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The widespread and excessive use of antimicrobial drugs has resulted in a concerning rise in bacterial
resistance, leading to a risk of untreatable infections. The aim of this study was to formulate a robust and
efficient antibacterial treatment to address this challenge. Previous work focused on the effectiveness of
the Cu-BTC metal-organic framework (MOF; BTC stands for 1,3,5-benzenetricarboxylate) in combatting
various bacterial strains. Herein, we compare the antibacterial properties of Cu-BTC with our newly
designed Cu-GA MOF, consisting of copper ions bridged by deprotonated gallate ligands (H,gal?>™),
against Escherichia coli (E. coli) and Lactobacillus bacteria. Cu-GA was synthesized hydrothermally from
copper salt and naturally derived gallic acid (Hsgal) and characterized for antibacterial evaluation. The
gradual breakdown of Cu(H,gal) resulted in a significant antibacterial effect that is due to the release of
copper ions and gallate ligands from the framework. Both copper MOFs were nontoxic to bacteria at low
concentrations and growth was completely inhibited at high concentrations when treated with Cu-BTC
(1500 g for E. coli and 1700 ng for Lactobacillus) and Cu-GA (2000 pg for both bacterial strains).
Furthermore, our agarose gel electrophoresis results indicate that both MOFs could disrupt bacterial cell
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BTC and the successful internalization of Cu?* ions and gallic acid by bacteria from the Cu-GA MOF
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Introduction

Metal-organic frameworks (MOFs) are constructed by coordi-
nating metal ions or secondary building units (SBUs) with
organic linkers, forming strong bonds with some degree of
flexibility. These materials possess unique properties, such as
defined networks, designability, ultrahigh porosity and surface
areas that can reach up to 10000 m”> g '.! Due to their
remarkable features, MOFs have been extensively studied in
various fields, including catalysis,> drug delivery,** sensing,>*
gas storage and separation”?® and imaging.*>'® Further, bioMOFs
that contain endogenous metal units coordinated with func-
tional molecules such as amino acids, peptides, nucleobases, or
saccharides, can be employed as pro-drugs in the treatment of
various diseases and infections.” ™ When used against certain
bacterial strains, MOFs exhibit improved bacterial
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internalization, high selectivity and controlled release, thereby
offering a viable alternative to traditional antibiotic utilization.

Antibiotic resistance is swiftly becoming a significant public
health concern due to unnecessary and excessive use of anti-
biotics in recent years."*'* In the absence of effective alterna-
tives, bacterial infections may once again become untreatable if
resistance persists.>*® Bacteria can acquire resistance through
a variety of mechanisms, rendering conventional antibiotics
ineffective."”” MOFs, when employed against specific bacterial
strains, demonstrate enhanced bacterial internalization,
remarkable selectivity, and regulated release of antibacterial
reagents. As a result, they can serve as a substitute for conven-
tional antibiotics. Moreover, combining imaging with new
therapies provides a real-time monitoring of the pathological
condition and treatment progress, offering guidance on
exploring new medicines which can enhance treatment strate-
gies to overcome the antibiotic resistance of existing conven-
tional antibiotics."®

Since 1962, the research on copper's antimicrobial proper-
ties has been growing." Multiple studies have demonstrated its
effectiveness against various bacteria, including Staphylococcus
aureus (S. aureus), Clostridium difficile, Bacillus subtilis, Escher-
ichia coli (E. coli), Pseudomonas aeruginosa and Legionella
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pneumophilia.**> Binding to lipopolysaccharides, peptidogly-
cans, or carboxylic groups of bacteria, Cu®" ions have been
found to cause damage by disrupting the bacterial envelope.’*
This disruption is brought about by membrane depolarization
due to the binding of Cu®" ions to negatively charged domains,
leading to a reduction in potential. Ultimately, this process may
result in membrane leakiness or even complete rupture.®*
Bacterial cell damage can also be induced by the internalization
or binding of Cu nanoparticles (NPs) by bacteria. Further,
reactive oxygen species (ROS) generated by Cu NPs can lead to
oxidative stress, eventually leading to deoxyribonucleic acid
(DNA) damage and lipid peroxidation in bacterial
membrane.**’

