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Zinc has been widely studied for its antibacterial properties due to its low toxicity, availability, and low cost.
This research focused on analysing the antibacterial effects of three types of MOFs (metal-organic
frameworks) with zinc as the central metal: ZIF-4, ZIF-7, and ZIF-8. The study found that ZIF-8 had the
strongest antibacterial effect, while ZIF-7 had the weakest among them. These findings were consistent
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with the results of the ICP (inductively coupled plasma) analysis, which measured the amount of zinc

released. Additionally, the antibacterial effect of ZIF-8 was found to be higher than that of zinc oxide
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1. Introduction

Many different uses require biocidal materials (materials that
can kill living organisms), such as creating packaging that can
actively protect food, developing medical equipment, and
producing membranes that resist biological buildup. Addi-
tionally, the growing problem of microorganisms becoming
resistant to commonly used antibacterial medications is moti-
vating researchers to create new types of antimicrobial agents."
There are two major challenges here; one is the ability of
microorganisms to develop resistance to antimicrobial agents
over time. This means that even when a new agent is developed,
there is a risk that microorganisms will eventually become
resistant to it as well. The second one is ensuring that the
antimicrobial agent is effective against a wide range of micro-
organisms while being safe for human use and not harmful to
the environment. Additionally the cost of the new agent is
another limiting factor in the development of anti-
microorganism substances.”> Transition metals such as Cu, Zn,
Ag, or Mn and also nanomaterials (like nanoparticles or metal-
organic frameworks), which have a high surface area to volume
ratio that includes these ions, have attracted increasing atten-
tion as infrequent bactericidal agents because effective
conventional drugs have not kept pace with the progress of
multidrug-resistant (MDR) bacteria.>*> As mentioned above, the
design of materials that do not pose a risk to natural tissues
while destroying bacteria is one of the important issues that
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species obtained from calcination of the compounds. Among the zinc oxide samples, ZnO nanoparticles
which derived from ZIF-4 showed the highest antibacterial activity.

need investigation. Unfortunately, most of the nanoparticles
used so far fail due to the excessive release of metal ions,
causing high toxicity in addition to their strong bactericidal
effect. Therefore, it is necessary to find more effective and safer
antibacterial agents to counter multidrug-resistant (MDR)
microorganisms.® Hybrid composite materials obtained from
organic and inorganic materials, like metal nanoparticles, have
demonstrated bactericidal applications. Among them, most
studies have focused on compounds derived from silver ions.
Unfortunately, silver ions are toxic and pose dangers to human
health and the environment. More recent studies have shifted
towards the use of less hazardous metal ions, such as zZn**’
Although zinc ion causes cell toxicity in high concentrations,
the presence of significant amounts of this ion (~4 g) in the
human body creates the idea that this ion is far less toxic and is
a suitable candidate for use in antibacterial applications.*™*°

MOFs are an exciting area of research in chemistry, as they
possess unique chemical and physical properties that can be
adjusted by various parameters. Manipulating these parameters
during their synthesis can result in MOFs with completely
different characteristics. This has led many researchers to study
MOFs due to their wide range of potential applications, such as
catalysts," electrochemical and chemical sensors," encapsulating
large molecules,” enzymes,"*** storing gas,'*” removal of
hazardous heavy metals,”® organic dyes and toxins, water
splitting,” exhibiting anti-bacterial and anti-cancer activities,”>*
facilitating drug delivery”** and etc. MOFs can be used as a source
for releasing metal ions under controlled conditions. This
controlled release helps maintain the cation concentration in the
system at an optimum level—non-lethal for humans and safe for
the environment.** It is important to note that MOFs, presumed
to refer to precursor materials, serve as excellent precursors for the
synthesis of nanometal oxide materials.>***
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MOFs, when used as antibacterial agents, offer several
benefits over typical disinfectants due to their extensive range of
antibacterial properties, superior efficacy, sustained longevity,
and their ability to regulate the release of metals.® In addition, it
has been proven that MOFs are less toxic than other nano-
materials that act as antibacterials. Recently, the biological
properties of MOFs (presumably referring to precursor mate-
rials) and the substances derived from them have gained
attention.***” Here, we report the antimicrobial activity of three
Zn-based zeolitic-imidazolate frameworks (ZIF-4, ZIF-7, and
ZIF-8), as well as ZnO samples obtained from their calcination.
These three MOFs were selected due to their shared family
origin, derived from nearly identical raw materials and
methods, and extensively researched to date. Despite having
distinct formulas and structures, exploring and comparing the
antibacterial activity of these three MOFs present an intriguing
aspect of the study. This article not only investigates the anti-
bacterial property of the three ZIFs but also, in addition to this
aspect, uses these materials for the preparation of nano ZnO,
demonstrating effective antibacterial properties.

