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This study aimed to synthesize and characterize silver-based metal—organic frameworks (Ag-MOFs) using
1,4-diazabicyclo[2.2.2]octane (DABCO) as the organic ligand and to assess their antibacterial and cytotoxic
properties. The formation of Ag-MOF-D was confirmed by the appearance of a brown solution and
a surface plasmon resonance peak at 394 nm in UV-vis spectroscopy. Fourier-transform infrared spectra
showed characteristic peaks at 673, 705, 883, 1060, 1382, 1654, and 3250 cm™. Powder X-ray
diffraction patterns indicated a crystalline structure with peaks at 33°, 38°, 55°, and 66°, with an average
particle size of 15.68 nm. Ag-MOF-D displayed thermal stability up to 650 °C with a residual mass of
91.50%. Scanning electron microscopy revealed spherical morphology with minimal aggregation, while
energy-dispersive X-ray spectroscopy showed 88.64 wt% Ag*. Transmission electron microscopy
indicated mono-dispersed spherical particles with an average diameter of 10.47 + 1.80 nm and a lattice
fringe spacing of 0.19 nm. The type Il isotherm and Brunauer—Emmett-Teller analysis suggested
a mesoporous structure of Ag-MOF-D with a surface area of 5.3005 m? g~! and an average pore

diameter of 9.46 nm. Minimum inhibitory and minimum bactericidal concentration values against multi-
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Accepted 7th March 2025 drug-resistant bacterial strains ranged from 3.90 to 7.80 uM and 7.8 to 62.5 uM, respectively. In vitro

cytotoxicity testing on Vero cell lines indicated a dose-dependent decrease in cell viability, with an 1Csq
value of 1.701 x 1072 mg mL~% These findings suggest that Ag-MOF-D holds potential for antibacterial
applications and biocompatibility, with future opportunities for environmental and food safety applications.
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1 Introduction

The advent of nanotechnology and its potential have height-
ened optimism for further exploration in biomedical research.*
Nanomaterials have attracted recent biomedical attention*
owing to the host biocompatibility and selectivity against multi-
drug-resistant (MDR) bacterial pathogens® complemented with
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enhanced drug loading capacity, improving drug solubility and
stability.* Recently, better selectivity and enhanced bacterial
internalization have bolstered metal-organic frameworks
(MOFs) as outstanding nanomaterials for antibacterial appli-
cation alternatives to conventional antibiotics to curb the crisis
of antibiotic resistance.> MOFs consist of metal ions or clusters
connected by organic ligands, including sulfonate, carboxylate,
and phosphonate functional groups. The larger and specific
surface area, higher tunable porous structure, convenience in
physico-chemical functional adjustability,® and ability to regu-
late the chemical composition’ enable the usage of MOFs in
diverse fields such as nanocarriers for targeted drug delivery,®
energy storage,” gas separation, biomedical imaging,” disease
diagnosis,'® tissue regeneration," biological 3D printing,*?
wastewater treatment,' and dye adsorption application.™
Strong hydrophilicity, electronegativity,"* and excellent dis-
persibility*® of silver (Ag)-based nanomaterials favour its broad-
spectrum antibacterial activity.’” The Ag" ions form a coordina-
tion polymer with organic ligands' resulting in a stable
stereochemical crystalline structure of Ag-MOF. In addition to
the applications in bioimaging and biosensors, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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customizable porosity, adjustable sie, and tuneable structure of
Ag-MOFs offer significant advantages over traditional drug
delivery carriers like liposomes, polymers, and inorganic
nanoparticles with lower drug loading capacity and instability.'®
The biocompatibility and immune evasion properties render
the utility of Ag-MOF for drug delivery and cancer therapy.'® The
Ag-MOF structure regulates the sustained release of Ag" ions,
thereby ensuring biocompatibility by minimizing the cellular
apoptosis caused by rapidly released Ag" ions,® facilitating their
use in tissue engineering.*

Among the various established methods for synthesizing
metal-organic frameworks (MOFs), including solvothermal,
microwave-assisted, electrochemical, sonochemical, mechano-
chemical, and micro-emulsion techniques, the solution-based
approach offers milder reaction conditions, enabling faster,
cleaner synthesis and higher yields of nanomaterials.** Of the
several organic ligands used in the synthesis of MOFs, DABCO
(1,4-diazabicyclo[2.2.2]octane) is a highly attractive ligand for
the synthesis of MOFs due to its low cost, eco-friendliness,
reactivity, ease of use, non-toxicity, and strong selectivity as
a basic organocatalyst. DABCO also serves as a structural pillar
in MOF synthesis, enabling the formation of stable 3D frame-
works.” While earlier researchers synthesized Ag-MOFs for
theragnostic as well as wastewater treatment using melamine*
or 1,4-benzene dicarboxylate (BDC)** as ligands, the DABCO-
mediated Ag-MOFs appear to be scant in literature.

Recently, MOFs have garnered significant interest in nano-
medicine applications, with the first such example progressing
to a phase II clinical trial in humans.*® MOFs inherently feature
a range of advantageous properties that make them highly
suitable for various applications, including drug delivery,
imaging, and innovative therapeutic strategies,”>*” often used in
combination.”® Ag-MOFs have attracted interest in biological
applications due to their antimicrobial properties, large surface
area and adjustable porosity, enabling efficient drug loading
and controlled release.”® Their luminescent features make them
useful in imaging and diagnostics, while stability and chemical
modifications enhance interactions with biological systems.>**°
Hence, this study was aimed to synthesize and characterize Ag-
MOFs using DABCO as the organic ligand and evaluate their
antibacterial activity against multi-drug-resistant (MDR) path-
ogens of public health importance. Additionally, the study aims
to assess the biocompatibility of Ag-MOFs through an in vitro
cytotoxicity assay on Vero cell lines.