Rodriguez et al. conducted a study to examine the antibac-
terial properties of HKUST-1. By attaching the MOF material to
cellulosic fibers, the researchers discovered that it effectively
hindered the growth of E. coli. They concluded that HKUST-1,
not its individual constituents, was responsible for the anti-
bacterial activity against E. coli.*® Additionally, previous
research delved into the antimicrobial potency of Cu-BTC
(another name of HKUST-1; BTC = 1,3,5-benzenetricarbox-
ylate) against E. coli and S. aureus. Results demonstrated that
the MOF material exhibited the ability to hinder bacterial
growth at elevated concentrations (900 mg L™" for E. coli and
1200 mg L~ for S. aureus), which caused cytoplasm and flagella
damage to the bacteria. Cu-BTC treatment also induced oxida-
tive stress, resulting in further impairment to the membrane
and DNA.*>*

Gallic acid (H,gal) or 3,4,5-trihydroxybenzoic acid, is
a phenolic compound that exhibits anti-inflammatory,** anti-
carcinogenic,*” antimicrobial,*® antifungal** and antioxidant*’
properties. Studies have demonstrated that H,gal can disrupt
the integrity of the cell membrane and inhibit the motility of
several bacteria and biofilm,****** leading to disintegration of
the cell membrane and leakage of intracellular bacterial
constituents and thus contributing to its antimicrobial
effect.*>*® Apart from its antimicrobial properties, Hygal can
also function as a pro-oxidant by producing ROS, leading to
oxidative stress in cells.”® Wang et al. improved the antimicro-
bial efficacy of Hygal against E. coli 0157:H7 by subjecting it to
UV-A light for photo-irradiation. They discovered that the UV-A
light enhanced the internalization of H,gal into the bacteria
allowing for increased ROS accumulation and oxidative damage
to cells.®* H,gal has also been shown to inhibit the activity of
bacterial dihydrofolate reductase and affect DNA cleavage in
various bacterial strains.> However, Hygal's efficacy is limited
due to its poor bioavailability and rapid metabolism after
digestion.”® The goal is to increase absorption, reduce the
elimination rate and improve the overall bioavailability of
H,gal. This work examines the antibacterial effects of Cu-BTC
and Cu-GA MOFs on E. coli (Gram-negative) and Lactobacillus
(Gram-positive) bacterial strains. Incorporating Cu®" and gallate
(H,gal’") within a MOF framework offers the advantage of
achieving a regulated and prolonged release of both constitu-
ents, in contrast to the unrestricted release that occurs with free
copper and H,gal. Cu-BTC has been utilized in various appli-
cations due to its high porosity and unique structural

15822 | RSC Adv, 2024, 14, 15821-1583]

Paper

composition. However, Cu-GA is a newly developed MOF that
hasn't been examined for its antibacterial properties. The metal
unit in a MOF structure is crucial for bacterial inhibition, and
the gallic acid linker may enable specific treatment of bacteria.
Therefore, the antibacterial properties of the distinct MOFs in
this study underline the potential for developing customized
nanoparticles for inhibiting specific bacterial strains.

Experimental procedures
Materials

Copper(u) nitrate hemipentahydrate (CuN,O4-2.5H,0), and
1,3,5-benzenetricarboxylic acid (H;BTC) were purchased from
Sigma-Aldrich.  N,N-dimethylformamide (DMF), dichloro-
methane, and ethanol were purchased from Fisher. Gallic acid
monohydrate (C;H¢Os-H,0) was purchased from Riedel-de
Haén. Ultrapure water was obtained from a Millipore pure
water system. All chemicals were used without further
purification.

For the antibacterial evaluation experiments, nutrient broth
and nutrient agar (Lab M Limited, United Kingdom), agarose
(Sigma), and bacterial genomic DNA isolation Kit (abcam,
United Kingdom) were obtained. Two strains of bacteria were
used for the evaluation experiments: E. coli BL21 Strategene,
USA and Lactobacillus - isolated from commercial grade prebi-
otic sachet.

