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Abstract. Bacterial resistance to antibiotics, affecting both gm—posilive
and Gram-negative bacteria, remains a major challenge. Zn-MOF and Zr-
MOF offer promising antibacterial properties through metal ion release and
membrane disruption. In this research, Zn-MOF and Zr-MOF were
synthesized using the solvothermal method and antibacterial tests were
carried out. The solids formed were then characterized using ATR-FTIR,
XRD and SEM. The results of analysis using ATR-FTIR show that the Zn-
MOF functional groups appear at wavelengths 3666-3036 cm'(vO-H),
1587 em ! (v—OCO-sym), 1392 em ' (v-OCO-asym), 837 em ' (vC-H),
748cm™! (vC=C) and 651cnr'(vZn-0) while the Zr-MOF functional group
appears at a wavelength of 3658-3174 cm ! (vO-H), 1562¢m™! (v-OCO-
sym), 1390cm' (v-OCO-asym), 823cm ™' (vC-H), 742Zem™ (vC=C) and
563em ™! (vZr-0). The results of XRD analysis show that the characteristic
peak of Zn-MOF is at 20 6.8°% 9.6° 13.72° 15.44° 20.6° while the
distinctive peak of Zr-MOF is shown at 20 7.327%; 8.48°; 11.9%; 14.0%;
14.6% and 17.0°. Meanwhile, SEM results show that Zn-MOF has a cubic
surface structure while Zr-MOF has aggregated particles with an irregular
round shape. The results of the antibacterial test for .'i'i‘nmocﬂccus aurens
showed that Zn-MOF (38.9 £ | mm) had a largest zone of inhibition,
equivalent to the results of the antibacterial test for Escherichia coli
showing that Zn-MOF (36.2+1 mm) has a largest zone of inhibition.

1 Introduction

Bacteria are tiny, single-celled prokaryotic microorganisms that commonly cause infectious
diseases. One current issue is bacterial resistance. Bacterial resistance refers to the ability of
bacteria to survive and reproduce even when exposed to antibiotics or antimicrobials that
should inhibit their growth [1]. One cause of bacterial resistance is the formation of
biofilms on bacterial surfaces, which increases their resilience to environmental changes
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antibiotic use [2-3]. Some common bacteria that cause infectious diseases include
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive).

Escherichia coli is a Gram-negative pathogenic bacterium that is rod-shaped and most
fmm the cause of infectious diseases. E. coli produces toxins that can damage host cells
|4]. Staphylococcus aureus is a Gram-positive pathogenic bacterium. Staphylococcus
eus is spherical (cocci) in shape and is usually found in clusters resembling grapes.
Staphylococcus aureus can produce various toxins, such as exfoliative toxins, enterotoxins,
and toxic shock syndrome, which can damage host tissue and contribute to severe clinical
symptoms [5-6]. Escherichia coli and Staphylococcus aureus develop antibiotic resistance
through various mechanisms. Escherichia coli produces f-lactamase enzymes that degrade
f-lactam antibiotics, rendering them ineffective [7], while Staphyvlococcus aureus can
modify proteins, thereby reducing antibiotic affinity [8]. The mechanisms enable both
bacteria to decrease intracellular antibiotic concentrations. Genetic mutations and
horizontal gene transfer further disseminate resistance traits. Misuse and excessive use of
antibiotics can accelerate resistance, making infections increasingly difficult to treat [9].
This underscores the importance of developing materials that can address the issue of
bacterial resistance. One such material being developed as an antibacterial agent is a Metal-
Organic Framework (MOF).

The dcaopmcnt of MOFs as antibacterial materials cannot be separated from bacterial
resistance. Metal-Organic Frameworks, or MOFs, are porous materials composed of metal
ions or metal clusters connected by various organic ligands to form a framework [10]. The
advantages of MOFs lie in their ability to be synthesized using different metal ions and
ligands, allowing for the formation of MOFs with varying characteristics. MOFs exhibit
high porosity and stability. Additionally, they can oxidize and depolarize the outer bacterial
cell membrane, inhibiting bacterial protein synthesis. The central metal in MOFs can also
damage bacterial proteins, decreasing bacterial activity [11].

