
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

7-
01

-2
02

6 
23

:0
5:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhanced antiba
aDepartment of Biology, College of Science,

46002, Kurdistan Region, Iraq
bDepartment of Chemistry, College of Scienc

Region, Iraq
cDepartment of Medical Laboratory, Colle

Sulaimani Polytechnic University, Sulayman
dDepartment of Chemistry, College of Scien

46002, Sulaymaniyah, Kurdistan Region, Ira

† Electronic supplementary informa
https://doi.org/10.1039/d4na00037d

Cite this: Nanoscale Adv., 2024, 6,
3801

Received 14th January 2024
Accepted 21st April 2024

DOI: 10.1039/d4na00037d

rsc.li/nanoscale-advances

© 2024 The Author(s). Published by
cterial activity of a novel silver-
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The growth and spread of multidrug-resistant bacterial species, such as Klebsiella pneumoniae, pose

a serious threat to human health and require the development of innovative antibacterial agents. The

search for an acceptable, safe, and efficient antibacterial is a matter of significant concern. In the present

work, silver-based metal–organic frameworks (Ag-MOFs) showed efficient antibacterial activity against

multidrug-resistant K. pneumoniae (KBP 11) with a minimum inhibitory concentration and minimum

bactericidal concentration of 10 mg mL−1. Moreover, the Ag-MOF showed enhanced antibacterial activity

compared to silver ions and silver nanoparticles. Our experimental investigation showed that the

antibacterial efficacy is attributed to the production of reactive oxygen species and the release of cellular

constituents, such as K+ ions and proteins. The MOF scaffold enhances the stability and controlled

release of silver ions, enabling sustained antibacterial activity and minimizing the risk of bacterial

resistance development. Additionally, the MOF class, due to the high surface area and porous nature,

enhances the transfer of bacteria into and on the surface of the MOF.
Introduction

Multidrug resistant bacteria (MDRB) have emerged as a major
human health concern, offering a serious challenge to tradi-
tional antibiotic therapy.1,2 The advent of these resistant strains
requires the development of innovative materials for ghting
bacterial infections.3,4

K. pneumoniae is a non-motile Gram-negative bacterium,
which belongs to the Enterobacteriaceae family, commonly
present in the respiratory and gastrointestinal tracts of
humans.5,6 It causes many infections, including pneumonia,
urinary tract infections, septicemia, wound infections, and
nosocomial infections within healthcare settings. Signicantly,
the capacity of this organism to acquire resistance to several
antibiotics has resulted in the formation of strains that are
resistant to numerous drugs, posing considerable difficulties in
medical settings. Due to its clinical impact and potential for
antibiotic resistance, effective detection, infection control
University of Sulaimani, Sulaymaniyah,

e, University of Zakho, Zakho, Kurdistan

ge of Health and Medical Technology,

iyah, Iraq

ce, University of Sulaimani, Qliasan St.

q. E-mail: khalid.omer@univsul.edu.iq

tion (ESI) available. See DOI:

the Royal Society of Chemistry
strategies, and appropriate antibiotic usage are crucial in
managing K. pneumoniae infections.7,8

Metal–organic frameworks (MOFs), which consist of crys-
talline microporous materials made from metal nodes con-
nected by organic linkers, have gained signicant interest
owing to their wide-ranging properties and potential uses.9–14

MOFs have emerged as interesting possibilities for
combating MDRB in recent years due to their unique antibac-
terial properties.15–17 The growing problem of multidrug resis-
tance has encouraged researchers to design and explore
alternative strategies beyond conventional antibiotics. MOFs,
with their tunable composition, catalytic activity, high surface
area, relative biocompatibility, and porous structure, offer
a range of distinctive characteristics that can be harnessed to
combat bacterial infections, and they can also be used in bio-
imaging, biosensing for tumor therapy, and as cargo delivery
agents for cancer treatment.18–22

Few reports of pure silver-based MOFs with no doping and
functionalization have been reported as antimicrobial agents.
Lu et al.23 prepared two biocompatible silver carboxylate MOFs,
1 and 2. Both MOFs showed antimicrobial activities towards
Gram-negative bacteria, Escherichia coli has MIC values of 5–10
and 10–15 ppm. While for a Gram-positive bacterium such as
Staphylococcus aureus, MIC values were 10–15 and 15–20 ppm.
Jaros et al.24 prepared a novel bioactive pure Ag-based MOF
(bioMOF 1) from silver(I) oxide, 1,3,5-triaza-7-
phosphaadamantane (PTA), and pyromellitic acid (H4pma).
The bioMOF 1 showed diverse bioactivity as a robust
Nanoscale Adv., 2024, 6, 3801–3808 | 3801
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antimicrobial agent against pathogenic strains of typical Gram-
negative bacteria (Escherichia coli and Pseudomonas aeruginosa),
Gram-positive bacteria (Staphylococcus aureus), and yeast
(Candida albicans). The minimum inhibitory concentration
(MIC) value for Gram-negative bacteria was 5 mg mL−1.

