adj. R-Square 098909 099115 097985 0.2 : n 041586 0.0396
Value Standard Eror < Tk 3 0.1622 001851
K 094852 0.04804 n 0.41087 0.04599
- 2Fe a 0.19302 0.01852 3 0.13858 001442
0.2 0 -12876 0.38013 afex n 0.30069 0.0424
K 089918 0.06303
2K a 028721 002531 0.1
10 -1.37968 0.36666
1.10524 004479
2FeK a 015029 001736
0.0 4 0 1.32503E-1 022362
0.0+
L4 T K T : T Y T L T T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
time (h) time (h)
() (b)
0.6
= 2Fe
05 e 2K
’ A 2FeK
0.4
0.3
x Model Elovich (User)
Equation abs(a)In(x-abs(t0))+b
Reduced Chi-Sar 48257664 521188E4  1.36424E4
Adj. R-Square 097716 098575 099409
0.2 1 Value Standard Error
a 0.10848 001345
2Fe b 0.08999 003132
10 6.69523E-5 024
a 0.13434 0.01399
0.14 2k b 0.13246 003256
i [ -1.6588E-10 020153
a 010726 0.00715
2FeK b 0.1127 0.01661
© -1.37196E-11 012879
0.0+
T T T T T T
0 5 10 15 20 25
time (h)

(c)

Fig. 10. Release kinetics of curcumin from CD-MOF systems at pH 2.0 fitted with a Freundlich, b Ritger-
Peppas, and ¢ Elovich models.

Fe/K-y-CD-MOF exhibited increased crystallinity, more uniform nanoscale morphology, and higher accessible
surface area, indicating that dual-metal coordination modifies crosslinking density and framework organization
without disrupting the carbohydrate scaffold. Host-guest studies using curcumin as a model hydrophobic
compound demonstrated improved encapsulation efficiency and controlled release behavior in the bimetallic
system, particularly under physiological conditions (pH 7.4). The enhanced performance is attributed to
synergistic coordination effects arising from the combined presence of monovalent and trivalent metal centers,
which influence pore accessibility and framework-guest interactions. Release kinetics analysis indicated
anomalous transport behavior governed by coupled diffusion and matrix relaxation processes, confirming that
structural modulation directly impacts guest mobility within the porous network. Overall, this study establishes
a clear correlation between heterometallic coordination environment, structural ordering, and functional
host-guest performance in y-cyclodextrin MOFs. We acknowledge that systematic variation of the Fe/K feed
ratio was beyond the scope of this initial proof-of-concept study. Preliminary experiments with higher Fe/K
ratios resulted in reduced crystallinity and framework collapse, suggesting that the 1:4.5 Fe/K ratio (relative
to the 0.2 mmol y-CD) represents a near-optimal composition under our synthesis conditions. Future work
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Fig. 11. Release kinetics of curcumin from CD-MOF systems at pH 7.4 fitted with a Freundlich, b Ritger—
Peppas, and ¢ Elovich models.

will systematically optimize the metal stoichiometry to establish structure-property correlations across a wider
compositional range. The current results demonstrate that bimetallic Fe/K modulation provides a rational
strategy for tuning carbohydrate-based coordination frameworks. Given the mild synthesis conditions and the
observed pH-responsive release behavior, these materials represent a versatile platform for further development

of bio-derived porous carriers and related controlled molecular delivery systems.
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