Synthesis of MOF materials

To synthesize Cu-BTC, 1.0 g (4.76 mmol) of H;BTC and 1.72 g
(8.62 mmol) of copper(u) nitrate hemipentahydrate were dis-
solved in 24 mL of solvent consisting of equal parts DMF,
ethanol, and deionized water. The mixture was transferred to
a sealed tube and heated at 85 °C for 24 h. The resulting product
was subjected to solvent exchange using dichloromethane and
further activated at 140 °C for 24 h to remove any residual
solvents and to evacuate the pores. Cu-GA MOF was prepared by
dissolving gallic acid monohydrate (0.376 g, 2 mmol) in 5 mL of
solvent consisting of equal parts of DMF, ethanol, and water.
Then, copper(u) nitrate hemipentahydrate (0.232 g, 1 mmol)
was also dissolved in 5 mL equal parts of DMF, ethanol, and
water. Once the two solutions were completely dissolved, the
copper solution was then added dropwise to the gallic acid
solution while stirring. 5 M KOH was added to the Cu-GA
mixture dropwise until the pH reached ~6.5. The reaction
mixture was put in a sealed Teflon lined autoclave reactor and
placed in the oven for 12 h at 120 °C. The sample was then
washed with methanol 3 times daily for 2 days and then with
DCM 3 times for 1 day for the evacuation of the original solvent
from the pores.

Characterization of MOF materials

The morphology and particle size of the MOF samples were
obtained using a JEOL JSM-6010LA scanning electron micro-
scope (SEM). Powder X-ray diffraction (XRD) data was recorded
on a Shimadzu-6100 powder XRD diffractometer with Cu-Ka
radiation, A = 1.542 A. Thermogravimetric analysis (TGA) was
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performed to determine the thermostability of the material. A
Shimadzu DTG60 thermogravimetric analyzer with a tempera-
ture ramp of 10 °C min~" in N, was used. Fourier transform
infrared (FTIR) spectra (4000-400 cm ') were obtained from
KBr pellets using a Bruker Vector 22 instrument.

Zone of inhibition

The antimicrobial efficacy of Cu-BTC and Cu-GA against E. coli
BL21 (DE3) and Lactobacillus was evaluated using the standard
zone of inhibition or dynamic contact method (ASTM E2149-
13a) with slight modifications.* Initially, fresh inoculum con-
taining 100 pL (approximately 1 x 10°> CFU mL™*) of E. coli and
Lactobacillus cells were spread uniformly on Luria Bertani (LB)
agar plates to create a smooth bacterial lawn. A 1 cm MOF disk
was placed directly in the center of the plate and the antibac-
terial properties of the MOF were monitored after incubating
the plates for 12, 24, and 48 h at 37 °C. Copper(u) acetate and
H,gal disks of similar size were used as controls. The diameter
of the non-growth zone surrounding the MOF disk was
measured in millimeters for each sample and a graph was
plotted to depict the correlation between the incubation period
and the inhibition zone.

Elucidation of the minimum inhibitory concentration (MIC)

In order to determine the minimum concentration of Cu-BTC
and Cu-GA required to impede the growth of E. coli and
Lactobacillus strains, the MIC was measured using the
microtiter broth dilution technique.*®*® A bacterial suspen-
sion of 5 pL, with a final concentration of 1 x 10°> CFU mL ™,
was prepared in LB broth and added to each well of a 96-well
plate. Each MOF was then subjected to two-fold dilution in the
wells ranging in concentration from 7.81 pug to 2 mg. The
plates were then incubated at 37 °C for 24 h. A negative control
lacking MOF powder was also evaluated for antibacterial
activity. The wells were assessed for absorbance at a wave-
length of 600 nm, and the MIC of both MOFs was determined
based on the well in which neither bacterial strain exhibited
visible growth.

Time kill assay

The bactericidal activity of Cu-BTC and Cu-GA over time was
conducted on bacterial strains in accordance with previous
reports.”” Individual bacterial suspensions were prepared in
sterile LB broth as inoculum (pre-culture) and were diluted to
achieve a final concentration of 1 x 10> CFU mL™".1% of each
bacterial pre-culture, along with 1 x MIC of Cu-BTC and Cu-GA,
were added to sterile LB broth and incubated at 37 °C for 24 h
with continuous shaking at 170 rpm. Aliquots of each bacterial
suspension were taken at 2 h intervals, and the OD was
measured using a spectrophotometer (Shimadzu, Japan) at
a wavelength of 600 nm. A bacterial culture without the test
sample was employed as a control.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Agarose gel electrophoresis for DNA disintegration