The principal reason behind the antibacterial activity of
pure Ag-MOFs stems from the release of silver ions. The
primary objective revolves around liberating these silver ions
from the MOF framework, whether through the weakened
bond between the ligand and silver metal or the cooperative
antibacterial impact with silver. This process facilitates
a cascade of reactions involving cell membrane denaturation
due to ROS generation or DNA intercalation, hampering cell
transcription and replication, and ultimately culminating in
bacterial demise.16,25,26 Many other articles were reports on
using pure Ag-MOF as an antimicrobial agent.27–29 However,
the majority of the antimicrobial-based Ag-MOFs suffer from
the complex structure of the linker and high MIC. In addition,
the cytotoxicity of MOFs is of enormous importance. Available
toxicity data are rare, most of which are associated with the
inorganic and organic precursors rather than the MOFs
directly. On comparing MOF cytotoxicity to other commer-
cialized nanosystems, it is lower and strongly associated with
its composition.30

Zhang et al.17 developed a Ag2[HBTC][im]–polylactic acid
(PA) brous mat, an antibacterial wound dressing, by utilizing
silver ion-MOFs, which have the ability to progressively release
powerful antibacterial Ag+ ions to replace antibiotics as the
antibacterial agent. The in vivo experimental results demon-
strated that when used as an antibacterial wound dressing, the
wound healing ratio could reach 99.9%, which was signi-
cantly higher than that in other comparison groups. This
fabricated brous mat serves as a valuable guide for the
subsequent creation of antibiotic-free wound dressing. In
addition, the characterization results showed thay the
prepared brous mat possesses excellent water and thermal
stability, up to 300 °C.

He et al.31 synthesized a novel Ag@MOF@PDA by function-
alizing cyclodextrin metal–organic frameworks (CD-MOFs) with
polydopamine (PDA) and ultrane silver nanoparticles (Ag NPs).
Under a NIR laser, the constructed Ag@MOF@PDA enhanced
the release rate of Ag+ ions in a controllable way and also effi-
ciently damaged the integrity of biolms via photothermal
therapy (PTT). The results demonstrated that the
Ag@MOF@PDA nanosystem is effective in healing bacterial and
biolm infections with minimal biotoxicity, and providing
a potential antibiotic-free alternative in the “post-antibiotic
era.”

In the present work, submicron sized Ag-based MOFs
without functionalization and/or encapsulation were prepared
from common organic linkers, terephthalic acid, and silver
ions. In an effort to broaden the narrow spectrum of antibiotics
active against K. pneumonia, here, we examined Ag-MOF's in
vitro susceptibility to clinical isolates of MDR K. pneumonia,
which are commonly seen in clinical microbiology labs. More-
over, the mechanisms of antibacterial action are also
investigated.
3802 | Nanoscale Adv., 2024, 6, 3801–3808
Experimental section
Materials and methods

All the information on chemicals and instrumentation are
briey provided in the ESI.†

Synthesis of the Ag-MOF

Briey, 2 mmol of AgNO3, 4 mmol of TP and 8 mmol of TEA
were dissolved in 100 mL solution of methanol (50%). Then, the
resulting solution was mixed and stirred for 30 minutes and le
for 12 hours. The white powder of Ag-MOF was produced and
washed with methanol and water many times, respectively.
Then, the produced Ag-MOF was dried at 70 °C in a vacuum
oven for 24 h.

