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The development of multifunctional dental coatings capable of preventing biofilm formation and promoting
oral tissue health is a growing focus in modern restorative dentistry. In this study, a novel hafnium-based
metal-organic framework was synthesized via a rapid microwave-assisted method using 4-
aminopyridine-2,6-dicarboxylic acid as the organic linker. The synthesized MOF was abbreviated as Hf/
APDC-MOF, derived from the names of its components (hafnium 4-aminopyridine-2,6-dicarboxylic acid
metal-organic framework). The synthesized MOF was designed for potential use as a bioactive dental
surface coating with broad-spectrum therapeutic functions. The material demonstrated strong
antibacterial activity against key oral pathogens, including Streptococcus mutans and Porphyromonas
gingivalis, with minimum inhibitory concentration (MIC) values of 1 ug mL™%. In vitro cytotoxicity testing
using the MTT assay revealed selective anticancer effects against SCC154 (CRL-3241) gingival carcinoma
cells, with an ICso value of 78 ug mL™ . Additionally, the MOF exhibited high antioxidant capacity (79%
DPPH radical scavenging at 100 ug mL™Y) and effective anti-inflammatory activity by reducing nitric
oxide production by 74% in LPS-stimulated RAW 264.7 macrophages. These results suggest that Hf/
APDC-MOF is a promising candidate for multifunctional dental coatings, combining antimicrobial
protection with antioxidant, anti-inflammatory, and anticancer effects, thereby offering a novel
therapeutic platform for oral health management. The synthesized MOF was designed and evaluated in
vitro as a multifunctional bioactive material with potential relevance to dental surface coatings,
combining antimicrobial, antioxidant, anti-inflammatory, and anticancer properties.
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Introduction

Maintaining the integrity of dental restorations and preventing
microbial colonization at the tooth-material interface remain
significant challenges in restorative dentistry." Biofilm forma-
tion on dental surfaces can lead to secondary caries, peri-
implantitis, and implant failure, negatively affecting patient
outcomes.” Conventional dental materials often lack intrinsic
bioactivity, limiting their ability to combat oral pathogens,
reduce oxidative stress, or modulate inflammatory responses.®
Therefore, developing multifunctional dental coatings with
combined antibacterial, antioxidant, anti-inflammatory, and
anticancer properties is essential to improve oral health and
extend the longevity of dental prosthetics.

Conventional dental coating materials, such as titanium
oxide and hydroxyapatite-based composites, provide mechan-
ical protection but often lack integrated biological functions
such as antimicrobial or anti-inflammatory activity. In contrast,
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metal-organic frameworks offer a platform for designing
multifunctional materials that can simultaneously address
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microbial colonization, oxidative stress, and inflammation,
potentially  complementing  existing dental coating
technologies.

Metal-organic frameworks (MOFs) have recently emerged as
a versatile class of porous materials characterized by high
surface area,® tunable pore size,” and chemical versatility,®
making them promising candidates for biomedical applica-
tions, such as, drug delivery,” imaging,® and tissue engineering.’
Among MOFs, hafnium-based frameworks (Hf-MOFs) have
attracted attention due to their excellent chemical and thermal
stability,’ low toxicity," and favorable biocompatibility.*
Hafnium ions (Hf'") contribute to the formation of robust
coordination networks and have been associated with moderate
intrinsic antibacterial activity, positioning Hf-MOFs as attrac-
tive materials for biofunctional coatings.'*?

The choice of organic linker plays a critical role in deter-
mining the biological activity of MOFs."* 4-Aminopyridine-2,6-
dicarboxylic acid, a pyridine-based ligand containing nitrogen
and oxygen donor atoms, offers multiple coordination sites and
potential biological functions." Aminopyridine derivatives have
demonstrated diverse biological properties, including antibac-
terial,”® antioxidant,’® anti-inflammatory,”” and anticancer
activities.” The amino group is known to contribute to free
radical scavenging and modulate immune responses, while the
pyridine ring enhances molecular interactions with biological
targets.>*® Such multifunctional bioactivity suggests that MOFs
constructed with 4-aminopyridine-based ligands may provide
enhanced therapeutic effects.”

Microwave-assisted synthesis is an efficient and environ-
mentally friendly technique for producing MOFs, offering rapid
reaction rates, improved crystallinity, and uniform particle size
distribution compared to conventional methods.”” Despite
these advantages, the microwave synthesis of Hf-MOFs incor-
porating bioactive aminopyridine ligands for dental coating
applications has been scarcely explored.