Several studies have successfully developed metal-organic frameworks (MOFs) as
antibacterial agents. Among them, MOF-74 and MOF-5—both of which are based off:Binc
ions—have demonstrated significant antibacterial acti For instance, AbouAitah et al.
[12] reported that Zn-based MOF-74 and MOF-5 were able to inhibit the growth of E. coli
and K. pneumoniae by 80% to 99.9%. Similarly, Gao[13] found that UiO-66 (Zr-based
MOFs) showed inhibitory effects against up to 90% of multidrug-resistant bacteria. These
findings highlight the antibacterial potential of MOFs with different metal centers,
particularly Zn and Zr. However, further studies are needed to explore and optimize Zn-
and Zr-based MOFs with ffcrent synthesis approaches and ligands. Based on this
background, this research fu@s on the synthesis of Zn- and Zr-based MOFs and
evaluates their antibacterial efficacy against Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive).

2 Experimental Details

2.1 Materials

Zing (Il) nitrate hexahydrate (Zn(NDJaﬁHgD] (SigmaAldrich, 99 %), Zirconium
tetracloride (ZrCly) (SigmaAldrich, 99.0%) 1.4-benzenedicarboxylic acid (H.BDC)
(SigmaAldrich, 99%), N’N-dimethylformamide (DMF) (Merck, 99.8 %), chloroform
(CHCly) (Merck, 99.8 %), Mueller-Hinton Agar (MHA) (Merck, 99%).

®
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2.2 The synthesis of Zn-MOF and Zr-MOF

At this stage, the synthesis of MOF is carried out using two different central metals, Zn and
Zr, and the same ligand, 1.4-Benzenedicarboxylic acid (H2BDC). The method used in this
stage is solvothermal. The Zn-MOF synthesis procedure is a modification of Hier al. [14],
where 1.08 grams of Zn(NO3):.6H20 and 0.198 grams of H;BDC are dissolved in 30 mL of
Dimcthylfcaﬂnidc (DMF). The resulting solution is then placed in a 50 mL sealed vial
and stirred for 30 minutes, followed by heating at 120°C for 24 hours in a&nic condition.
The resulting mixture is cooled and decanted. Next, the obtained solid is washed with 30
mL of DMF for 24 hours, followed by two washes with 30 mL of chloroform every 24
hours. The resulting solid is then decanted and dried under vacuum at 60°C for 24 hours
until it becomes dry. The resulting solid is then referred to as Zn-MOF.

The Zr-MOF synthesis procedure is a modification of Zulfa ef al. [15], vnch involves
dissolving 0.53 grams of Zirconium tetrachloride (ZrCls) and 0.34 grams of H;BDC in 30
mL of dimethylformamide (DMF). The solution is then stirred for 30 1nitncs and heated in
an oven at 120°C for 24 hours. The resulting product is cooled to room temperature
overnight. The solution is then filtered, and the solid is washed with 30 mL of Da: and
left overnight. The solid is further washed twice with 30 mL of chloroform. The washed
solid 1s then dried at 50°C for 24 hours, forming Zr-MOF.

2.3 Characterization of a-MOF and Zr-MOF

All formed solids were characterized using X-ray diffraction (XRD), Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy [}aR FTIR), and Scanning Electron
Microscopy (SEM). XRD analysis was performed using a JEOL diffractometer with Cu Ka
radiation (L = 1.54056 A) at 40 kV and 30 mA. Solid crystallinity measurements were
conducted in the 5-50° range. Solid functional group analysis was carried out using
Shimadzu's ATR-FTIR in the 4004000 cm ' wavenumber range. Surface analysis of the
solids was performed using SEM (Zeiss EVO MA10).