Bacterial strain used in this study

For the antibacterial experiment, K. pneumonia was selected as
amodel. Themultidrug-resistant K. pneumoniawas isolated from
wound swab specimens in Sulaymaniyah Shar Hospital. Molec-
ular identication was applied for further conrmation of the
isolate by PCR amplication of 16S rDNA using the primers Lee
et al.,32 16S rRNA (sense, 5-TGGCTCAGATTGAACGCTGGCGGC;
antisense, 5 TACCTTGTTACGACTTCACCCCA). Using a PCR
thermocycler (Techne, USA), the PCR was carried out with 35
cycles at 94 °C for 30 seconds, 62 °C for 40 seconds, and 72 °C for
40 seconds, with a nal extension of 5 min at 72 °C and a 4 °C
hold. Following the PCR, agarose gel electrophoresis was used to
examine the reaction result (1500 bp). Then, the purication of
PCR products was applied according to the manufacturer's
instructions on the genomic DNA purication kit (Geneaid,
Taiwan). DNA sequencing was performed by Macrogen (Seoul,
South Korea) using a 3500xL genetic analyzer (Applied Bio-
systems). Later, sequences were modied manually using the
BioEdit soware (7.2.5 version). The consensus sequence was
BLASTed against the GenBank NCBI's contents aer it was
submitted to GenBank (National Center for Biotechnology
Information, Bethesda, MD, USA) for an entry number. The
phylogenetic tree was constructed (Fig. S1, ESI†) by the MEGA 11
program with the neighbor joining method, to represent the
phylogenetic position of strain.33 The antibiotic susceptibility
test was carried out for the isolated K. pneumonia using auto-
mated system VITEK2 with cards AST-N417 for the following
antibiotics: piperacillin/tazobactam, cefazolin, cefuroxime,
gentamicin, ciprooxacin, amoxicillin/clavulanic acid, cefurox-
ime axeti, ceazidime, ceriaxone, cefepime, ertapenem, imi-
penem, meropenem, amikacin, fosfomycin, nitrofurantoin, and
trimethoprim/sulfamethoxazole. Additionally, the disc diffusion
method according to the Kirby–Bauer method34was also used for
the determination of extra antibiotic sensitivity proles, using
the following antibacterial discs: CFM (cexime 5 mg), CD (cef-
dinir 5 mg), CPC (cefpodoxime–clavulanate 40 mg), CPD (cefpo-
doxime 10 mg), CT (colistin 10 mg), S (streptomycin 10 mg), MXF
(moxioxacin 5 mg), LEV (levooxacin 5 mg), DO (doxycycline 30
mg), TE (tetracycline 30 mg), TGC (tigecycline 15 mg), FO (fosfo-
mycin 200 mg), AZM (azithromycin 15 mg), and CLR (clari-
thromycin 15 mg).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Antibacterial activity determination

Evaluation of MIC and MBC. The standard broth micro-
dilution method (CLSI 2021) was utilized to determine the
minimum inhibitory (MIC) and minimum bactericidal (MBC)
concentrations of Ag-MOF. Briey, the isolate was grown over-
night in a nutrient broth medium (NB) at 37 °C with shaking
(180 rpm), and then the bacterial inoculum was adjusted to the
concentration of 106 CFU mL−1. For the MIC test, 100 mL of the
bacterial suspension was dispersed in a 96-well plate containing
a two-fold dilution of Ag-MOF (40 to 0.15 mg mL−1). Plate wells
containing only the medium were used as the negative control,
and the wells without Ag-MOF containing only the medium and
the bacterial suspension served as the positive control. To
detect MIC, the microtiter plates were incubated at 37 °C for
24 h. Then, absorbance of the bacterial culture at 600 nm was
measured using a spectrophotometer microplate reader
(Biotech mQuant, USA). Aer MIC determination, the MBC test
was performed by spotting aliquots of 5 mL from each well of
microtiter plates onto nutrient agar plates, and subsequently,
all plates were placed in an incubator set at a temperature of
37 °C for a duration of 24 hours. TheMBC value was determined
as the minimum concentration at which no observable growth
was observed aer sub-culturing.35–37