To date, no studies have reported the development of
a hafnium-based metal-organic framework constructed with 4-
aminopyridine-2,6-dicarboxylic acid (Hf/APDC-MOF) via
microwave-assisted synthesis for dental biomedical applica-
tions. This study introduces a novel Hf/APDC-MOF with
potential use as a multifunctional dental coating, combining
structural stability with biologically relevant functionality. The
simultaneous integration of antibacterial, anticancer, antioxi-
dant, and anti-inflammatory properties into a single MOF
system, evaluated specifically in the context of oral pathogens
and gingival carcinoma cells, offers a unique approach not
previously explored in the field of dental materials. This work
bridges the gap between advanced MOF chemistry and the
emerging demand for bioactive dental surface technologies.

Results

Structural and characterization

The synthesized Hf/APDC-MOF or hafnium-based metal-
organic framework, formed by coordination of Hf** with 4-
aminopyridine-2,6-dicarboxylic acid.
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Fig.1 FT-IR spectrum of the Hf/APDC-MOF.

Fourier transform infrared spectroscopy (FT-IR). The FT-IR
spectrum of the synthesized Hf/APDC-MOF (Fig. 1) reveals
a range of characteristic absorption bands confirming the
successful coordination of the ligand through its carboxylate
groups to the Hf'" center. The strong absorption band around
3200-3300 cm™ ' corresponds to N-H stretching of the free
amine group (-NH,), indicating that the amine moiety did not
participate in metal coordination. Additional notable vibrations
include:

1100 cm ™ for C-O of carboxylat,

1350 cm ™ * for aromatic C=C,

1500 cm ™' for C=N in the pyridine ring,

1700 cm ™" for C=0 of carboxylat,

2990 cm ' for aromatic C-H,

560 cm ! corresponding to Hf-O.

X-ray diffraction (XRD). The XRD pattern revealed sharp
diffraction peaks (Fig. 2), confirming the crystalline nature of
the synthesized MOF. The XRD pattern of the synthesized Hf/
APDC-MOF shows sharp and well-defined peaks at 260 values
of 10.5°, 14.4°, 19.2°, 25.7°, 29.8°, and 34.1°, indicating a high
degree of crystallinity. The absence of extra peaks suggests
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Fig. 2 XRD of the Hf/APDC-MOF.
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Fig. 3 SEM (a), EDAX (b) and physical photo (c) of the Hf/APDC-MOF.

phase purity. The pattern matches closely with previously re-
ported Hf-based MOFs.*
Using XPS (Fig. 4), the binding energies were observed to be
63.6 €V, 66.2 eV, 285.1 eV, and 529.4 eV and 530.7 eV.
Scanning electron microscopy (SEM) and EDAX. SEM anal-
ysis showed that the particles possessed uniform nano-
crystalline morphology with sizes ranging from approximately
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76 nm (Fig. 3a). The relatively small particle size enhances
surface contact with biological environments.** EDAX elemental
mapping confirmed the homogeneous distribution of Hf, C, N,
and O elements across the surface, aligning well with the
proposed MOF composition (Fig. 3b). The physical photo of the
final product is shown in Fig. 3c.

Elemental analysis. In elemental analysis (CHNO) carbone
24.1%, hydrogen 1.7%, nitrogen 7.5%, and oxygen 13.4%
obtained.

BET surface area and porosity. The N, adsorption-desorp-
tion isotherm of the Hf/APDC-MOF (Fig. 4) exhibits a type IV
profile with a pronounced hysteresis loop in the mid-relative
pressure range, consistent with a mesoporous structure.”**
BET analysis yields a specific surface area of 560 m* g~ (Fig. 4).
The total pore volume at P/P, = 0.99 is 0.42 cm® g~* and the
average pore diameter (BJH desorption) is 3.2 nm. The observed
capillary condensation in the P/P, = 0.4-0.7 region and the
hysteresis loop are consistent with mesopores in the 2-5 nm
range; the hysteresis shape relatively uniform mesopores (H1-
type).>® These textural parameters indicate a high capacity for
uptake of small organic molecules and radicals (e.g., DPPH) and
good potential for loading small-molecule therapeutics;
however, the pore size is far too small to physically accommo-
date whole bacterial or mammalian cells.>”?

Thermogravimetric analysis (TGA). Room temperature to
150 °C: a small weight loss of 3% is expected, attributed to
desorption of weakly bound solvent or surface-adsorbed
moisture.