To assess cell death caused by Cu-BTC and Cu-GA, the
destruction and disintegration of DNA was analyzed using
agarose gel electrophoresis. E. coli and Lactobacillus were
separately treated with various concentrations (ranging from
0 to 1.5 x MIC) of Cu-BTC and Cu-GA, and then incubated at
37 °C for 24 h. After 24 h, each sample was collected, centri-
fuged, and its DNA was extracted using a Wizard® Genomic
DNA purification kit (Promega). The extracted DNA was
quantified using a NanoDrop 2000 (Thermofisher, North
America LLC, FL, USA), and qualified by agarose gel electro-
phoresis. Where 5 pL of each Cu-BTC and Cu-GA treated
sample was mixed with 1.5 pL of loading dye and run through
a 1% agarose gel.

Results and discussion

Cu-BTC was synthesized in a sealed tube using solvothermal
methods in a solvent mixture comprising equal proportions of
DMF, ethanol, and water. The resulting MOF displayed
a turquoise blue color, transitioning to a dark blue crystalline
powder upon activation in a vacuum oven. The Langmuir and
the Brunauer-Emmett-Teller (BET) surface areas are 1507 m?>
¢ ' and 1268.9 m* g™, respectively. The pore volume was 0.54
cm?® g and the pore size and width distribution obtained by
Horvath-Kawazoe was about 57.86 A and 7.6 A, respectively. Cu-
GA was synthesized hydrothermally in a Teflon-lined autoclave
reactor, yielding a brown crystalline powder. Due to the highly
agglomerated morphology of the Cu-GA flaky particulates, the
MOF displayed weak adsorption of N,, with an average pore size
of 200 A. The measured BET and Langmuir surface area values
were of 1.41 and 4.23 m* g~", respectively.

The PXRD pattern of Cu-BTC shown in Fig. 1a indicates
a high degree of crystallinity with intense peaks present within
the 260 range of 5° to 15°. Among these, the most prominent
peaks were observed at 26 values of 5.97, 6.88,9.67, 11.80, and
13.58°. The PXRD pattern of the as-prepared Cu-GA MOF is
shown in Fig. 1b, revealing a highly crystalline material with
the most prominent peak at 10.3°. The SEM micrograph in
Fig. 1c illustrates that Cu-BTC possesses a defect-free octa-
hedral crystal structure with well-defined edges and a consis-
tent morphology and size distribution. In contrast, Cu-GA
appears as highly agglomerated 2D flakes with an average size
of 1 pym and thickness of <1 um (Fig. 1d). PXRD and SEM
results for Cu-GA align with the findings from previously cited
reports.>®>®

Fig. 2 presents the FT-IR spectra and TGA thermograms for
both Cu-BTC and Cu-GA MOFs, with the corresponding spectra
of the pure linkers (H3;BTC and H,gal®") included for compar-
ison. Compared with the broad band extending between 2500
and 3250 cm ™' in the FT-IR spectrum of the BTC linker, the Cu-
BTC spectrum showed a weak absorption at 3570 cm ™", possibly
indicating the presence of physically adsorbed water (I). Band
shifts at 1693 cm ™' to 1639 cm ' (C=O0) and at 1454 and
1407 cm ™ to 1445 and 1378 cm™ ' (C-0O) indicate the complete
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Fig. 1 PXRD spectrum and SEM images for Cu-BTC (a and c) and Cu-G

ionization of the BTC-COOH groups and the formation of the
Cu-BTC structure (II). Both Cu-GA and the H,gal®>~ linker FT-IR
spectra reveal the presence of a broad band at 3237 cm ™', which
is attributed to the unionized OH groups along the H,gal®~
linker molecule. Three bands at 3482, 3370, and 3274 cm ™ are
associated with the ~-COOH and -OH groups of the H,gal®>~
linker (I). Additionally, the variations in the intensities of the
bands at 1444 cm™ " and 1027 cm ™' (O-H and C-O groups,
respectively), confirm the formation of the Cu-GA MOF struc-
ture (II).*°

The TGA thermograms depicted in Fig. 2c and d for the pure
H3;BTC and H,gal®>~ linkers, respectively, reveal a continuous
and gradual breakdown of these molecules. In Fig. 2c, the TGA
curve of the pure H;BTC linker exhibits two distinct thermal
events around 350 and 450 °C (II and III), corresponding to the
decarboxylation of the H3BTC structure and the subsequent
decomposition of the remaining aromatic ring of the H3;BTC
molecule. The Cu-BTC TGA thermogram exhibits three thermal
events. Alongside the decarboxylation and breakdown of the
aromatic ring, an initial event (I) is observed, attributed to the
removal of adsorbed water molecules around 150 °C.* The TGA
curve of the H,gal®~ linker shows the presence of three events