Quantication of reactive oxygen species production. The
quantication of reactive oxygen species (ROS) produced by
bacterial cells aer treatment with Ag-MOF was conducted
using the dichlorodihydrouorescein diacetate (DCFH-DA)
method, as described in by Liao et al.,38 with a few modica-
tions. The bacterial inoculum, with a concentration of 108

colony-forming units per milliliter (CFU mL−1), was exposed to
different concentrations of Ag-MOF in order to attain 0.5 MIC
and 1 MIC. The suspensions were subjected to incubation at
a temperature of 37 °C for 8 hours. The NB medium was used to
dilute a 10 mM stock solution of DCFH-DA, which was based on
dimethyl sulfoxide, in order to obtain a working solution with
a concentration of 1 mM. Following the incubation period, the
bacterial suspensions underwent centrifugation at 10 000 g for
10 minutes at 4 °C, and subsequently, the supernatant was
discarded. The bacteria were washed and then resuspended in
1.8 mL of PBS buffer. Aerwards, the bacterial suspensions were
treated with 200 mL of the prepared solution and incubated at
a temperature of 37 °C for 30 minutes in the dark. Then, the
cells were subjected to thermal degradation at a temperature of
95 °C for 15 minutes. An ELISA reader was used to detect the
absorbance of the resultant lysate at a wavelength of 520 nm.
The experiments were performed in triplicate.

Quantication of lipid peroxidation. The quantication of
lipid peroxidation was performed using the thiobarbituric acid-
reactive substance (TBARS) assay, following the approach
described by Tiwari et al.,39 with minor modications. Ag-MOF
was used to treat the bacterial culture, which had a concentra-
tion of 108 CFU mL−1, to nal concentrations of 0.5 MIC and 1
MIC in a total volume of 10 mL for each treatment. A control
culture was maintained in the absence of Ag-MOF treatment,
while the NB medium was used as a negative control. The
suspensions were incubated at 37 °C for 8 h, and then the
© 2024 The Author(s). Published by the Royal Society of Chemistry
cultures were centrifuged at 10 000 g for 10 minutes at 4 °C;
subsequently, the supernatant was collected. A volume of 500
mL of the supernatant was mixed with 250 mL of a solution
containing 20% trichloroacetic acid. The resulting mixture was
subjected to centrifugation at 10 000 g for 15 minutes, while
maintaining a temperature of 4 °C. Aerwards, a volume of 300
mL of the supernatant was mixed with 200 mL of a TBA buffer
solution containing 0.8% TBA in a 2 M NaOH solution. The
solution was heated at a temperature of 95 °C for one hour.
Subsequently, it was allowed to cool down to ambient temper-
ature. At this point, the absorbance was measured (at a wave-
length of 532 nm) using a microtiter ELISA reader. The
experiments were conducted in triplicate.

Membrane protein and electrolyte leakage estimation. The
integrity of the bacterial cell membrane was investigated aer
exposure to Ag-MOF by measuring cell membrane leakage
proteins and potassium ions. Bacterial cells were grown over-
night and their concentration was adjusted to 108 CFUmL−1. The
culture was then subjected to treatment with Ag-MOF to achieve
nal concentrations of 0.5 MIC and 1 MIC. Each concentration
was prepared with a nal volume of 10 mL. The control group
consisted of the untreated bacterial culture, while the blank
group was composed of the NB medium. The suspensions were
incubated for 24 h at 37 °C. Following this, centrifugation was
performed at 10 000 g for 30 minutes. The supernatant was used
to determine the quantity of proteins that had leaked from the
treated cells using the precise technique described in ref. 39. In
addition, the determination of potassium ion leakage in the
bacterial suspensions was conducted at various time intervals
(0, 30, 60, 90, and 120 minutes) following treatment. This was
accomplished using the Na-tetraphenylborate (Na-TPB) manual
kit, with the measurement being dependent on the turbidity of
the suspensions. In summary, a 25 mL supernatant was blended
with 1 mL of Na-TPB reagent and subjected to incubation at
ambient temperature for 5 minutes. Concurrently, standard
potassium was employed as a positive control. Subsequently, the
turbidity was quantied through photometric analysis at a wave-
length of 578 nm using a spectrophotometer. The experiments
were conducted in triplicate.

