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INTRODUCTION

The requirement for fresh and clean water is 
growing dramatically as the world’s population 
increases (Hassoon and Al-Bayati, 2023; Kalash 
et al., 2020), which is quickly met by membrane 
separation technology. Because of its benefits, 
such as its great filtering effectiveness, membrane 
separation technology has many applications, ease 
of use, reduced energy consumption, affordability, 
and environmental friendliness (Abdul-Hussein et 
al., 2024; Al-Jadir et al., 2022; Al-Musawy et al., 
2021). Among the most often utilized materials in 
membrane technology is polysulfone (PSf) (Has-
san et al., 2022). It is perfect for broad usage in 

membrane fabrication because of its exceptional 
hydrolytic stability, chemical, thermal, and me-
chanical resistance, as well as its reasonably inex-
pensive cost of manufacture. Membrane fouling 
reduces flow, which negatively affects membrane 
quality, changing selectivity, raising operating 
costs, and reducing membrane longevity (Diwan 
et al., 2023). Therefore, increasing the surface hy-
drophilicity of membranes is a practical method of 
preventing fouling of membranes and enhancing 
the flux of water (Kadhom et al., 2021; Susanti et 
al., 2013; Xiong et al., 2024). The attachment and 
development of microbial cells on the membrane 
surface and holes is known as membrane bio-
fouling. Membrane biofouling lowers membrane 
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efficiency, leading to financial losses and tech-
nological difficulties (Cui et al., 2021; Mahdi et 
al., 2022). Since pathogenic bacterial biofilms are 
challenging to remove because of their resilience 
to environmental risks, they can cause persistent 
infections, which is why they are now acknowl-
edged as a significant and expensive issue for 
human health (Del Pozo, 2018), While the con-
tact-type antibiofouling effects show promise in 
reducing bacterial surface adhesion, they are only 
effective against the microorganisms that come 
into contact with the surface, and there is a chance 
that the contents of their cells could leak into the 
treated water. Changes to the membrane interface 
that combine a decline in bacterial adherence with 
the formation of biofilms in a single phase were 
described by (Guo et al., 2022).

Both Gram-positive and Gram-negative bac-
teria, including Pseudomonas and Staphylococcus 
species, are capable of forming biofilms. After a 
few free-moving bacteria come into contact with 
an appropriate surface, they build communication 
roots to acquire nutrition sources, and produce a 
slimy substance called extracellular polymeric 
substance, and biofilm formation begins (Abebe, 
2020; Berne et al., 2015). 

According to Vodyashkin et al. (2023), met-
al-organic frameworks (MOF) have been widely 
used in antimicrobial uses (Vodyashkin et al., 
2023). With a three-dimensional dodecahedral 
structure, Nanoparticles of zeolitic imidazolate 
frameworks -8 (ZIF-8 NPs) belong to the family 
of MOFs and can be produced using zinc ions and 
2-methylimidazole. ZIF-8 NPs have been found to 
possess a variety of uses, such as adsorption (Lv 
et al., 2022), electrochemical sensor (Chakraborty 
et al., 2022), antibacterial agent, and nano-drug 
delivery system (Xie et al., 2022). Numerous in-
vestigations have demonstrated the potential of 
some nanoparticles, such as MOFs, which help 
spread out already-existing biofilms or stop new 
ones from forming (Arenas-Vivo et al., 2019; Gao 
et al., 2016; Mohamed et al., 2019). Long-term 
sterile conditions are not established when these 
waters are treated or disinfected for commercial 
usage. Therefore, membrane biofouling will result 
from the remaining bacteria multiplying if there is 
a minimal amount of nutrients available. The dis-
tinct properties of ZIF-8 NPs give PSf membranes 
supplemented with them notable anti-biofilm ca-
pabilities. The substantial porosity, pore size ad-
justability, and chemical activity of these metal-or-
ganic frameworks make them ideal for enhancing 

the efficiency of separating membranes biofouling 
(Aljumaily et al., 2020; Chen et al., 2020). The 
objective of this research was to synthesize and 
describe ZIF-8 NPs as well as investigate their in-
corporation into PSf membranes to enhance their 
structural, hydrophilic, and antimicrobial proper-
ties in order to mitigate membrane biofilm.

MATERIALS AND METHODS

The preparation of ZIF-8 NPs

The solution reaction approach at room tem-
perature was used to create ZIF-8 NPs. Firstly, 
0.147 g of zinc nitrate was measured and placed 
in 10 mL of methanol (solution B), after weigh-
ing 0.325 g of 2-methylimidazole and dissolving 
it in 10 mL of methanol (solution A). ZIF-8 NPs 
were found in the reaction product after solution 
A was gradually added in 1 minute to solution B 
and agitated at 500 rpm for one hour at 25 °C. 
Following a 10-minute centrifugation with a rota-
tional speed of 10.000 rpm, the precipitation was 
dissolved with methanol for a 2-minute ultrasonic 
treatment until it was fully dissolved.

The centrifugation and ultrasonic dissolution 
steps presented above were repeated twice. The 
methanol solution of ZIF-8 NPs was the final re-
sult of the third methanol dissolution.

ZIF-8 NPs characterization

The morphology of ZIF-8 NPs was exam-
ined utilizing a Field Emission scanning electron 
microscope (FE-SEM), and Both qualitative and 
quantitative elements were examined using En-
ergy Dispersive X-Ray Analysis (EDX) (TES-
CAN MIRA3 FRENCH). The Zeta Plus Analyzer 
(Brookhaven, USA) was used to measure the ZIF-
8 NPs diameters and the zeta potentials of each 
nanoparticle in water. Powder X-ray diffraction 
(XRD) patterns were recorded using an X-ray 
diffractometer (XRD 6000/SHIMADZU, Japan). 
FTIR spectra were collected on an FTIR spec-
trometer (Thermo Scientific Nicolet iS20 (USA)).