2 Experimental

2.1. Bacterial isolates and chemicals

We used MDR strains of enteroaggregative E. coli (EAEC),
Salmonella enterica Typhimurium, S. Enteritidis, and
methicillin-resistant Staphylococcus aureus (MRSA).>*>>

Silver nitrate (AgNO3, =99.9% purity, Sigma-Aldrich Pvt. Ltd,
USA), DABCO (=99% purity, Sigma-Aldrich, USA), and meth-
anol (=99.8% purity, Loba Chemie, India) were procured from
commercial firms.

All the dehydrated bacterial culture media used in this study
were procured from HiMedia Laboratories Pvt. Ltd. (India).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis of DABCO-mediated Ag-MOFs (Ag-MOF-D)

In this study, Ag-MOFs were synthesized using the organic
ligand DABCO by solution method.*

In brief, aqueous solutions of AgNO; (0.10 M; 20 mL) and
DABCO (0.20 M; 80 mL) were mixed gently at 300 rpm using
a magnetic stirrer (Neuation Technologies Pvt. Ltd, India) for
60 min at room temperature (27 + 2 °C). Subsequently, the
solution was allowed to settle, and the sediment was washed
five times, alternatively using methanol and nanopure water.
The obtained compound (Ag-MOF-D) was dried overnight in an
incubator maintained at 37 &+ 0.5 °C, pulverized, and stored at
room temperature until further use.

AgNO;(aq.)
+ 1,4-diazabicyclo[2.2.2]octane(aq.)

Ag-MOF
300 rpm;
RT; 60 min

2.3. Characterization of Ag-MOF-D

The synthesized Ag-MOF-D was evaluated by UV-Vis spectros-
copy, Fourier transform infrared spectroscopy (FTIR), powder X-
ray diffraction (PXRD), thermogravimetric analysis (TGA),
differential thermal analysis (DTA), scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDAX),
transmission electron microscopy (TEM) and Brunauer-
Emmett-Teller (BET) analysis.

Initially, the Ag-MOF-D was dissolved in nanopure water to
obtain a final concentration of 1 mg mL ™" and scanned within
the range of 200 to 800 nm using a UV-Vis spectrophotometer
(ThermoFisher Scientific Pvt. Ltd, USA) with a suitable blank.

The Ag-MOF-D was subjected to FTIR within a range of 400 to
4000 cm™ " at a resolution of 0.20 cm ™" (Thermo Nicolet iS50,
USA) to evaluate the presence of unknown chemical functional
groups.

For structural investigations of the Ag-MOF-D, PXRD (Bruker
D8 Advance, USA) operated at CuKa radiation using 40 KeV and
35 mA with a scanning step size of 0.02° (A = 1.54060 A) was
employed.

The thermal stability of the Ag-MOF-D was investigated in
terms of TGA-DTA analysis with the aid of a simultaneous
thermal analyzer (HITACHI STA7300, Japan). The analysis was
done at a heating rate of 20 °C min~' over 40 to 800 °C under
a nitrogen atmosphere.

The morphology and elemental analysis of Ag-MOF-D were
assessed by examining the samples using SEM (Jeol 6390LV,
Japan) with different magnifications and EDAX, while TEM
(JEM 2100, Jeol, Japan) determined its morphology and
crystallinity.

The specific surface area of Ag-MOF-D was measured by low-
pressure N, adsorption-desorption isotherm data using an
automated gas sorption analyser (BELSORP-max, Japan). The
Ag-MOF-D was degassed at 100 °C for 2 h to measure N,
adsorption-desorption isotherms. Measurements were made in
the relative pressure range (P/P,) of 0.04-0.4 at a temperature of
77.0 K. The specific surface area was estimated from isotherm

RSC Adv, 2025, 15, 8180-8188 | 8181
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using the BET equation,* while the Barrett-Joyner-Halenda
(BJH) method was used to determine the pore size.*

2.4. Invitro antimicrobial activity of Ag-MOF-D

The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of Ag-MOF-D, as a measure of
their antibacterial efficacy, were determined®" against MDR
strains of EAEC, S. Typhimurium, S. Enteritidis, and MRSA.

In brief, the individual bacterial cultures (100 pL; ca. 1 x 107
CFU mL ") grown on sterile cation-adjusted Mueller-Hinton
broth were co-incubated with decreasing concentrations of Ag-
MOF-D (1000 to 0.24 pM), keeping appropriate controls in
a 96-well microtitre plate. The untreated bacterial culture and
sterile media served as positive and negative controls, respec-
tively. The microtiter plate was incubated at 37 + 0.5 °C for 18-
24 h. Then, resazurin dye (20 pL; 0.015% w/v) was added to the
wells to determine the colour change, indicating the degree of
bacterial inhibition.