2. Materials and methods

2.1. Materials

All reagents consist of imidazole (98%), benzimidazole (98%), 2-
methylimidazole (98%), Zn(NO3),-6H,0 (98%), Zn(CH3COO),-
-2H,0 (98%) and anhydrous N,N'-dimethylformamide (99.8%),
ethanol (99,6%) for the synthesis were commercially available
and were used as received.

2.2. Analysis

The Equinox 55 FT-IR spectrometer (Bruker, Bremen, Germany)
was used to record IR spectra in ATR form, covering the range of
400-4000 cm™ " with 4.0 cm ™" resolution and 16 scan numbers.
X-ray powder diffraction (PXRD) measurements were conducted
using an X'pert diffractometer made by Philips, which utilized
monochromatized Cu-Ko radiation (A = 1.54056 A) with a step
size of 0.01671 (degree). The X-ray source was operated at
a voltage and current of 40 kV and 30 mA, respectively, and
Bragg-Brentano was used as source-detector geometry with
a scintillation detector. Additional attachments such as an anti-
scatter slit (1°), divergence slit (1°), monochromator, and Soller
slit (0.04 rad) were also used. The samples were characterized
using a scanning electron microscope (Philips XL 30) with gold
coating. Simulated PXRD patterns based on single crystal data
were prepared using the Mercury software. To investigate
release of the Zn** of the samples, they were immersed in PBS
solution in (0.0025 mg L") for 2 days. The supernatant fluids of
solutions were quantified based on the timing of 1, 4, 10, 24 and
48 hours. The Zn>" ion concentrations of solutions were tested
by ICP-MS. Antibacterial activity of samples was determined
against both Gram-positive bacterial strains (Staphylococcus
aureus or S. aureus) (ATCC 25923) and Gram-negative bacterial
strains (Escherichia coli or E. coli) (ATCC 25922) using the agar
well diffusion assay method. The microorganisms used for
testing the antibacterial properties were grown in a nutrient
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broth at a temperature of 37 °C for 24 hours. Plates containing
sterile Miiller Hinton agar were prepared. Inoculum containing
10® CFU mL " of each bacterial culture was incubated on
nutrient agar plates by a sterile swab. Afterward, sterilized
stainless steel cork borers were used to create wells with
a diameter of 4 mm in the agar medium. The compounds were
then dissolved in a 5% DMSO solvent to achieve a concentration
of 5000 pg mL~". Next, 50 uL of each sample was added to the
wells, and the plates were incubated at a temperature of 37 °C
for 24 hours. The effectiveness of the samples in inhibiting the
growth of microorganisms was determined by comparing the
size of the zone of inhibition.

2.3. Synthesis and activation of ZIF-4

The synthesis method mentioned in the previous literature was
employed for synthesizing this compound.®® 0.5 g of imidazole
and 1.13 g of Zn(NO;),-6H,0 were combined in a 150 mL
autoclave, and 75 mL of DMF was added until completely dis-
solved and became clear. The autoclave was then placed in the
oven. The oven temperature was raised to 130 °C at a rate of 5 °C
per minute and held at this temperature for 48 hours, then
decreased to room temperature at a rate of 0.1 °C per minute
until a yellow precipitate formed. Subsequently, it was washed
three times with 20 mL of DMF to remove excess ligands. For
activation, the sample was placed in a vacuum oven at
a temperature of 120 °C overnight. Yield: 0.70 g, 45% (based on
the final product).

2.4. Synthesis and activation of ZIF-7

The synthesis method mentioned in the previous literature was
employed for synthesizing this compound.* First, 0.946 g of
benzimidazole in 20 mL of DMF and 0.878 g of Zn(CH;COO),-
-2H,0 in 20 mL of distilled water were separately dissolved.
Each solution underwent ultrasonic treatment for 5 minutes.
The clear benzimidazole solution was then added dropwise to
the clear Zn(CH3;COO),-2H,0 solution to obtain a white
precipitate. For solvent exchange and activation, the resulting
ZIF-7 powder was separated by centrifugation. It was then
centrifuged twice with DMF, twice with distilled water (10 mL
each time), and twice with ethanol (2.5 mL each time). Subse-
quently, it was placed in an oven at a temperature of 150 °C for 1
hour. The yield was 1.03 g, representing a 42% yield based on
the final product.