150-300 °C: an additional 10% mass loss is predicted, which
likely reflects the partial decomposition or release of labile
ligand fragments (e.g., carboxylate cleavage and loss of small
volatile nitrogen-containing species).

300-550 °C: the principal decomposition event is anticipated
in this interval with a further 30% mass loss, corresponding to
degradation of the aromatic pyridine units and carbonaceous
components of the organic framework (Fig. 5).

Proposed structure of Hf/APDC-MOF. Based on the coordi-
nation chemistry of 4-aminopyridine-2,6-dicarboxylic acid, it is
proposed that the carboxylate groups are solely responsible for
coordination with the Hf*" centers. Each Hf*' ion is likely
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Fig. 4 N, adsorption—desorption of the Hf/APDC-MOF.
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Fig. 6 Structure of the Hf/APDC-MOF.

coordinated octahedrally or in a higher coordination geometry
with multiple carboxylate ligands, forming a three-dimensional
porous framework. The -NH, group remains uncoordinated
and is exposed on the internal pore surfaces or external surface
of the Hf/APDC-MOF particles. This structural feature may
enhance the material's ability to scavenge radicals and interact
with biological targets via hydrogen bonding or electron dona-
tion (Fig. 6).

Biological activity results

Antibacterial activity results. The MIC and MBC of the Hf/
APDC-MOF were evaluated against pathogenic oral bacterial
strains including Streptococcus mutans and Porphyromonas gin-
givalis (Fig. 7).
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Fig. 7 Antimicrobial activity of the Hf/APDC-MOF (mean £+ SD, n = 3;
p < 0.05 compared to control).

The results are summarized as follows:

MIC against S. mutans and P. gingivalis: 1 pg mL .

MBC against S. mutans and P. gingivalis: 2 pg mL™".

In addition, the antibacterial performance of the synthesized
Hf/APDC-MOF was compared with two commercial antibiotics
(ampicillin and cephalexin). Notably, the Hf/APDC-MOF
exhibited stronger antibacterial activity than ampicillin and
cephalexin against both tested strains.

The results are summarized as follows:

MIC of ampicillin and cephalexin against S. mutans: 1 pg
mL .

MBC of ampicillin and cephalexin against S. mutans: 2 pg
mL .

MIC of ampicillin and cephalexin against P. gingivalis: 2 pg
mL " and 16 pg mL .

MBC of ampicillin and cephalexin against P. gingivalis: 4 pg
mL ™" and 32 pg mL ",

Anticancer activity results. The anticancer potential of the
Hf/APDC-MOF was assessed on the SCC154 (CRL-3241) human
gingival squamous carcinoma cell line using the MTT assay
(Fig. 8). Cell viability decreased in a concentration and time-
dependent manner.

The results are summarized as follows:

ICs, value (24 h): 119 pg mL ™.

ICs, value (48 h): 78 ug mL ™.

Viability at 200 ug mL ™" (24 h): 30%.

Viability at 200 ug mL™" (48 h): 17%.

RSC Adv, 2025, 15, 39786-39794 | 39789
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Fig. 8 Anticancer activity of the Hf/APDC-MOF (mean £SD,n=3; p <
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Fig. 9 Antioxidant activity of the Hf/APDC-MOF (mean + SD, n = 3; p
< 0.05 compared to control).

Antioxidant activity results. DPPH radical scavenging activity
was performed to evaluate the antioxidant capability of the Hf/
APDC-MOF (Fig. 9).

The results are summarized as follows:

Radical inhibition at 25 ug mL™": 37%.

Radical inhibition at 100 pug mL™": 79%.

IC5, value: 58 pg mL ",

Anti-inflammatory activity results. Nitric oxide inhibition in
LPS-stimulated macrophages was used to determine anti-
inflammatory activity of Hf/APDC-MOF (Fig. 10).

The results are summarized as follows:

NO concentration at 25 pug mL ™ ": 87%.
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Fig. 10 Anti-inflammatory activity of the Hf/APDC-MOF (mean =+ SD,
n = 3; p < 0.05 compared to control).

NO concentration at 100 pg mL ™ ': 26%.
NO inhibition at 25 pg mL™*: 23%.

NO inhibition at 100 pg/mL74%.

ICs, for NO inhibition 66 pg mL ™.

Discussion
Hf/APDC-MOF synthesis discussion

The microwave-assisted method offered significant advantages
including shorter reaction time, uniform heating, and
improved crystallinity.>® The optimized synthesis conditions led
to the formation of a highly porous, nanostructured Hf/APDC-
MOF with uniform morphology and enhanced stability. These
structural and physicochemical features are expected to
contribute to its superior biological properties,* which are di-
scussed in detail in the following sections.