The MIC value was determined as the least concentration of
Ag-MOF-D without exhibiting visible growth, whereas the MBC
was determined using the inoculum (10 uL) drawn from those
wells displaying no visible bacterial growth and plating on
selective agar plates.*® In this study, Eosin-Methylene Blue,
Xylose Lysine Deoxycholate, and Baird-Parker agar plates were
used for selective plating of EAEC, Salmonella spp., and MRSA,
respectively. The MBC of Ag-MOF-D was estimated to be the
lowest concentration required to kill bacterial strains on selec-
tive agar by 99.90%.%

2.5. In vitro viability assay on Vero cell lines

The effect of Ag-MOF-D on the survival of Vero cells was
assessed in vitro through the MTT assay.*® The Vero cells used in
this assay were procured from the National Centre for Cell
Science (NCCS), Pune.

Briefly, the Vero cells were pre-cultured in tissue culture flasks
containing Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; Gibco, USA) until the
formation of a monolayer at the bottom of the flasks. The
adherent cells were then transferred to another 96-well plate at
a density of 1 x 10* cells per well and allowed to attach overnight.
The monolayers of cells were treated with 100 pL of Ag-MOF-D at
different concentrations (10™' to 107° mg mL™") diluted in
DMEM starting from an initial 1000 mg mL™" concentration,
while the cells incubated with sterile DMEM served as the
negative control. The treated cells were maintained for 24 h at 37
=+ 0.50 °C in a humidified incubator with a 5% CO, atmosphere.

The supernatant was removed, proceeded further using the
MTT cell proliferation assay kit (Sigma-Aldrich, USA) and the
cytotoxicity was monitored by measuring the absorbance at
550 nm and estimated as,

Cytotoxicity (%) = 100 x (control — sample)/(control)

wherein, the control denotes the experimental absorbance of
the untreated cell control, and the sample represents the
control absorbance of the treated cell lines.
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The half-maximal inhibitory concentration (ICs,) was esti-
mated to evaluate the cytotoxic effect of Ag-MOF-D synthesized
by the solution method in Vero cells.

2.6. Statistical analysis

All experiments were performed three independent times in
triplicates. The data obtained were represented as means =+
standard deviations analyzed using GraphPad Prism version
8.4.2 (GraphPad Software Inc., California, USA). A non-linear
regression (dose-response) was used to estimate the ICs, of
Ag-MOF-D, while one-way analysis of variance (ANOVA) with
Bonferroni multiple comparison post-test was used to compare
the differences between the cytotoxicity of control and Ag-MOF-
D-treated cell lines. A P-value = 0.01 was considered highly
significant, while a P-value = 0.05 was considered statistically
significant.

3 Results and discussion

3.1. Synthesis of Ag-MOF-D

MOFs are typically crystalline 3D coordination polymers created
by hybridizing metal ions or clusters with organic ligands or
polymers/linkers through coordination bonds.** In this study,
AgNO; (substrate for Ag) reacted with DABCO (organic ligand),
reducing Ag' ions. The reduction of metal ions triggers the
excitation of surface plasmon resonance (SPR),* indicating the
formation of Ag-MOF-D evidenced by the appearance of
a brown-coloured solution (Fig. 1a).

The ease of structural customization and versatility during
the synthesis of MOFs have made the use of DABCO a more
feasible organic ligand. This appears to be the first study of its
kind in utilizing DABCO as an organic ligand to synthesize Ag-
MOF. Incorporating DABCO has been hypothesized to improve
the construction of MOFs with antibacterial properties and
enhanced biocompatibility for versatile biological applica-
tions.”*** Moreover, DABCO has widely been used in a variety of
reactions since it is eco-friendly, reactive, and non-toxic with
a considerable degree of selectivity.”> Hence, this study
employed DABCO as an organic ligand for synthesizing Ag-
MOF.

3.2. Structural and morphological characterization of Ag-
MOF-D

Initially, the prominent SPR peak observed at 394 nm by UV-vis
spectroscopy (Fig. 1a) confirmed the synthesis of Ag-MOF-D.*
The broader base observed at the absorption peak could indi-
cate agglomerated AgNPs. This agglomeration likely results in
strong Coulomb repulsion among AgNPs, which can help sta-
bilise the AgNPs despite their clustering.*®

The FTIR spectra of the synthesized Ag-MOF-D exhibited
characteristic peaks at 673, 705, 883, 1060, 1382, 1654, and
3250 cm ' (Fig. 1b). The peak observed at 673 cm ' corre-
sponds to C-H deformation in the aromatic ring at the alkene
C-H bond,* while the peak at 705 cm ™" indicates the confined
amine chains® in the organic ligand. The FTIR peak at
883 cm ™' suggests that transition metal (Ag) and ligand

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Physicochemical characterisation of Ag-MOF-D. Images (a) denotes UV-vis spectrum, (b) represents FTIR spectrum,

XRD pattern, (d) denotes TGA-DTA plot.

(DABCO) combination safe been widely recognized as highly
effective catalytic systems for C-C bond formation.** The band
observed at 1060 cm™ ' in the FTIR spectrum is indeed attrib-
uted to complex molecular vibrations, primarily involving the
in-phase antisymmetric stretching vibrations of the NC3 groups
(in-v4(NC3)) of DABCO (1,4-diazabicyclo[2.2.2]octane), the anti-
symmetric stretching vibrations of C-C bonds (v,(C-C)), and
the twisting vibrations of the methylene groups (y:(CH,)).* The
strong peak at 1382 cm ™' likely corresponds to C-N stretch
vibrations in the DABCO,” while the band at 1654 cm™" may
indicate C=N stretching vibrations.*® The band at 3250 cm™*
corresponds to O-H stretching vibrations of the DABCO.*

The PXRD peaks (26) of Ag-MOF-D were observed at 33°, 38°,
55°, and 66° (Fig. 1c). The broad Bragg's diffraction peak in XRD
would be attributed to the crystallite size and lattice strain.*
The intensity of PXRD peaks reflected the degree of crystallinity
of the Ag-MOF-D. Moreover, the broader peaks observed in the
XRD (Fig. 1c) would correlate with the smaller crystalline size, as
they are inversely related to each other.® In addition, the
particle size, as determined by PXRD, has an average of
15.68 nm by Debye-Scherrer's equation.”