2.5. Synthesis and activation of ZIF-8

The synthesis method mentioned in the previous literature was
used for the synthesis of this compound.® In a standard sol-
vothermal synthesis, a solution containing 0.656 g of
Zn(NOj3),-6H,0 and 0.594 g of 2-methylimidazole in 50 mL of
DMF was prepared. The resulting mixture was stirred until it
formed a clear solution, and then transferred into a Teflon-lined
autoclave with a capacity of 100 mL. The autoclave was then
placed in the oven at a temperature of 140 °C for 24 hours. After
synthesis, the product was centrifuged at 7000 rpm for 10
minutes and washed with 10 mL of ethanol (three times). The
resulting pale yellow powder was activated in a vacuum oven for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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12 hours at a temperature of 60 °C. The yield was 0.43 g, rep-
resenting a 65% yield based on the final product.

2.6. Preparation of ZnO from ZIF materials

To obtain zinc oxide, 0.5 g of each synthesized ZIF sample was
calcined in a porcelain crucible at 500 °C. The zinc oxide ob-
tained from ZIF-4, ZIF-7, and ZIF-8 was 0.360 g, 0.298 g, and
0.334 g, respectively.

3. Results and discussion

Three Zn-based metal-organic frameworks, ZIF-4, ZIF-7, and
ZIF-8, were synthesized solvothermally using three members of
the imidazole family. Subsequently, activated samples were
created to assess and compare the antibacterial characteristics
of the products.

3.1. Material characterization

3.1.1. Powder X-ray diffraction (PXRD) analysis. ZIF-4, ZIF-
7, and ZIF-8 were analyzed by PXRD to assess their crystallinity.
The PXRD patterns of the three synthesized MOFs were found to
be consistent with the simulated patterns, obtained using the
Mercury software (Fig. 1). All three compounds used in this
study are well-known and have been extensively discussed in
previous studies regarding their structural features.*** These
observations serve as evidence for the accurate synthesis of the
samples. In this study, ZIF-4 and ZIF-8, synthesized using the
solvothermal method, exhibit a superior crystalline nature
compared to ZIF-7, which was synthesized at room temperature.
This conclusion is drawn from the information acquired
through X-ray powder analysis. The peaks in the PXRD pattern
of ZIF-7 are broader, suggesting the entry of particles into the
nano phase. This observation is also clearly evident in scanning
electron microscopy images, where ZIF-7 exhibits smaller
dimensions compared to other samples (as discussed in the
Crystal morphology section). The reason for modifying the
synthesis procedure of ZIF-7, resulting in a less crystalline
nature compared to the other two cases, is that when using the
solvothermal method similar to the synthesis of ZIF-8, a gel
product was obtained. This gel did not dry, preventing the
possibility of conducting analyses. Additionally, three ZnO
samples were characterized by PXRD (Fig. S1 in the ESIt). The
XRD patterns, is in agreement with the typical wurtzite structure
of ZnO (hexagonal phase, space group P6;mc, JCPDS card no.
36-1451) with the lattice parameters (@ = 3.24982(9) A, ¢ =
1.6021 A, Z = 2).

3.1.2. Crystal morphology. Scanning electron microscope
images were utilized to examine the morphology of the
prepared samples (Fig. 2). ZIF-4 exhibits a spherical morphology
with nano-sized grains growing on its surface (Fig. 2a). ZIF-7 is
in the form of beads (Fig. 2b), and ZIF-8 presents nano-sized
surfaces (Fig. 2¢). The ZnO samples obtained from the calci-
nation process of ZIF-4, ZIF-7, and ZIF-8 exhibit more uniform
dimensions, and morphologically, they do not appear to
resemble their parent materials (Fig. 3). It is evident that the
ZnO sample obtained from ZIF-4 has uniform nanoparticle

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

View Article Online

RSC Advances

€
d
|
| I I' |
~ |1
° | ‘
3 (LR
| ‘ L A A,
3 »" l A J" “w‘l‘ ‘\‘\- = N"\“ ) lu~ v,‘# L Y .\,/ "_'.mvl/V\(}\f/\I"ﬂ-“'\"N
>
~—)
© puy
2]
=] C
Y
~—
=
!