Biological activity discussion

Antibacterial activity discussion. The synthesized Hf/APDC-
MOF demonstrated significant antibacterial activity against
Streptococcus mutans and Porphyromonas gingivalis. MIC values
was 1 pug mL . The Hf/APDC-MOF had a strong inhibitory effect
than ampicillin and cephalexin against Porphyromonas gingiva-
lis. The antibacterial mechanism is likely driven by a combina-
tion of nanoscale size (increasing interaction with bacterial
membranes),* high surface area (enhancing local concentra-
tion of active species),* intrinsic antimicrobial properties of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hf'"3* and active -NH, functionalities capable of interacting
with bacterial membranes which may disrupt bacterial enzy-
matic pathways or induce oxidative stress.’***

Anticancer activity discussion. The Hf/APDC-MOF showed
strong cytotoxicity against SCC154 gingival carcinoma cells,
with a marked dose-dependent reduction in cell viability. This
may stem from the material's ability to generate localized
oxidative stress, disrupt membrane potential, or induce
apoptosis through interaction with intracellular proteins.** The
high surface area facilitates contact and cellular uptake, while
the Hf'* centers may contribute to ROS generation or DNA
binding.*®

Antioxidant activity discussion. Interestingly, the Hf/APDC-
MOF exhibited notable DPPH radical scavenging activity. This
is attributed primarily to the presence of free -NH, groups on
the ligand, which can donate hydrogen atoms to stabilize free
radicals.’”*® Additionally, the high surface area and porous
nature of the MOF allows better diffusion and adsorption of
DPPH molecules, enhancing the effectiveness of radical
neutralization.* The proposed mechanism for the absorption
of DPPH free radical by Hf/APDC-MOF is shown in Fig. 11.

In explaining the proposed mechanism, it can be said that,
as previously mentioned, one of the important factors is the
absorption of DPPH inside the pores of the Hf/APDC-MOF. Also
the absorption of free radicals by the Hf/APDC-MOF nitrogen's
and the multiplicity of resonance structures can be mentioned
as other important factors for the high antioxidant properties of
the Hf/APDC-MOF.***!

Anti-inflammatory activity discussion. The Hf/APDC-MOF
effectively reduced nitric oxide (NO) production in LPS-
stimulated macrophages, indicating its anti-inflammatory
potential. This effect may be related to its capacity to modu-
late oxidative stress or interfere with nitric oxide synthase
activity.*> The combined contributions of Hf** ions and the
organic framework appear to downregulate the inflammatory
signaling cascade.*

Compared with conventional dental coating materials (e.g.,
TiO,, hydroxyapatite, and polymer-based composites), the Hf/
APDC-MOF exhibits an expanded spectrum of biological
activity, particularly due to the presence of uncoordinated -NH,
groups and Hf*" centers contributing to synergistic antibacte-
rial and antioxidant functions. Although mechanical and
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Fig. 11 Antioxidant activity of the Hf/APDC-MOF.
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adhesion performance were not assessed in this study, the
observed in vitro bioactivity suggests the material could serve as
a functional additive or coating component in future dental
restorative systems.

Experimental

Materials

Hafnium(iv) chloride (HfCl,): purchased from Sigma-Aldrich
(=99.9% purity). Used as the hafnium metal source for MOF
synthesis. 4-Aminopyridine-2,6-dicarboxylic acid (APDC):
purchased from TCI Chemicals (Tokyo Chemical Industry) or
Sigma-Aldrich, analytical grade. This ligand acts as the organic
linker in the framework.

Cell lines: human gingival squamous cell carcinoma
(SCC154, CRL-3241), and RAW 264.7 macrophage cells (TIB-71)
were obtained from the ATCC (American Type Culture Collec-
tion, USA). Bacterial strains: oral bacteria strains (Streptococcus
mutans/ATCC 25175 and Porphyromonas gingivalis/ATCC 33277)
were procured from ATCC.

Other chemicals and reagents were purchased from
commercial suppliers with analytical grade purity.

Equipment

Synthesis equipment. In this study, the microwave reactor
(CEM Discover SP, NC, USA), used for rapid and controlled
microwave-assisted synthesis of the Hf/APDC-MOF.