Results and discussion
Characterization of Ag-MOF

Various characterization techniques were carried out to inves-
tigate the morphology, shape and size of the as prepared Ag-
MOF. Fig. 1A and B show the FE-SEM images of the Ag-MOFs
at two different magnications. Fig. 1C shows the histogram
of particle size diameter of Ag-MOF, with the average particle
size between 300 and 600 nm. Elemental analysis using the EDS
technique was used to conrm the presence of elements of the
Ag-MOF. Fig. 1D shows the presence of Ag, C, and O atoms
which conrms the formation of the Ag-MOF. Fig. 1E shows the
XRD spectrum of the Ag-MOF. The XPS spectra were obtained to
examine the chemical composition of the Ag-MOFs. The survey
spectrum (Fig. 1F) shows the peaks of O, C, and Ag. The resolved
spectra of Ag in Fig. 1G display two well-resolved peaks of Ag
3d3/2 (373.8 eV) and Ag 3d5/2 (367.9 eV), respectively.40,41 The O 1s
Nanoscale Adv., 2024, 6, 3801–3808 | 3803
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Fig. 1 (A and B) FE-SEM images of the Ag-MOF. (C) Histogram of particle size diameter of Ag-MOF. (D) EDX image of the synthesized Ag-MOF.
(E) XRD spectrumof the Ag-MOF. (F) Survey XPS spectrumof the Ag-MOF. Deconvoluted spectra of the elements in the synthesized Ag-MOF. (G)
Ag 3d. (H) O 1s. (I) C 1s.
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spectra as shown in Fig. 1H have two main peaks at 531.8 and
532.44 eV which are attributed to the O–C]O and C]O bonds
in the Ag-MOF.42 Fig. 1I shows the C 1s spectrum which reveals
three peaks at 288.52, 285.86 and 284.56 eV which are attributed
to O–C]O, C]O and C]C.42–44

Identication of the bacterial strain

The multidrug-resistant K. pneumonia was isolated from clinical
samples at Shar Hospital in Sulaymaniyah, Iraq. The resulting
16S rRNA sequences for the isolate were compared to the closely
comparable sequences present in the NCBI database. The strain
exhibited a sequence similarity of 99% to K. pneumoniae. The
16S rRNA sequence was submitted to the GenBank (NCBI) with
an accession number of OR500977. A phylogenetic tree was
created using the 16S rRNA gene sequencing of the isolate.
Based on the neighbor joining phylogenetic data, our isolate of
K. pneumonia KPB11 showed a cluster with Klebsiella sp., as seen
3804 | Nanoscale Adv., 2024, 6, 3801–3808
in Fig. S1 (ESI†). In addition, the result of antibiotic sensitivity
testing by using a VITEK 2 system and the Kirby–Bauer method
showed that the strain has resistance to the following antibi-
otics, including cefepime, ertapenem, piperacillin/tazobactam,
cexime, cefdinir, cefazolin, cefuroxime, amoxicillin/
clavulanic acid, cefuroxime axeti, ceazidime, ceriaxone,
imipenem, meropenem, ciprooxacin, nitrofurantoin,
trimethoprim/sulfamethoxazole, cefpodoxime–clavulanate,
cefpodoxime, moxioxacin, levooxacin, doxycycline, tetracy-
cline, fosfomycin, azithromycin, and clarithromycin as shown
in Table S1 (ESI†).

Antibacterial activity

MOFs are new fascinating microporous biomaterials that found
many uses in pharmaceutical and biological applications
because they provide an alternative to existing antibacterial
agents and have the potential to be an innovative solution to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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issue of microbial drug resistance.30 At different concentrations,
the antibacterial activity of the synthesized Ag-MOF was inves-
tigated using MIC and MBC evaluations. MBC is the lowest
concentration of an antibiotic substance necessary to kill 99.9%
of the bacterial population.45 MIC is the lowest concentration of
an antimicrobial agent that inhibits bacterial growth without
killing the bacteria throughout the incubation. The results
demonstrated signicant dose-dependent antimicrobial activity
against the examined bacterium. The MIC and MBC values of
Ag-MOF were 10 mg mL−1 (Fig. 2A). Furthermore, bacterial
proliferation was shown to decrease while the concentration of
Ag-MOF increased. According to the ndings, Ag MOF exhibited
strong antibacterial action against multidrug-resistant K.
pneumonia KPB11. Multiple investigations have shown that Ag-
MOFs have antibacterial properties against a variety of bacteria,
such as E. coli, B. subtilis, and S. aureus.23,46 Table 1 displays
previous studies examining antibacterial agents and their
antibacterial activity, in contrast to our samples. The ndings
indicate that Ag-MOF has potential for being used as an anti-
bacterial agent in biological applications. The antibacterial
Fig. 2 (A) Antibacterial activity of Ag-MOFs against multidrug-resistant K
mL−1 (OD: optical density). Inset: five mL was taken from each well of K. pn
protein leakage from K. pneumonia KPB11; (C) cell membrane potassium
peroxidation from K. pneumonia KPB11.