2.4 The antibacterial activity evaluation

The antimicrobial properties of Zn-MOF and Zr-MOF against Escherichia coli (Gram-
negative) and Staphvlococeus aureus (Gram-positive) were conducted using the zone of
mhibition measurement (ASTM E2149-13a) with a modified disc diffusion method from
Elmehrath et al. [16]. Initially, 6 mm filter paper discs were saturated with Zn-MOF and
Zr-MOF solutions at 2 mg/mL for 2 hours. Aseptically, 30 ml of sterile MHA (Mueller-
Hinton agarmis solidified into a large petri dish (15 cm diameter). After the agar medium
solidified, a sterile cotton swab was dipped into the bacterial suspension of Escherichia coli
and Staphylococeus aureus and then evenly swabbed onto the surface of the MHA medium.
m: saturated filter paper discs (6 mm size) and amoxicillin antibiotic discs (as a control)
were placed on the swabbed agar medium. The results were incubated for 18-24 hours at
37°C in an incubator, and the zone of inhibition formed was measured using calipers.

3 Results and Discussion

3.1 The synthesis of Zn-MOF and Zr-MOF

The synthesized Zn-MOF and Zr-MOF were synthesized by reacting the respective Zn and
Zr metals with the ligand HBDC. The solvent used was DMF, and the method employed
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4
was solvothermal. The formation of white solids after the reaction indatcs the successful
synthesis of Zn-MOF and Zr-MOF. Figure 1 illustrates the formation of Zn-MOF and Zr-

MOF.
w he )
b ]
Y 1‘ »* In ‘o
v p W 0 0.,
H,BDC \ ! /-' g
DMF,
I- Solvothermal
t 140°C- 24 Jam
1= Zn-MOF
o By J s
.' “ b '. r ‘o .
¥ ‘.1 e .‘. 7 s
H,BDC \ 1 /- 4 4 2
DMF .
n 1
v Solvothermal ' F
; 140°C - 24 Jam '
L Zr-MOF

Fig 1. ustration of Zn-MOF and Zr-MOF Formation via Solvothermal Method
3.2 Characterization of Zn-MOF and Zr-MOF

3.2.1 FTIR Analysis .

10
The FTIR spectra of Zn-MOF and Zr-MOF are shown in Figure 2, while the analysis of
characteristic functional groups of Zn-MOF and Zr-MOF is presented in Table 1. Based on
Figure 2a and Table 1, it is found that several characteristic functional groups of Zn-MOF
are present, ludiug peaks at 3666 cm ! (indicating O-H vibration due to the presence of
water m‘, consistent with the research by Dahlan ef @l. [17] and Hu et al. [14] and lnad
peaks in the region of 3036 cm'. The subsequent peaks appear at wavenumbers 1587 ¢cm™!
and 1392 em’!, cm‘respug to symmetric and asymmetric vibrations of carboxylate
groups (-OCO-). These results align with the findings of Hu et al [lmldicatiug the
presence of C=0 b(.}llml the ligands coordinated with Zn. The vibrations of C-H and C=C
at wavenumbers 823 ¢m ' and 742 em ', respectively, are consistent with the research by
Rocha [18]. The peak at 651 cm ' in the fingerprint region indicates Zn-O vibrations. Hu et
al. [14] also reported that the presence of Zn-O vibrations in the range of 500-600 ¢cm™!
indicates the formation of ZnsO metal clusters. This result further strengthens the successful
formation of Zn-MOF.

The characteristic functional groups Uf'-MDF (Figure 2b) appear at wavenumbers
3658-3174 cm’, indicating O-H vibrations. This is consistent with the study by Tian ef al.
[19], which also reported O-H vibrations at a wavenumber of 3343 ecm ' due to surface
water on Zr-MOF. In the FTIR spectrum of Zr-MOF, symmetric and asymmetric —OCO-

rations were also found at wavenumbers 1562 cm 'and 1390 cm™'. These results align
with the research by Nasrabadi ef al. [20] and Tian et al. [19], who reported the presence of
carboxylate ligand connections with Zr*' in the FTIR spectrum. The peak at wavenumber
563 cm ! indicates Zr-O vibrations, suggesting the formation of ZrsOs clusters, as observed
in the studies by Lin ef al. [21]. These findings further support the successful formation of
Zr-MOF.
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Fig 2. FTIR spectra of (a) Zn-MOF and (b) Zr-M