J |

P g U J,LJ,LJ',L.J,L A A NIA he M A A 4

b

2theta (°)

Fig.1 PXRD patterns of (a) simulated of ZIF-4 (b) ZIF-4 (c) simulated of
ZIF-7 (d) ZIF-7 (e) simulated of ZIF-8 (f) ZIF-8.
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morphology with a narrow size distribution (Fig. 3a). However,
ZnO samples obtained from ZIF-7 and ZIF-8 show some degree
of nanoparticle agglomeration, and micro-sized particles were
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Fig. 2 SEM images of (a) ZIF-4 (b) ZIF-7 (c) ZIF-8.

formed in ZnO samples obtained from ZIF-7 and ZIF-8 (Fig. 3). 2000 to 2500 nm (Fig. S2 in the ESI}). For ZIF-7, particle
The dispersion of ZIF-4 particles ranges from 555 to 6340 nm, dispersion is between 153 and 876 nm (Fig. S2 in the ESIY),
with the highest frequency observed for particles in the range of  exhibiting a more homogeneous distribution than the previous
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Fig. 3 SEM images of three types of zinc oxide derived from (a) ZIF-4, (b) ZIF-7 and (c) ZIF-8.

sample (ZIF-4). In this case, the highest dispersion is in the
range of 400 to 450 nm. Regarding the ZIF-8 sample, particle
dispersion ranges from 433 to 7014 nm, and the highest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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abundance is observed in the range of 1000 to 2000 nm (Fig. S2
in the ESIf). The dispersion of zinc oxide particles obtained
from ZIF-4, ZIF-7, and ZIF-8 ranges from 45 to 441 nm, 39 to
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760 nm, and 50 to 314 nm, respectively. This shows a higher
uniformity compared to the synthesized ZIF samples (Fig. S3 in
the ESIY).

3.1.3. Inductively coupled plasma (ICP) analysis. As ex-
pected, zinc ion release was higher in zinc oxide samples
(Fig. 4). In both series, ZIF-8 and zinc oxide obtained from its
calcination had the highest release. Fig. 4b shows the maximum
release of Zn>* from ZnO sample which was obtained from
calcination of ZIF-8 after 48 hours to 1 ppm, while according to
Fig. 4a, the maximum release for ZIF-8 after 48 hours is around
0.6 ppm. ZIF-4 and ZIF-7 samples did not show a significant
Zn*" release and their release level is reported to be constant for
48 hours, which shows that the structure of these two
compounds is more stable. These studies have been a reconfir-
mation of the previous study of this research group on ZIF-7.*
The release process of ZnO samples is similar to the ZIF
samples derived from them, except for ZIF-4, where more Zn>*
release was observed. This observation could be attributed to its
uniform nanoparticle morphology with a narrow size distribu-
tion, which is expected to have higher solubility and zinc ion
release according to the Gibbs-Thompson relation.****

3.2. Antibacterial test

The agar well diffusion method was used to investigate the
antimicrobial activity of ZIF-4, ZIF-7, ZIF-8, and their calcined
samples. Their antibacterial properties were compared based
on the zone of inhibition. The results of the antibacterial tests
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~ZnO

. (from ZIF-8) /7

Fig. 5 The antibacterial test with the agar well diffusion assay method
against S. aureus bacteria.

are presented in Fig. 5 and 6 and summarized in Table 1. These
MOFs had a more pronounced effect on S. aureus as Gram-
positive bacteria than on E. coli as Gram-negative bacteria.
The results in Table 1 show that, except for ZIF-8, which also
exhibited a weak effect on E. coli bacteria, the remaining
samples only had an antibacterial effect on Gram-positive S.
aureus bacteria. The challenge in transporting Zn>" across the
cell wall of Gram-negative bacteria arises from the presence of
a lipopolysaccharide (LPS) outer membrane and a plasma inner
membrane in the cell wall structure.*>*® Thus, among the MOFs,

ZnO

(from ZIF-4)

Fig. 6 The antibacterial test with the agar well diffusion assay method
against E. coli bacteria.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of antibacterial test results (zone of inhibition) on two Gram-positive and Gram-negative bacteria and a comparison with

previous reports

Staphylococcus Escherichia

Sample Concentration (mg mL™") aureus coli Ref.
Andrographis paniculate (leaves) Not mentioned 6 mm 0 mm 47
Morinda citrifolia (leaves) Not mentioned 7.3 mm 0 mm 47