The TGA-DTA was performed to analyse the structural
stability and thermal degradation of Ag-MOF-D (Fig. 1d-f). In
this study, the Ag-MOF-D exhibited two distinct weight loss
phases: the first phase, with a 1.50% weight loss, was observed
between 148.7 and 175 °C, retaining approximately 98.50% of
the structural stability. This minimal decomposition could
likely be due to removing residual solvents and organic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds in Ag-MOF-D.** The second phase, with a weight
loss of 7% observed between 421.4 and 453 °C, retained about
93% of its structural stability, which is attributed to the
decomposition of DABCO and the structural collapse of the
framework.*® Furthermore, the DTA analysis revealed a gradual
thermal degradation between 180 and 235 °C, along with an
exothermic peak at 179 °C which may be due to decomposition
or structural transition of the Ag-MOF-D, similar to previous
observations® another endothermic peak observed at 506.9 °C
due to melting or phase transition. In addition, the Ag-MOF-D
remained thermally stable up to 650 °C, exhibiting a total
residual mass of 91.50%. The organic ligand employed in this
study, DABCO, is a nitrogen-containing heterocyclic compound
that coordinates with Ag" to form robust bonds, incorporating
high-energy functional groups such as -NO,, -ONO,, and -Nj.
Additionally, the three-dimensional MOF structure formed with
DABCO likely contributes to enhanced structural stability,
exhibiting reduced thermal sensitivity.***!

The SEM micrographs of Ag-MOF-D demonstrated the
spherical surface morphology with minimal aggregation (Fig. 2a
and b). In this study, a single SPR peak of Ag-MOF-D noticed at
394 nm indicated AgNPs with a spherical morphology.** More-
over, EDAX analysis indicated a high intensity of Ag" concen-
tration, ie., 88.64 wt% (ESI Fig. 1%). This significant
concentration of Ag* on the surface of Ag-MOF-D contributes to
its enhanced antibacterial activity. However, the presence of O
in EDAX data might have originated from the biomolecules
bound to the surface of AgNPs, indicating the reduction of Ag"

RSC Adv, 2025, 15, 8180-8188 | 8183
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Fig.2 Electron micrographs of Ag-MOF-D. Images (a and b) represents SEM micrographs, (c and d) demonstrates TEM micrographs, (e) exhibits

lattice fringing, and (f) illustrates SAED pattern.

ions into elemental Ag.*® The presence of Si in trace amounts
could be due to the introduction of impurities during the
synthesis of nanomaterials.®® In addition, TEM analysis
revealed a mono-dispersed spherical morphology, with an
average diameter of 10.47 + 1.80 nm (Fig. 2c and d) and a lattice
fringe spacing of 0.19 nm (Fig. 2f). The SAED patterns (Fig. 2g),
along with XRD data, confirmed the crystalline nature of Ag-
MOF-D.

3.3. Specific surface area and pore size distribution of Ag-
MOF-D

The specific surface area and porosity are crucial parameters for
characterizing MOFs. The irregular surface morphology of these

124 = Adsorption
e Desorptrion

V,/em3(STP) g

0.0 0.2 0.4 0.6 08 1.0
PPy

materials enhances gas adsorption by facilitating a pore-filling
mechanism during BET analysis.>” The type II isotherm curve
of Ag-MOF-D (Fig. 3a), as classified by the International Union
of Pure and Applied Chemistry, suggested that Ag-MOF-D
possesses a mesoporous structure. The gradual curvature
(Fig. 3a) suggests a substantial overlap of monolayer coverage,
marking the onset of multilayer adsorption.*® The adsorption of
N, occurred over relative pressures of 0.04-0.99 cm® g%,
reaching the maximal level of 12.486 cm® g ".

In contrast, the desorption occurred over 0.942-0.001 em?®
¢ ' with a minimal level of 0.3174 cm® g~ '. The BET analysis
(ESI Fig. 2%) evaluated the porous nature of Ag-MOF-D with
a surface area measurement of 5.3005 m> ¢~ . The BJH analysis

b
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Fig. 3 Specific surface area and pore size distribution of Ag-MOF-D. Images (a) represents BET plot and (b) denotes BJH plot.
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results (Fig. 3c) revealed that the average pore diameter of the
material is 9.46 nm. The pore size distribution, ranging from 9
to 25 nm, indicates that Ag-MOF-D has a relatively uniform pore
structure. The small size of MOFs contributes to their large
surface area, which enhances the interaction between the MOF
material and bacterial cells. This increased surface interaction
facilitates better penetration of the MOFs into bacterial cell
membranes.'® MOFs are considered as a good porous material
that provides a reservoir to metal ions and controls their sus-
tained release, enabling antibacterial activity.>