Table 1. Wavenumbers W—MOF and Zr-MOF

Wavenumber (em™)
Material v-0CO- | v-0CO-
v O-H sym asym vC-H | vC=C

Zn-MOF (this 3666- 1587 1392 827 748

study) 3036
Zn-MOF [22] 3472 1585 1392 - 752
Zn-MOF [23] 3500 1599 1387 - -
Zr-MOF (this 3658- 1562 1390 823 742

study) 3174
Zr-MOF [19] 3343 1572 1386 856 -
Zr-MOF [20] 3500 1597 1406 808 746

3.2.2 XRD analysis

10

The diffraction patterns (Jon-%]F and Zr-MOF are shown in Figure 3. The characteristic
peaks of Zn-MOF in Figure 3(a) are observed at 20 6.8°, 9.6°, 13.72° 15.44°, and 20.6°.
These diffraction patterns for Zn-MOF are consistent with the findings of Dahlan ef al.
[17], who reported characteristic p and crystal planes of Zn-MOF at 6.8° (200), 9.6°
(220), 13.8° (400), and 19.8° (440). Similar results were also reported by Burgaz et al.[24],
showing characteristic peaks and crystal planes of Zn-MOF at 6.8° (200), 9.6° (220), 13.7°
(400), and 15.3° (420). This study's 6.8 peak is higher than the 9.6° peak due to regular
crystal morphology. Additionally, Figure 3(a) indicates that the 9.6° peak is split,
suggesting distortion and a trigonal symmetry in the Zn-MOF structure [24-25].
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2 theta

Fig 3. Diffraction Patterns: (a) Zn-MOF (b) Zr-MOF

The characteristic peaks of Zr-MOF in Figure 3(b) are shown at 20 7.32° 8.48°, 11.9°,
14.0°, 14.6°, and 17.0°. The diffraction pattern of Zr-MOF corresponds to the findings of
Lin et al. [21], who reported characteristic pem and crystal planes of Zr-MOF at 7.3°
(111), 8.5° (200), 14.8° (222), and 17.1° (400). Similar results were also reported by Hu et
al. [15], who found characteristic peaks and crystal planes of Zr-MOF at 7.15° (111), 8.35°
(200), 11.8° (220), 14.6° (222), and 17.1° (400). These results strengthen the successful
synthesis of Zn-MOF and Zr-MOF in this study.

3.2.3 SEM analysis .

26
The morphology of Zn-MOF and Zr-MOF are shown in Figure 4. Based on SEM analysis,
Zn-MOF has a cubic surfn;' structure, while Zr-MOF has a round or oval surface structure
that aggregates together. These results are consistent with the study by AbouAitah ef al.
[12], which showed that Zr-MOF has irregularly shaped aggregated particles. These
findings also align with the research by Burgaz ef al. [24], who reported that Zn-MOF has a
cubic surface structure. According to SEM analysis, the surface diameter of Zn-MOF is
248-391 nm, while the diameter of Zr-MOF is 26-42 nm. These results indicate successful
synthesis of Zn-MOF and Zr-MOF.

Fig 4. SEM Image (a) Zn-MOF (b) Zr-MOF
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3..2.4 Antibacterial Test

30

The antibacterial efficacy of Zn-MOF and Zr-MOF were assessed by comparing tlar
antibacterial activity results with the antibiotic amoxicillin. This study tested the
antibacterial activity against Escherichia coli and Staphylococcus aureus, as they are
commonly found bacteria causing infectious diseases and are resistant to some antibiotics
or mu]tidruﬁe:sistancc [4-6]. The antibacterial activity results for Zn-MOF, Zr-MOF, and
amoxicillin against Escherichia coli and Staphylococcus aureus are shown in Figure 5,
with bacterial inhibition zones indicated in Table 2. Figure 5 demonstrates that Zn-
MOF, Zr-MOF, and amoxicillin are sensitive to Escherichia coli and Staphylococcus
aureus bacteria. MOF has sensitivity towards Escherichia coli and Staphylococcus aureus
because MOF is capable of oxidizing and depolarizing the outer cell membrane of
bacteria, and the central metal in MOF can damage bacterial proteins [11-26].