15824 | RSC Adv, 2024, 14, 15821-15831
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attributed to the removal of water vapor around 150 °C and the
gradual degradation of the structure at 300 and 350 °C. These
events were followed by a slow rate of decomposition of the
remaining aromatic ring between 350 and 600 °C. However, Cu-
GA exhibited dihydroxylation and decarboxylation events
alongside the gradual decomposition of the aromatic ring (II
and III).°* Observations also reveal that the final weight loss
values for the Cu-BTC and Cu-GA structures were 70% and 55%,
respectively. This suggests the presence of CuO residue as the
remaining phase in both structures.

Both copper-based MOFs were tested for their antibacterial
activity due to their high degree of crystallinity, biocompati-
bility, structured arrangement, and bactericidal properties of
the metal ions contained within the framework. While Cu-GA
may not provide as large a pore size as Cu-BTC, the stability of
the ligand within the structure facilitates the gradual release
of H,gal>". Both MOFs were tested against E. coli (Gram
negative) and Lactobacillus (Gram-positive) bacterial strains.
The standard zone of inhibition test, a quantitative analysis of
bacterial growth (ASTM E2149-13a), indicate an increasing
diameter of a clear zone of inhibition around the sample disks
after incubation with E. coli and Lactobacillus for 12, 24, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra and TGA-DTG profile for Cu-BTC (a and c) and Cu-GA (b and d). Profile of linkers included for comparison.

48 h (Fig. 3a and b). The larger inhibition zone observed with
longer exposure time is attributed to the increased leaching of
Cu** ions from both MOFs. Cu-BTC exhibited a 2 mm and
6.5 mm zone of inhibition with E. coli and Lactobacillus,
respectively, at 12 h (Fig. 3c). In contrast, Cu-GA showed
a wider zone of inhibition against E. coli, measuring 5.5 mm,
but only exhibited a 1 mm zone of inhibition against Lacto-
bacillus (Fig. 3d). At 48 h, Cu-BTC showed a 4 mm zone of
inhibition against E. coli, while Cu-GA exhibited an impressive
17 mm zone (Fig. 3c and d). In addition, Cu-GA demonstrated
a much larger zone of inhibition than Cu-BTC in E. coli at 24 h.
H,gal can compromise the cell membrane's integrity and
hinder bacterial movement by producing ROS, leading to
cellular oxidative stress. To demonstrate the inhibiting effect
of both constituents in the MOF structures, copper(u) acetate
and pure H,gal were used as controls (Fig. 4a and b). The
metal salt showed a 13 mm, 17 mm, and 23.5 mm zone of
inhibition against E. coli at 12, 24, and 48 h, respectively

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Fig. 4c). Similar results were observed with the Lactobacillus
strain (Fig. 4d). The copper control exhibited larger zones of
inhibition, indicating a burst release effect, in contrast to both
MOF samples, which demonstrated a more sustained release
of copper ions. Furthermore, H,gal, the antioxidant, was
utilized as a control and was able to inhibit both strains of
bacteria. Cu-GA demonstrated a more significant antibacterial
effect in comparison to H,gal alone, as evidenced by the
smaller zones of inhibition with E. coli. Compared to E. coli,
Lactobacillus exhibited lower resistance to almost all samples
except for Cu-GA.

As a Gram-positive bacterium, Lactobacillus does not have an
outer membrane, which makes it more susceptible to foreign
attacks through the cell wall.®* Cu®* ions have been found to
cause damage to the cell wall and cell membrane by binding to
lipopolysaccharides or peptidoglycans or carboxylic groups of
bacteria, resulting in a disruption of the bacterial envelope.***
Further, Cu”" ions are also known to cause complete membrane

RSC Adv, 2024, 14, 15821-15831 | 15825
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rupture by binding to negatively charged domains and reducing
the potential.** When combined with gallate linkers, they can
generate ROS, leading to oxidative stress in cells and inhibiting
the motility of bacteria, thus creating a more pronounced
antibacterial effect.*>****° This has also been demonstrated
with other MOFs that do not contain copper.®