3.4. Invitro antimicrobial activity of Ag-MOF-D

The antibacterial activity of Ag-MOF-D was evaluated by deter-
mining the MIC as well as MBC values against MDR strains of S.
Typhimurium, S. Enteritidis, EAEC, and MRSA (Table 1). In this

Table 1 [n vitro antimicrobial activity of Ag-MOF-D

MDR-isolates Isolate ID  MIC (ug mL™")  MBC (ug mL™%)
EAEC E1 3.9 7.8
E2 3.9 7.8
E3 3.9 7.8
S. Typhimurium ST1 7.8 62.5
ST2 7.8 31.2
ST3 7.8 31.2
S. Enteritidis SE1 7.8 31.2
SE2 7.8 31.2
SE3 7.8 31.2
MRSA SA1 3.9 15.6
SA2 3.9 7.8
SA3 3.9 15.6
a 100+
75+
g
;E 50
8
b
25+
b
Fig. 4
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study, the MIC of Ag-MOF-D varied within 3.90-7.80 uM,
whereas the MBC values ranged from 7.8 to 62.5 pM, with strain
variation (Table 1).

The antibacterial efficacy of Ag-MOF-D lies in the liberation
of Ag ions;" factors such as the shape, chemical composition,
and the framework with coordination ligands play significant
roles in determining the rate and amount of the release. Addi-
tionally, the porosity and the nature of ligands can further affect
the kinetics of metal ion diffusion, influencing the material's
overall antimicrobial activity. Moreover, Ag-MOFs enter bacte-
rial surfaces, releasing Ag" ions that disturb ion balance, impair
ion channels, interact with membrane constituents (lipophilic
acids, hydroxyl groups in peptidoglycan, and phosphate groups
in phospholipids), and attach to thiol groups in proteins. This
process deactivates key metabolic enzymes and undermines the
integrity and permeability of bacterial membrane.® In addition,
the reactive oxygen species (ROS) generated upon induction by
Ag" ions would inhibit bacterial nucleic acid damage.*

Interestingly, the EAEC and MRSA strains exhibited
comparatively lower MIC and MBC values than the Salmonella
spp. tested in this assay.

3.5. Invitro cell viability assay in Vero cells

An in vitro cell viability assay was conducted to determine the
safety of Ag-MOF-D in eukaryotic Vero cell lines. In this study,
a dose-dependent viability of Vero cells was observed with
increasing concentrations of Ag-MOF-D (10~ " to 10~° mg mL™;
Fig. 4a). Nevertheless, the viability did not tend to be lower than
44.90% even at highest tested concentration (10" mg mL ") of
Ag-MOF-D. Moreover, this study exhibited mild to moderate
cytopathic effects in the Vero cells, including loss of monolayer

c B

In vitro cell viability assay in Vero cells. Images (a) demonstrates in vitro viability of Vero cells treated with Ag-MOF-D, (b) exhibits

microscopic image of untreated Vero cells and (c) represent microscopic image of Vero cells treated with Ag-MOF-D.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and syncytia formation on treatment with Ag-MOF-D (Fig. 4c)
against the Vero cell control (Fig. 4b). In addition, an IC5, value
of 1.701 x 107> mg mL~" was determined for Ag-MOF-D using
a non-linear regression method.

The cytotoxic properties of Ag-based MOFs hinge primarily
on their ability to infiltrate cells through mechanisms such as
diffusion, translocation, or phagocytosis.®*** However, the
ligands used often decide the cytotoxicity by modulating the
release of Ag" ions.®*** The use of DABCO as a pillar in the
synthesis of Ag-MOF-D in this assay might have reduced the
cytotoxicity by controlling the release of Ag' ions.?**** The
moderate cytopathic effects exhibited on treatment with Ag-
MOF-D could be attributed to its capacity to penetrate
membranes of Vero cells via diffusion and phagocytosis, in
conjunction with its generation of reactive oxygen species.**
Meanwhile, the antibacterial activity of pure Ag-MOFs mainly
stems from the release of Ag" ions. This release, facilitated by
weakened ligand-metal bonds or cooperative effects, disrupts
bacterial cell membranes, generates ROS, and intercalates DNA,
ultimately killing bacteria. MOFs generally show lower cyto-
toxicity compared to other nanosystems, closely linked to their
composition.™

Previous studies commonly used benzene-1,3,5-tricarboxylic
acid (BTC),* benzenedicarboxylic acid (BDC),***® naphthalene-
2,6-dicarboxylic acid (NDC), and [1,1:4',1"-terphenyl]-4,4"-
dicarboxylic acid (TDC)* to synthesize Ag-based MOFs, which
demonstrated potential as effective, long-term antibacterial
agents, with high stability under physiological conditions. In
contrast, this study uses DABCO as an organic ligand for Ag-
MOFs, valued for its low cost, eco-friendliness, non-toxicity,
reactivity, and role in forming stable 3D frameworks. While
this study provides valuable insights into the properties and
antibacterial potential of Ag-MOF-D, several key areas would
benefit from further investigation before its potential trans-
lation to biomedical applications. Future studies should
incorporate zeta potential analysis and dynamic light scattering
to more comprehensively assess colloidal dispersion stability
and hydrodynamic diameter. Additionally, further structural
analysis of Ag-MOF would provide a deeper understanding of its
properties. Expanding antibacterial testing to include a broader
range of bacterial strains, as well as conducting safety, stability,
and in vivo assays, will be crucial for fully evaluating its thera-
peutic potential. These steps will help refine the understanding
of Ag-MOF-D efficacy and pave the way for its potential
biomedical applications.