Fig 5. Sensitivity test results of Zn-MOF, Zr-MOF, and amoxicillin against Escherichia coli and

Staphylococcus aureus. -
15

Table 2. Comparison of inhibition zones of active substances against Escherichia coli and
Staphylococcus aureus

Material Concentration Faserens wg?;:;mm Reference
(mg/mL) Escherichia coli
aureus

APE 10 11+1 20+1 [27]

BAE 10 15+0.5 14+1 [27]
Zn-MOF 2 8.6+1.41 17+0.82 [11]
Amoxilin 25 28.4+1 19.7+1 this study
Zn-MOF 2 36.2+1 38.9+1 this study
Zr-MOF 2 11.4+1 17.3x1 this study

Table 2 shows that Zn-MOF has the largest inhibition zone, thus 1s recommended the
development of Zn-MOF as an antibacterial material. Table 2 also indicates that
the average inhibition zone of the active substance against Escherichia coli bacteria is
lower than Staphylococcus aureus. Escherichia coli bacteria are more resistant to
active substances because they are gram-negative bacteria with an outer membrane
consisting of lipopolysaccharides that can protect against antibiotics and other active
substances. MOF v:xhi better antibacterial activity when compared to active substances
from plants, such as Andrographis paniculata extract (APE) and Berberis aristata
extract (BAE). This demonstrates the potential for MOF development as an antibacterial
material. Table 2 also shows that MOF has large inhibition zone despite being
used at a lower dosage concentration. This is consistent with the research by Akbarzade
et al. [11], which reported that MOF has longer persistence than antibiotics, resulting in
higher antibacterial efficiency even with lower doses.
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In this study, Zn-MOF has a higher inhibitory zone against Escherichia coli and
Staphylococecus aureus bacteria than Zr-MOF and amoxicillin. This result is driven by Zr-
MOF has higher crystallinity than Zn-MOF, resulting in easier detachment of Zn-O bonds
than Zr-O. The release of Zn metal in Zn-MOF leads to bacterial protein damage [26].
These findings also indicate that Zn-MOF can address bacterial resistance issues.

4 Summary

The results of analysis using ATR-FTIR showed that the Zn-MOF functional groups appear
at wavelengths 3666-3036 c¢cm ' (vO-H), 1587cm ! (v—OCO-sym), 1392cm ' (v—OCO-
asym), 837cm ' (vC-H), 748cm™! (vC=C) and 65lem™’ (vZn-0) while the Zr-MOF
functional group appears at a wavelength of 3658-3174 cm ' (vO-H), 1562cm ' (v-OCO-
sym), 1390cm ! (v—OCO-asym), 823cm ' (vC-H), 742cm™ (vC=C) and 563cm ' (vZr-O).
The results of XRD analysis show that the characteristic peak of Zn-MOF is at 260 6.8°;
9.6% 13.72°; 15.44°; 20.6° while the distinctive peak of Zr-MOF is shown at 20 7.32°;
8.48°% 11.9% 14.0°; 14.6°; and 17.0°. Meanwhile, SEM results show that Zn-MOF has a
cubic surface structure while Zr-MOF has aggregated particles with an irregular round
shape. The results of the antibactermcst for Staphylococcus aureus showed that Zn-MOF
(38.9 £ 1 mm) had the largest zone of inhibition, equivalent to the results of the
antibactenial test for Escherichia coli showing that Zn-MOF (36,241 mm) has the largest
zone of inhibition. The structural and morphological differences between the two MOFs, as
evidenced by XRD and SEM analysis, significantly influence their physical and chemical
properties. As a result, Zn-MOF exhibits stronger antibacterial activity than Zr-MOF,
expectedly due to its crystallinity and release of Zn metal in Zn-MOF leads to bacterial
protein damage.
7
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