© 2024 The Author(s). Published by the Royal Society of Chemistry
efficacy of Ag-based MOFs is not solely determined by the
ligand, but also relies on the liberation of the core metal ion.
The Ag-MOF solution releases a greater quantity of Ag+ ions
compared to the Ag-NP solution. Consequently, the antibacte-
rial activity of Ag-based MOFs can be attributed to the release of
Ag+ ions.23
Antibacterial mechanism

The measurement of proteins and potassium ion leakage from
the cell membrane of K. pneumonia KPB11 was conducted to
investigate the bactericidal mechanism of action of Ag-MOF
(Fig. 2). The data presented in Fig. 2B illustrate a substantial
increase in protein leakage simultaneously with an increase in the
concentration of Ag-MOF. At the outset, a protein leakage of 3.66
mg mL−1 was observed in untreated cells. However, cells treated
with Ag-MOF at concentrations of 0.5 MIC and 1 MIC showed
protein leakages of 79.3 mg mL−1 and 108.3 mg mL−1, respectively.

Fig. 2C illustrates the amount of potassium ions that were
leaked from cells when subjected to varying concentrations of Ag-
. pneumonia KPB11 illustrated the MIC and MBC of nanoparticles in mg
eumonia KPB11 and spotted onto the nutrient agar; (B) cell membrane
ion leakage from K. pneumonia KPB11; (D) generation of ROS and lipid

Nanoscale Adv., 2024, 6, 3801–3808 | 3805
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Table 1 Comparison of antibacterial activity of different antibacterial agents against bacterial strains

Antibacterial agent Bacterial strains MIC (mg mL−1) References

[(AgL)NO3]$2H2O Escherichia coli 300 61
Staphylococcus aureus 297

Ag-dop g-Fe2O3@SiO2@ZIF-8-Ag (FSZ-Ag) Escherichia coli 100 000 62
Staphylococcus aureus 100 000

Cu(I)MOF-AgCl/Ag Escherichia coli 7.8 63
Staphylococcus aureus 16

Ni-gallate MOF Pseudomonas aeruginosa 225 64
Staphylococcus aureus 35

ZIF-8@SnO2@CoFe2O4 Escherichia coli 1250 65
Staphylococcus aureus 2500

Ag NPs Staphylococcus aureus 625 66
Ag NPs Klebsiella pneumonia 12.5 67

Salmonella enteritidis 25
Na-Alg-s-AgNPs@SiO2 Klebsiella pneumonia 95 68

Enterobacter cloacae 60
Bacillus cereus 80

Ag-MOF K. pneumonia KPB11 10 This study
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MOF. The cells exposed to 1MIC of Ag-MOF exhibited the highest
diffusion of potassium ions. The potassium ion leakage levels
increased from less than 9.41 mgmL−1 in the control cells to 38.4,
41.5, 44.7, and 47.8 mg mL−1 at time intervals of 30, 60, 90, and
120 minutes, respectively. Furthermore, the release of potassium
ions from cells that were exposed to a concentration of 0.5MIC of
Ag-MOF was measured at four different time intervals: 30, 60, 90,
and 120 minutes. The recorded values for potassium ion leakage
were 29.8, 33.9, 38.1, and 38.5 mg mL−1, respectively.

The exact mechanism underlying the antibacterial activity of
Ag-MOF remains unclear, and only a small group of researchers
have conducted studies on this topic, although the antibacterial
mechanisms of Ag nanoparticles have been extensively investi-
gated for a long time. It is worth noting that the antibacterial
activities exhibited byMOFs containing Agmight vary from those
observed in commercial Ag nanoparticles. However, several
strategies have been proposed to address this issue. The primary
mechanism of action may be attributed to the elevated electrical
conductivity exhibited by metallic silver.47 This results in the
generation of static electricity that exhibits a pronounced affinity
for sulphur proteins, thereby causing silver ions to adhere to the
cellular membrane. The adhesion of silver ions might increase
the permeability of the cytoplasmic membrane, ultimately
resulting in the disruption of the cell membrane. Furthermore,
upon entry into the cells, silver ions induce enzyme inactivation
and the generation of ROS48,49 ROS have been found to enhance
the occurrence of cell membrane rupture and disrupt processes
including DNA replication, transcription and translation.50–53