Characterization equipment. The following equipment was
used to characterization of the final product:

FEG Quanta 250 SEM (Thermo Fisher Scientific, USA): for
morphological and surface structure analysis (Scanning Elec-
tron Microscope/SEM). ASAP 2020 (Micromeritics, USA): for
specific surface area and porosity measurement (Brunauer-
Emmett-Teller/BET). Nicolet iS50 (Thermo Fisher Scientific,
USA): for identification of functional groups and coordination
bonds (Fourier Transform Infrared Spectrometer/FT-IR). Oxford
Instruments X-Max 80 detector coupled with SEM: for elemental
composition analysis (Energy Dispersive X-ray Analysis/EDAX).
TA Instruments Q50 (TA Instruments, USA): for thermal
stability assessment under nitrogen atmosphere (Thermogra-
vimetric Analyzer/TGA). PA Nalytical Empyrean (Malvern Pan-
alytical, Netherlands) with Cu-Ko radiation: for phase and
crystallinity determination (X-ray Diffractometer/XRD). Vario EL
III (Elementar Analysensysteme GmbH, Germany): for carbon,
hydrogen, and nitrogen content analysis (Elemental Analyzer).

Biological testing equipment. The following equipment was
used to biological testing:

BioTek Synergy H1 (BioTek Instruments, USA) microplate
reader used for MTT and Griess assays with absorbance
measurements at relevant wavelengths.

LAMBDA 365 (PerkinElmer, USA) UV-visible spectropho-
tometer for prepare bacterial suspension concentration and
DPPH assays absorbance.

RSC Adv, 2025, 15, 39786-39794 | 39791
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Methods

Synthesis of Hf/APDC-MOF. The Hf/APDC-MOF was synthe-
sized using a microwave-assisted. A stoichiometric mixture of
HfCl, (0.2 mmol, 64 mg) and 4-aminopyridine-2,6-dicarboxylic
acid (0.2 mmol, 38 mg) was dissolved in a mixture of DMF (10
mL) and distilled water (2 mL). The solution was transferred
into a microwave reactor and irradiated at 100 °C for 30 minutes
under a power of 320 W. After cooling, the Hf/APDC-MOF was
collected by centrifugation and washed three times with
ethanol:water (1:1), and dried under vacuum at 100 °C
overnight.*>*

Antibacterial activity. The antibacterial activity of Hf/APDC-
MOF was evaluated against oral bacteria strains (Porphyr-
omonas gingivalis and Streptococcus mutans). The MIC
(minimum inhibitory concentration) and MBC (minimum
bactericidal concentration) were determined by broth micro-
dilution method according to CLSI guidelines. Briefly, bacterial
suspensions were prepared in Mueller-Hinton broth at 1 x 10°
CFU mL™". Serial two-fold dilutions of Hf-MOF (1 to 512 pg
mL ") were prepared in 96-well microplates. To each well added
bacterial suspension and incubated at 37 °C for 24 hours. After
incubation, bacterial growth was assessed visually by observing
the turbidity of each well. The MIC was defined as the lowest
concentration at which no visible bacterial growth (clear well)
was observed. For MBC determination, aliquots from wells
showing no visible growth were plated on Mueller-Hinton agar
plates and incubated for an additional 24 hours. The MBC was
recorded as the lowest concentration of Hf-MOF resulting in no
bacterial colony formation.*>™*’

Anticancer activity. The cytotoxicity (MTT assay) of the Hf/
APDC-MOF was assessed against human gingival squamous
cell carcinoma SCC154, CRL-3241. Cells were cultured in Dul-
becco's Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum and incubated at 37 °C with 5% CO,.
After reaching 70-80% confluence, cells were seeded into 96-
well plates at a density of 1 x 10* cells/well and allowed to
adhere overnight. Cells were treated with various concentra-
tions of Hf/APDC-MOF (ranging from 5 to 200 pg mL™ ") for 24
hours and 48 hours. Subsequently, 20 pL of MTT solution in PBS
with concentrations of 5 mg mL ™" was added to each well and
incubated for 4 h. Then the formed formazan dissolved in 150
pL dimethyl sulfoxide (DMSO), and absorbance was measured
at 570 nm. Cell viability was calculated relative to untreated
control cells.*>*#*

Antioxidant activity. The free radical scavenging ability of the
Hf/APDC-MOF was evaluated using the DPPH assay (2,2-
diphenyl-1-picrylhydrazyl). A 0.1 mM DPPH solution was
prepared in methanol. 1 mmL of various concentrations of Hf-
MOF (25-100 ug mL ') were mixed with 4 mL of DPPH solution
in the dark at room temperature for 30 minutes. Absorbance
was measured at 517 nm. The percentage of DPPH radical
scavenging activity was calculated relative to a blank control
without the sample.**->