4 Conclusion

We successfully synthesized three-dimensional Ag-MOF using
a solution approach that involved DABCO as the organic ligand
for the first time. The synthesis was assessed through physico-
chemical assays, revealing that the crystalline Ag-MOF-D
exhibited a spherical morphology and excellent thermal
stability. The ability to control the sustained release of Ag" ions
enhanced the notable antibacterial properties of Ag-MOF-D,
resulting in a low MIC and effective antibacterial activity
against the test MDR strains of EAEC, Salmonella spp., and
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MRSA. In addition, Ag-MOF-D has demonstrated biocompati-
bility in vitro, as shown in studies using Vero cell lines. Opti-
mizing the molecular building blocks and fine-tuning the size
and shape of Ag-MOFs holds significant promise for enhancing
their antibacterial effectiveness. Developing these Ag-MOF-
based materials can pave the way for innovative applications
in environmental remediation, food packaging, and antibacte-
rial coatings. Such advancements are expected to contribute
substantially to public health and safety, offering effective
solutions to mitigate bacterial contamination across various
sectors.

Data availability

The data supporting this article have been included as part of
the ESI.{ Further, data will be made available upon request.

Author contributions

The study was conceived and designed by [Sukhadeo Baliram
Barbuddhe, Deepak Bhiwa Rawool and Jess Vergis]. Material
preparation, data collection and analysis were performed by
[Shivaprasad Shivappa Desai, K. A. Deepika Roy, Padikkamannil
Abishad and Rahul Krishnan]. Data curation and formal anal-
ysis was performed by [Valil Kunjukunju Vinod, Asha Karthi-
keyan, Plantharayil Bharathan Aswathi, Sanis Juliet]. The first
draft of the manuscript was written by [Shivaprasad Shivappa
Desai, K. A. Deepika Roy, Padikkamannil Abishad], all authors
commented on previous versions of the manuscript and final
editing was performed by [Jess Vergis, Sukhadeo Baliram Bar-
buddhe and Deepak B. Rawool]. The work was supervised by
[Jess Vergis]. All authors read and approved the final
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank KVASU (KVASU/2022/95/MVP/VPH) for the
student research funds. The authors thank the Director, ICAR-
National Meat Research Institute, Hyderabad; Vice-Chancellor
and Director of Academics and Research of KVASU and Dean
of CVAS, Pookode for providing facilities for this research. The
authors thank the DST-Sophisticated Analytical Instruments
Facility, Kochi and Central Sophisticated Instrumentation
Facility, University of Calicut for the characterization.

References

1 M. H. Nematollahi, E. Mostafavi and S. Iravani, J. Environ.
Chem. Eng., 2023, 11, 109652.

2 X. Han, G. Boix, M. Balcerzak, O. H. Moriones, M. Cano-
Sarabia, P. Cortés, N. Bastts, V. Puntes, M. Llagostera,
I. Imaz and D. Maspoch, Adv. Funct. Mater., 2022, 32(9),
2112902.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00509d

Open Access Article. Published on 17 March 2025. Downloaded on 1/20/2026 5:42:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

3 W. Kamal, R. Mahmoud, A. E. Allah, A. A. Farghalj,
A. Abdelwahab, D. H. M. Alkhalifah, W. N. Hozzein,
M. B. E. D. Mohamed and S. A. A. Abdel Aziz,
Microorganisms, 2023, 11, 2506.

4 S. Yang, Z. Zhao, Y. Xie, J. Lin, B. Zhang and J. Fan, Int. J.
Pharm., 2022, 623, 121912.

5 Y. Zhang, Y. Cheng, Y. Yu, J. Li, Y. Hu, Y. Gao, S. Huang,
W. Wang and X. Zhang, New J. Chem., 2022, 46, 14410-14420.

6 C. He, C. Liu, M. Li, M. Li, J. Yin, S. Han, J. Xia, D. Chen,
W. Cao, Q. Lu and F. Rosei, Chem. Eng. J., 2022, 446, 137381.

7 Y. Peng, J. Xu, J. Xu, J. Ma, Y. Bai, S. Cao, S. Zhang and
H. Pang, Adv. Colloid Interface Sci., 2022, 307, 102732.

8 E. Aghazadeh Asl, M. Pooresmaeil and H. Namazi, Mater.
Chem. Phys., 2023, 293, 126933.

9 P. Wisniewska, J. Haponiuk, M. R. Saeb, N. Rabiee and
S. A. Bencherif, Chem. Eng. J., 2023, 471, 144400.

10 S. Mansouri, J. Mater. Chem. B, 2025, 13, 1586-1598.

11 S.Li, Y. Lin, C. Mo, J. Bi, C. Liu, Y. Lu, B. Jia, S. Xu and Z. Liu,
J. Mater. Chem. B, 2024, 12, 8543-8576.

12 M. Al Sharabati, R. Sabouni and G. A. Husseini,
Nanomaterials, 2022, 12, 277.

13 U. Farwa, Z. A. Sandhu, A. Kiran, M. A. Raza, S. Ashraf,
H. Gulzarab, M. Fiaz, A. Malik and A. G. Al-Sehemi, RSC
Adv., 2024, 14, 37164-37195.