Piper sarmentosum (leaves) Not mentioned 9 mm 0 mm 47
Centella asiatica (leaves) Not mentioned 5 mm 0 mm 47
Commercial ZnO NPs 20 000 13.1 mm 0 mm 48
[Niy(pdc),(H20)s5]nH,O - DMF 25000 0 mm 11 mm 49
[Ni,(pdc),(H,0)5]nH,0- DMF 50 000 14 mm 19 mm 49
Cu(NO3),-3H,0 10 000 28 mm 22 mm 50
Ag@ZIF-7 20000 19 mm 12 mm 25
L@ZIF-7 20 000 17 mm 0 mm 25

L, @MOF-808 50 000 19 mm 0 mm 24
Ag@ZnO 40000 4 mm 8 mm 51
Ag@TiO, 40 000 4 mm 8 mm 51

ZIF-4 20000 16 mm 0 mm This work
ZIF-7 20 000 15 mm 0 mm This work
ZIF-8 20 000 20 mm 10 mm This work
ZnO (from ZIF-4) 20 000 18 mm 0 mm This work
ZnO (from ZIF-7) 20 000 15 mm 0 mm This work
ZnO (from ZIF-8) 20 000 17 mm 0 mm This work

ZIF-8 is ranked first with the highest bactericidal effect, and
among the zinc oxide samples, the zinc oxide sample obtained
from ZIF-8 shows a high release, resulting in a high bactericidal
effect. This indicates that, in general, the structure of ZIF-8 is
more unstable, and its zinc ion releases are higher than the
other two ZIFs. After ZIF-8, ZIF-4 and ZIF-7 showed lower anti-
bacterial properties. ZIF-4 and ZIF-8 had similar results in Zn**
release and bactericidal assays. According to Table 1, the ZIF-8
sample had a similar effect on Gram-positive S. aureus bacteria
as Ag@ZIF-7 in previous studies, and it was also a stronger
antibacterial agent than IL,@ZIF-7, [,@MOF-808 and [Niy(-
pdc),(H,0)5]nH,0-DMF, while this is a pure substance without
doped agents and has an easier and cheaper synthesis.

The results of calcined samples are somewhat similar to the
data observed for ZIF samples. However, it should be noted
that, from the side-by-side examination of antibacterial studies
and ICP analyses, it can be concluded that each sample showing
more zinc ion release is a stronger antibacterial compound. The
structural and morphological characteristics of ZIFs and ZnO
samples also impact their antibacterial activity. Both the ZIF
samples and the ZnO samples derived from them showed
similar zinc ion release at 24 hours. Thus, as observed, each ZIF
sample and the ZnO sample derived from it exhibited similar
antibacterial activity. Except for the ZnO sample obtained from
ZIF-4, the highest antibacterial activity was observed among the
three ZnO samples. The highest antibacterial activity of this
sample could be attributed to its uniform nanoparticle
morphology with a narrow size distribution, resulting in more
zinc ion release than the ZnO sample derived from ZIF-7.

4. Conclusion

Zinc ion is a chemical species whose antibacterial effect has
been investigated for a long time. The low toxicity of this

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

metal ion, along with its availability and cost-effectiveness,
has made zinc compounds widely used for antibacterial
purposes. In this study, three types of MOFs with zinc as the
central metal, named ZIF-4, ZIF-7, and ZIF-8, was investigated
as antibacterial agents. The results showed that ZIF-8
exhibited the highest antibacterial effect, and ZIF-7 was the
weakest among them. These results are consistent with the
zinc ion release data obtained from ICP analysis. Addition-
ally, the antibacterial effect of ZIF-8 MOF was higher than that
of the zinc oxide species obtained from the calcination of the
ZIFs compounds. Among the ZnO samples derived from ZIFs
compounds, although the ZnO sample derived from ZIF-8
showed the highest zinc ion release among the three ZnO
samples and the ZnO sample derived from ZIF-4 exhibited the
best antibacterial activity. The superiority of this sample
should be attributed to its uniform nanoparticle morphology
with a narrow size distribution, resulting in more zinc ion
release than the ZnO sample derived from ZIF-7. It is also
specified that despite having micrometer dimensions, ZIFs
exhibit antibacterial characteristics similar to nano ZnO and,
in fact, perform even better.
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