Anti-inflammatory activity. Nitric oxide (NO) production in
lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophage
cells (Griess assay) used to anti-inflammatory potential of Hf/
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APDC-MOF. The RAW 264.7 cells were cultured in DMEM with
10% fetal bovine serum and seeded in 96-well plates at a density
of 1 x 10° cells/well. After 24 hours, cells were pre-treated with
Hf-MOF (25-100 pug mL™") for 1 hour, followed by stimulation
with LPS (1 pg mL~") for 24 hours. The culture supernatant (100
pL) was mixed with an equal volume of Griess reagent and
incubated at room temperature for 10 minutes. The absorbance
was recorded at 540 nm. Nitrite concentration was calculated
from a sodium nitrite standard curve to quantify NO
production.>>*

Statistical analysis. All experiments were performed in trip-
licate (n = 3), and the data are expressed as mean =+ standard
deviation (SD). Statistical differences between control and
treated groups were analyzed using one-way ANOVA followed by
Tukey's post hoc test (GraphPad Prism 9.0). A p-value less than
0.05 was considered statistically significant.

Conclusions

In this study, a novel hafnium-based metal-organic framework
(Hf/APDC-MOF) was successfully synthesized using 4-
aminopyridine-2,6-dicarboxylic acid as a multifunctional
organic linker under microwave-assisted conditions. Compre-
hensive physicochemical characterizations including FT-IR,
XRD, SEM, BET, TGA, EDAX, and elemental analysis
confirmed the formation of a crystalline, thermally stable, and
mesoporous nanostructure with abundant surface functional-
ities. The Hf/APDC-MOF exhibited promising multifunctional
biological properties, including potent antibacterial activity
against oral pathogens, selective cytotoxicity against gingival
carcinoma cells, significant antioxidant performance in the
DPPH assay, and strong anti-inflammatory activity through
nitric oxide inhibition. These effects are attributed to the
nanostructured porous architecture, high surface area, and the
presence of biologically active components such as Hf*" ions
and uncoordinated -NH, groups on the ligand backbone. Given
its broad-spectrum bioactivity and physicochemical stability,
the synthesized Hf/APDC-MOF presents itself as a potential
candidate for application in biofunctional dental coatings. Its
antimicrobial, anticancer, antioxidant, and anti-inflammatory
activities suggest its utility in oral healthcare devices aiming
at preventing secondary infections, enhancing tissue regenera-
tion, and supporting local cancer therapy. Further in vivo
studies and surface modification strategies could pave the way
for its translation into clinical-grade dental biomaterials.
Within the limits of the in vitro assessments conducted in this
study, the Hf/APDC-MOF exhibits promising multifunctional
bioactivity that could inform the design of future biofunctional
dental coatings. Further in vivo and long-term studies are
essential to establish its safety, stability, and translational
potential for oral healthcare applications. Although the present
study focused on in vitro antibacterial, anticancer, antioxidant,
and anti-inflammatory performance, comprehensive biocom-
patibility assessment, including cytotoxicity toward normal oral
cells and hemolysis testing, will be conducted in future work to
confirm the material's safety for clinical translation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Limitations

Despite the promising biological performance and structural
features of the synthesized Hf/APDC-MOF, several limitations
should be acknowledged.

Lack of in vivo validation

All biological evaluations in this study were performed in vitro.
While these results provide a strong foundation, the actual
performance of the material in complex biological environ-
ments, such as in the oral cavity or cancerous tissues, remains
untested.

Long-term biocompatibility and degradation

The long-term biocompatibility, degradation profile, and
potential toxicity of the Hf/APDC-MOF have not been assessed.
These factors are critical for clinical applications, especially for
dental coatings or implantable devices.

Release kinetics of bioactive ions

Although biological activities were demonstrated, the release
behavior of Hf*" ions or any possible degradation products was
not investigated, which limits understanding of the material's
mechanism of action and safety profile.

Limited pathogen and cell line scope

The antibacterial and anticancer evaluations were limited to
selected bacterial strains and a single oral cancer cell line
(SCC154). Broader screening across multiple pathogens and
cancer types would provide a more comprehensive view of the
material's therapeutic potential.

Scalability and reproducibility

Although microwave-assisted synthesis is efficient, scalability to
industrial or clinical-scale production has not yet been opti-
mized or evaluated for reproducibility under large-batch
conditions.
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