Table 1 displays the MIC of Cu-BTC and Cu-GA against E. coli
and Lactobacillus at different concentrations ranging from 7.81
ug to 2000 pg. The findings reveal that Cu-BTC had a more
pronounced antibacterial effect on E. coli than on Lactobacillus,
compared to the control groups. The MIC of Cu-BTC against E.
coli and Lactobacillus was found to be 1500 pg and 1700 pg,
respectively. On the other hand, Cu-GA showed partial inhibi-
tion of microbial growth at 1800 pug and 1900 pg concentrations,
but complete antimicrobial activity was observed at 2000 pg for
both strains, as evidenced by the absence of growth (cloudiness)
in the well (Fig. 5a-d).

The time-kill assay was used to confirm the bactericidal
effects of Cu-BTC and Cu-GA against E. coli and Lactobacillus. As
depicted in Fig. 6a and b, the growth of both bacterial species
was significantly impacted by Cu-BTC and Cu-GA. While the
growth curve of the control samples showed an increase in
cellular proliferation, the presence of Cu-BTC and Cu-GA at
1 x MIC substantially impeded bacterial growth. This observa-
tion underscores the remarkable bactericidal potential of both
MOFs at this concentration, signifying their potential signifi-
cance in managing the emergence of multidrug-resistant
bacterial strains. However, further testing at concentrations
equal to or less than half of the MIC is needed in order to
elucidate dose- and time-dependent dynamics, allowing for
a more comprehensive exploration of the time-kill profiles
exhibited by both MOFs against the targeted bacterial strains.

Agarose gel electrophoresis was used to investigate the
impact of Cu-BTC and Cu-GA on the DNA of E. coli and Lacto-
bacillus. The results illustrated in Fig. 7a-d reveal a noticeable
decrease in the size and brightness of the DNA band for samples
treated with Cu-BTC, indicating the disruption of the DNA
morphology and growth inhibition of both bacterial strains.
The degree of disruption was found to increase with increasing
concentrations of Cu-BTC MOF. These findings suggest that
copper-based MOFs can not only affect the bacterial cell
membrane and wall but can also cause morphological damage
to their DNA structure. Moreover, the extent of this disruptive

Table 1 MIC of Cu-BTC and Cu-GA against E. coli and Lactobacillus strains

Concentration (ug)

MIC of Cu-BTC against tested bacteria

Strain Control 1000 1100 1200 1300
E. coli 4+ -+ o+ ++ +
Lactobacillus +++ +++ +++ +++ +++
MIC of Cu-GA against tested bacteria

Strain Control 1000 1100 1200 1300
E. coli +++ +++ - 4+ +++
Lactobacillus o+ -+ -+ 4+ +++

15826 | RSC Adv, 2024, 14, 15821-15831

1400

1400
et
+H+

1500 1600 1700 1800 1900 2000
+H+ ++ ++ — — — —
1500 1600 1700 1800 1900 2000
+H +H+ et ++ + —
+H+ +H +H+ +H+ ++ —

© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper

RSC Advances

(@

Cu-BTC

Cu-BTC Control
Negative control

(b)

Cu-GA MOF

Cu-GA Control

Cu-BTC —E

Cu-BTC Control
Negative control

(© »
Cu-GA MOF —[ e

Cu-GA Control +——=

Cu-BTC

Cu-BTC Control

Negative control

(d)

Cu-BTC

Cu-BTC Control

Negative control

Fig.5 MIC before incubation (a and c) and 24 h after incubation (b and d) of Cu-BTC and Cu-GA MOFs with E. coli (a and b) and Lactobacillus (c
and d). (1) 1000 pg, (2) 1100 pg, (3) 1200 png, (4) 1300 png, (5) 1400 png, (6) 1500 png, (7) 1600 pg, (8) 1700 g, (9) 1800 pg, (10): 1900 pg, (11) 2000 pg,

(12): positive control E. coli (without MOF treatment).