The current study clearly demonstrates that Ag-MOF exhibits
signicant capability in disrupting bacterial cell membranes,
leading to the release of cellular contents (Fig. 2). This phenom-
enon has been quantied through themeasurement ofmembrane
proteins and the leakage of potassium ions from the cells. Prior
research has shown that the bactericidal impact of Ag-MOF on
both types of bacteria, Gram-negative E.coli and Gram-positive S.
aureus, is due to the disturbance of cell membrane permeability.23

To better understand the bactericidal mechanism of Ag-MOF
against K. pneumonia KPB11 ROS and lipid peroxidation
3806 | Nanoscale Adv., 2024, 6, 3801–3808
production were measured in cells treated with Ag-MOF. The
results presented in Fig. 2D demonstrate a signicant increase in
ROS production in K. pneumoniae KPB11. Specically, untreated
cells displayed a ROS production level of 0.07 mg mL−1, whereas
cells treated with a 0.5 MIC of Ag-MOF showed a notably higher
ROS production level of 0.23 mg mL−1. This observed increase
represents a more than threefold elevation in ROS production.
Simultaneously, the production of ROS increased considerably to
0.47 mg mL−1 when exposed to a concentration of 1 MIC of Ag-
MOF, resulting in a fourfold enhancement. The untreated cells
exhibited a lipid peroxidation level of 0.065 mg mL−1, whereas the
cells treated with a 0.5 MIC of MOF-Ag demonstrated an increase
to 0.099 mgmL−1, indicating a 1.5-fold elevation. Nevertheless, the
lipid peroxidation levels exhibited a subsequent elevation in cells
subjected to a concentration of 1MIC ofMOF-Ag, reaching a value
of 0.104 mg mL−1. This increment corresponds to an approximate
1.6-fold augmentation. Similarly, Mohammed and Hamzah54

found that treating pandrug resistant K. pneumoniae with AgNPs
led to a notable increase in ROS production. Moreover, in a study
conducted by Hamida et al.,55 it was discovered that the exposure
of K. pneumoniae to AgNPs resulted in a signicant increase in the
generation of ROS. This increase in ROS levels coincided with
a reduction in the functioning of antioxidant enzymes.

The overproduction of ROS within bacterial cells has been
documented as a signicant mechanism by which Ag nano-
particles induce oxidative stress and subsequent microbial
mortality (Fig. 2).56,57 Moreover, lipid peroxidation, as evidenced
by the presence of malondialdehyde (MDA) as a by-product, is
considered a detrimental outcome of increased ROS
generation.58–60 Based on our ndings, it was observed that the
production of ROS in K. pneumoniae KPB11 exhibited a dose-
dependent enhancement. This observation was further shown
by the measurement of MDA concentrations, which displayed
a similar pattern of escalation. The aforementioned results
suggest that the increased production of ROS and subsequent
elevation of MDA levels have an indirect impact on the func-
tionality of K. pneumonia KPB11. Fig. 3 shows the schematic
diagram of the mechanism of antibacterial action.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic mechanism of antibacterial activity of Ag-MOF.
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Conclusions

Ag-MOFs were fabricated at the nanoscale and utilized as anti-
bacterial agents against MDR K. pneumoniae strain KPB11. The
results of the study showed that the MIC and MBC values were
both 10 mg mL−1. Furthermore, Ag-MOF may induce the genera-
tion of ROS in cells, leading to cell wall damage and the release of
cellular biomolecules including K+ ions and proteins, potentially
contributing to its antibacterial effect. The MIC and MBC of the
Ag-MOF were lower compared to those of most Ag nanoparticles
and Ag+ ions evaluated against different pathogenic bacteria. This
could be due to the greater surface area and porosity of MOFs.
Further study is required to determine the antibacterial effec-
tiveness of Ag-MOFs against different pathogenic bacterial strains
and to comprehend their precise mechanisms of action.
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Oliveira, P. Smoleński, A. J. L. Pombeiro and A. M. Kirillov,
Inorg. Chem., 2016, 55, 1486–1496.

28 P. Cao, X. Wu, W. Zhang, L. Zhao, W. Sun and Z. Tang, Ind.
Eng. Chem. Res., 2020, 59, 1559–1567.

29 B.-P. Xie, J.-W. Chai, C. Fan, J.-H. Ouyang, W.-J. Duan, B. Sun,
J. Chen, L.-X. Yuan, X.-Q. Xu and J.-X. Chen, ACS Appl. Bio
Mater., 2020, 3, 8525–8531.

30 G. Wyszogrodzka, B. Marszałek, B. Gil and P. Dorożyński,
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