14 S. Saglam, F. N. Tiirk and H. Arslanoglu, J. Environ. Chem.
Eng., 2023, 11, 110568.

15 Z.-K. Tan, ]J.-L. Gong, S.-Y. Fang, J. Li, W.-C. Cao and
Z.-P. Chen, Appl. Surf. Sci., 2022, 590, 153059.

16 X. Zhang, F. Peng and D. Wang, J. Funct. Biomater., 2022, 13,
215.

17 Y.-M. Wu, P.-C. Zhao, B. Jia, Z. Li, S. Yuan and C.-H. Li, New J.
Chem., 2022, 46, 5922-5926.

18 S. Mallakpour, E. Nikkhoo and C. M. Hussain, Coord. Chem.
Rev., 2022, 451, 214262.

19 P. B. Hassan, S. Sh. Mohammed Ameen, L. Mohammed,
S. M. Muhammed Ameen and K. M. Omer, Nanoscale Adv.,
2024, 6, 3801-3808.

20 J. Zan, Y. Shuai, J. Zhang, J. Zhao, B. Sun and L. Yang, Int. J.
Biol. Macromol., 2023, 230, 123361.

21 P. S. Sharanyakanth and M. Radhakrishnan, Trends Food Sci.
Technol., 2020, 104, 102-116.

22 N. Chakraborty and A. K. Mitra, Org. Biomol. Chem., 2023, 21,
6830-6880.

23 B. N. Socha, B. Patankar, A. Raj, R. B. Palan, J. Valand,
R. H. Patel and S. Krishn Jha, Chem. Eng. J., 2024, 493,
152566.

24 F. Mahboubi, J. Mohammadnejad and S. Khaleghi, Heliyon,
2024, 10, €29876.

25 N. A. Mohamed, H. Abou-Saleh, Y. Kameno, I. Marei, G. de
Nucci, B. Ahmetaj-Shala, F. Shala, N. S. Kirkby,
L. Jennings, D. E. Al-Ansari, R. P. Davies, P. D. Lickiss and
J. A. Mitchell, Sci. Rep., 2021, 11, 4336.

26 Y. Zhang, Y. Tang, Q. Liao, Y. Qian, L. Zhu, D.-G. Yu, Y. Xu,
X. Lu, I. Kim and W. Song, J. Mater. Chem. B, 2024, 12, 2054—
2069.

27 S.Liu, Y. Ji, H. Zhu, Z. Shi, M. Li and Q. Yu, J. Mater. Chem. B,
2023, 11, 10446-10454.

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

View Article Online

RSC Advances

28 I. Abanades Lazaro, X. Chen, M. Ding, A. Eskandari,
D. Fairen-Jimenez, M. Giménez-Marqués, R. Gref, W. Lin,
T. Luo and R. S. Forgan, Nat. Rev. Methods Primers, 2024, 4,
42.

29 S. Adel, A. Firoozbakhtian, H. Rabbani, M. Hosseini,
A. B. Pebdeni, N. Sadeghi, J. Gilnezhad and M. R. Ganjali,
Anal. Biochem., 2024, 689, 115500.

30 X. Fan, P. Wu, C. Qu, Y. Gao and P. Yin, J. Environ. Chem.
Eng., 2024, 12, 112240.

31 CLSI, Performance Standards for Antimicrobial Susceptibility
Testing, CLSI, WAYNE, USA, 28th edn, 2018.

32 B. Mohan, P. Abishad, P. R. Arya, M. Dias, V. K. Vinod,
A. Karthikeyan, S. Juliet, N. V. Kurkure, S. B. Barbuddhe,
D. B. Rawool and J. Vergis, Gut Pathog., 2024, 16, 51.

33 S. F. Seyedpour, M. Dadashi Firouzjaei, A. Rahimpour,
E. Zolghadr, A. Arabi Shamsabadi, P. Das, F. Akbari
Afkhami, M. Sadrzadeh, A. Tiraferri and M. Elliott, ACS
Appl. Mater. Interfaces, 2020, 12, 38285-38298.

34 K. S. Walton and R. Q. Snurr, J. Am. Chem. Soc., 2007, 129,
8552-8556.

35 E. P. Barrett, L. G. Joyner and P. P. Halenda, J. Am. Chem.
Soc., 1951, 73, 373-380.

36 A. A. Miles, S. S. Misra and ]. O. Irwin, Epidemiol. Infect.,
1938, 38, 732-749.

37 P. Radhakrishnan Arya, P. Abishad, V. Unni, P. Vemula Ram,
N. Pollumahanti, J. Yasur, L. John, A. Karthikeyan,
P. Nambiar, S. Juliet, V. Kunjukunju Vinod, ]. Vergis,
N. Vasantrao Kurkure, S. Baliram Barbuddhe, K. Byrappa
and D. Bhiwa Rawool, Inorg. Chem. Commun., 2023, 148,
110356.

38 T. Mosmann, J. Immunol. Methods, 1983, 65, 55-63.

39 A. Bhuyan and Md. Ahmaruzzaman, Inorg. Chem. Commun.,
2022, 140, 109436.

40 A. Almatroudi, Open Life Sci., 2020, 15, 819-839.

41 S. S. Desai, P. Abishad, K. A. Deepika Roy, N. C. Sandeep,
A. K. Ahalya, V. K. Vinod, R. Krishnan, S. B. Barbuddhe,
D. B. Rawool and J. Vergis, J. Mol. Struct., 2025, 1325, 141056.