20
[ Ecoli —#» Control—o—CuGA—o—CuBTC]

1.8 (a)

1.6 ) o

144
124
1.0
08
0.6
0.4-

Growth OD, |

0.2+

Growth ODggp *

4 8 122 16
Time (hr)

20 24

* &

o

0.0 =———
0 2 4 86

w-e

20 :
Lactobacillus —#  Control —e— CuGA —e— CuBTC
1.8 4 0.07 (b)
0.06
1'6f 8§ 0.05 gt ——————q
14]g ool /
% o3l | et . °
g 1245 o002f f*
a 0ot ¢°°
O 104 oool
e ] 0 4 & 12 16 20 24
S o084 Time (hr) o
=) o
G 06+ e
0.4 4 o
0.2 .
b ° & & o
o'o'l'_r_'._hi'Yll'l'l'l'l‘T
0 2 4 6 8 10 12 14 16 18 20 22 24

T T rmrTrTYrTTrTvTTT
10 12 14 16 18 20 22 24

Time (hr)

Time (hr)

Fig. 6 Time-Kkill assay. Inhibitory effect of Cu-BTC (a) and Cu-GA (b) towards E. coli and Lactobacillus.

effect was found to be directly proportional to the concentration
of both Cu-BTC and Cu-GA MOFs, with higher concentrations
leading to more indistinct DNA bands.

Combining both Cu** and H,gal within a framework facili-
tates sustained release, ensuring gradual infection inhibition.
The framework gradually releases both the metal ion and
organic linker, facilitating their attachement and internaliza-
tion into the bacterial cell. Cu®" ions and H,gal®~ linkers
disrupt bacterial cell membranes, causing leakage of cellular
components and DNA damage, ultimately resulting in bacterial

© 2024 The Author(s). Published by the Royal Society of Chemistry

death. The possible mechanisms of both copper based MOFs
are illustrated in Fig. 8. Our Cu-GA MOF capitalizes on the
synergistic effects of both components. Also, we wanted to
determine if the specificity of our Cu-GA MOF was due to the
Cu** metal unit or the gallic acid linker. Our findings indicate
that incorporating H,gal enhances sensitivity towards Gram-
negative bacteria. The metal unit is crucial for bacterial inhi-
bition, and the H,gal®~ linker may enable specific treatment of
particular bacteria.
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Disintegrated DNA
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Fig. 7 DNA agarose gel electrophoresis of E. coli and Lacobacillus with Cu-BTC treatment (a and c) and Cu-GA treatment (b and d). L: 1kb DNA
Ladder (Promega), C: control- E. coli DNA (without MOF treatment), 1: 0.125 x MIC, 2: 0.25 x MIC, 3: 0.5 x MIC, 4: 1 x MIC, 5: 1.5 MIC.
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Fig. 8 Proposed antibacterial mechanisms of Cu-BTC and Cu-GA. Both MOFs release Cu®* ions from their framework, facilitating their
attachment and internalization on the surface of both Gram-negative and Gram-positive bacteria. In addition to Cu®* ions, Cu-GA also releases
HzgaIZ* from its framework, enhancing the antibacterial effect observed in E. coli (Gram-negative).
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Conclusion

This study highlights the efficacy of Cu-BTC and Cu-GA as
antibacterial agents, which have shown specificity and activity
against two distinct types of bacterial strains. The mechanism
by which these MOFs exert their antibacterial effect involves
disrupting the cell membrane of E. coli and causing damage to
bacterial DNA. The MOF treatment degrades the DNA of
bacteria, which have already become vulnerable to the treat-
ment by the destruction of their cell membrane. Cu-GA showed
higher sensitivity against E. coli, possibly due to the presence of
H,gal®>~ which can destroy the cellular membrane of bacteria.
Conversely, Cu-BTC exhibited greater sensitivity against Lacto-
bacillus. Both Cu-BTC and Cu-GA were effective in inhibiting the
growth of Gram-positive and Gram-negative bacteria, which is
a promising outcome in the face of increasing antibiotic resis-
tance challenges. Advancements in nanoparticle systems have
led to the targeted delivery of drugs, improving off-target effects
and drug accumulation. MOFs for antibacterial treatment can
be improved by adding targeting moieties to their surfaces,
enhancing the overall efficacy and biodistribution. MOFs can
also include current approved antibiotics, which could possibly
restore or prevent the resistance of antibiotics against bacterial
infections. Future development should focus more on the safety
of metal-based nanoparticles. Surface modifications to improve
MOF biocompatibility and biodegradability and how these
modifications affect the release of MOF constituents should be
explored.
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