42 M. Ider, K. Abderrafi, A. Eddahbi, S. Ouaskit and A. Kassiba,
J. Cluster Sci., 2017, 28, 1051-1069.

43 T. E. Agustina, W. Handayani and C. Imawan, 3rd KOBI
Congress, International and National Conferences (KOBICINC
2020), 2021, vol. 14, pp. 411-419.

44 K. Z. El-Baghdady, E. H. El-Shatoury, O. M. Abdullah and
M. M. H. Khalil, Turk. J. Biol., 2018, 42, 319-321.

45 S. Yapar, Colloids Surf., A, 2009, 345, 75-81.

46 V. 1. Kovalenko, A. A. Akhmadiyarov, A. E. Vandyukov and
A. R. Khamatgalimov, J. Mol. Struct., 2012, 1028, 134-140.
47 K. Anandalakshmi, J. Venugobal and V. Ramasamy, Appl.

Nanosci., 2016, 6, 399-408.

48 R. R. R. Kannan, W. A. Stirk and J. Van Staden, S. Afr. J. Bot.,
2013, 86, 1-4.

49 H. T. Ahmed and O. Gh. Abdullah, Results Phys., 2020, 16,
102861.

50 B. Himabindu, N. S. M. P. Latha Devi and B. Rajini Kanth,
Mater. Today: Proc., 2021, 47, 4891-4896.

51 Y. Hu, H. Yang, R. Wang and M. Duan, Colloids Surf., A, 2021,
626, 127093.

RSC Adv, 2025, 15, 8180-8188 | 8187


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00509d

Open Access Article. Published on 17 March 2025. Downloaded on 1/20/2026 5:42:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

52 F. A. Sofi and K. Majid, Mater. Chem. Front., 2018, 2, 942-951.

53 T. Shahzadi, H. Bibi, T. Riaz, M. Zaib and T. Malik,
Plasmonics, 2024, DOI: 10.1007/s11468-024-02333-1.

54 S. A. Dharejo, T. Pirzada, M. R. Shah, A. Nadeem and
K. H. Thebo, Heliyon, 2025, 11, e41636.

55 K. Jyoti, M. Baunthiyal and A. Singh, J. Radiat. Res. Appl. Sci.,
2016, 9, 217-227.

56 A. Roy, C. P. Healey, N. E. Larm, P. Ishtaweera, M. Roca and
G. A. Baker, ACS Nanosci. Au, 2024, 4, 176-193.

57 1. Ghaffar, M. Imran, S. Perveen, T. Kanwal, S. Saifullah,
M. F. Bertino, C. J. Ehrhardt, V. K. Yadavalli and
M. R. Shah, Mater. Sci. Eng., C, 2019, 105, 110111.

58 M. Thommes, K. Kaneko, A. V. Neimark, ]J. P. Olivier,
F. Rodriguez-Reinoso, J. Rouquerol and K. S. W. Sing, Pure
Appl. Chem., 2015, 87, 1051-1069.

59 Z. Chen, F. Xing, P. Yu, Y. Zhou, R. Luo, M. Liu and U. Ritz,
Acta Biomater., 2024, 175, 27-54.

60 X. Lu, J. Ye, D. Zhang, R. Xie, R. F. Bogale, Y. Sun, L. Zhao,
Q. Zhao and G. Ning, J. Inorg. Biochem., 2014, 138, 114-121.

61 P. B. Hassan, S. Sh. Mohammed Ameen, L. Mohammed,
S. M. Muhammed Ameen and K. M. Omer, Nanoscale Adv.,
2024, 6, 3801-3808.

8188 | RSC Adv, 2025, 15, 8180-8188

View Article Online

Paper

62 A. Ambrose, K. Rajappan, G. Munuswami Ramanujam and
A. K. Anilkumar, Polym.-Plast. Technol. Mater., 2025, 64,
238-252.

63 C. Tamames-Tabar, D. Cunha, E. Imbuluzqueta, F. Ragon,
C. Serre, M. J. Blanco-Prieto and P. Horcajada, J. Mater.
Chem. B, 2014, 2, 262-271.

64 M. Hajibabaei, R. Zendehdel and Z. Panjali, J. Inorg.
Organomet. Polym. Mater., 2020, 30, 4622-4626.

65 M. Dadashi Firouzjaei, A. A. Shamsabadi, A. Rahimpour,
F. Akbari Afkhami and M. Elliott, Graphene 2D Mater.,
2024, 1-18.

66 L. Rameesha, D. Rana and A. Nagendran, J. Environ. Chem.
Eng., 2023, 11, 109888.

67 A. Lajevardi, M. Tavakkoli Yaraki, A. Masjedi, A. Nouri and
M. Hossaini Sadr, J. Mol Lig., 2019, 276, 371-378.

68 V. Paratore, D. Franco, S. Guglielmino, F. Lo Presti, F. Traina,
S. Conoci and G. G. Condorelli, Mater. Adv., 2024, 5, 1033—
1044.

69 V. Celis-Arias, I. A. Gardufio-Wilchis, G. Alarcon, F. Gonzalez
Chavez, E. Garrido Guerrero, H. I. Beltran and S. Loera-
Serna, Front. Chem., 2023, 10, 1065622.

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


https://doi.org/10.1007/s11468-024-02333-1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00509d

	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d

	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d

	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d
	Harnessing in vitro cytotoxicity and antibacterial potential of a novel silver-DABCO framework against multi-drug-resistant pathogensElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ra00509d