Preparation of PSf membranes

PSf membranes used in this investigation 
were produced using the phase inversion tech-
nique. To make the casting solution, the appropri-
ate amount of PSF was first dissolved in a 14% 
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weight ratio of DMF (N, N-Dimethylformamide) 
solvent. The resulting mixture was left to air out at 
room temperature overnight after being stirred for 
six hours at 60 °C. With the exception of adding 
the appropriate quantity of nanoparticle material 
(0 wt%, 0.025 wt%, 0.05 wt%, and 0.075 wt%) 
to the casting solution before the phase inversion 
method, the same process was used to create the 
PSf-ZIF-8 membranes. The casting polymeric 
liquid was then poured onto a sterilized glass 
plate using a casting Gardner knife (also known 
as a film casting doctor blade), and it was cast at a 
thickness of 180 µm. When the glass surface con-
taining the polymeric solution was immediately 
submerged in a room-temperature water bath, the 
flat sheet PSf membrane detached from the plate 
in a matter of seconds.

Characterization of PSf membranes 

According to Finland’s theta light (TL100 and 
TL101), the contact angle (CA) measures the hy-
drophilic qualities of the membrane. Using CA 
measurement, the angle between each of the mem-
brane surfaces and the droplet generated by water 
was determined. At various points on the mem-
brane sample, ten average readings were obtained, 
and the average was noted. The topography and 
microscopic examination of the membrane were 
investigated using FE-SEM. The membrane poros-
ity was measured by the amount of water that was 
retained in the membrane after drying and compar-
ing it to the original weight of the membrane.

Bacterial cultivation

Staphylococcus aureus and Pseudomonas ae-
ruginosa was isolated and characterized by bio-
chemical tests and VITEK® 2 Compact (bioMéri-
eux, French). Isolates were cultured on mannitol 
salt agar medium and Cetrimide Agar, respective-
ly. Individual colonies of bacteria were cultivated 
around 37 °C (200 rpm) after being injected in 
brain-heart infusion media.

Measuring the minimum inhibitory 
concentration (MIC)

Multiple sterile centrifuge tubes were con-
structed to achieve concentrations of (0.15, 0.30, 
0.60, 1.25, 2.50, 5) mg mL−1 of a ZIF-8 NPs (di-
luted by deionized water) using the multiplicative 
dilution method in order to calculate MIC and 

sub-MIC (Turlej-Rogacka et al., 2018). The cen-
trifuge tubes holding 100 μL of ZIF-8 NPs from 
each concentration were filled with 100μL of bac-
terial culture at 1 × 107 CFU/mL. For one hour, 
the mixes were incubated at 37 °C. On nutrient 
agar, 100 μL of mixtures were spread out and kept 
overnight at 37 °C. 

Microtiter examination for biofilm control by 
ZIF-8 NPs 

After re-suspending bacteria with 107 a CFU/
mL using the MIC and sub-MIC of ZIF-8 NPs 
solution for both bacteria, 200 μL of the bacterial 
culture was placed into a 96-well plate. Follow-
ing 24 hours of continuous cultivation at 37 °C, 
Phosphate-Buffered Saline (PBS) was used three 
times to wash out the biofilm, and then 150 μL of 
0.1% crystal violet was added, dyed for 20 min-
utes and then rinsed three times with PBS. Follow-
ing natural drying, each hole received 200 μL of a 
33% acetic acid liquid, and it was away for three 
minutes. The absorbance value at 580 nm was then 
measured using an enzyme-linked immunosorbent 
assay, with three replicates for each group.

Biofilm development on PSf membranes 

Two different bacteria were grown together in 
an 18-hold nutrient broth. To achieve the required 
concentrations (0.001 OD), the concentration of 
the bacterial culture was set at 2.5 × 108 (CFU)/
ml. Sterilized 100 mL tubes were filled with bacte-
rial cultures after being vortexed (the total volume
was maintained at 50 mL per tube). After being
sterilized with 70% ethanol, PSf membranes con-
taining ZIF-8 NPs (0 weight percent, 0.025 weight
percent, 0.05 weight percent, and 0.075 weight
percent) were submerged in sterile water and dried
in a laminar flow hood, and then biofilm forma-
tion was induced on PSf membrane coupons by
incubating bacterial cells at 37 °C and 120 rpm for
24 hours in 100 mL of growth media. Following
incubation, the medium was taken out, and sterile
water was used to wash the biofilms gently.

Measurement of cell biomass concentration 
on PSf membranes 

Following a 24-hour incubation period, the 
membrane was scraped with sterilized tweezers 
onto the surface of a glass slide to scrape the bio-
film from the top of the membrane and then it was 
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cut into appropriate pieces with scissors. The same 
tube was filled with small pieces of membrane 
and 20 milliliters of sterile water and vortexed for 
four minutes. After that, the extracts underwent a 
15-minute, 10,000 rpm centrifugation at 4 °C in 
a centrifuge device. Biomass was the name given 
to the leftover pellet. Each tube holding the pel-
lets received 10 milliliters of sterile water after the 
pellets had been rinsed with it. The pellets were 
then completely mixed in the sterilized water by 
vortexing. A spectrophotometer (SHIMADZU 
UV-1800 spectrophotometer, Japan) was used to 
quantify the OD (optical density) of the biomass 
collection at 600 nm (Barnes et al., 2013).

Microscopic biofilm imaging

Microscopically, the capacity of the PSf 
membrane to spread biofilm formation was also 
confirmed by fluorescence microscopy (MEIJI 
TECHNO CO.,LTD, Japan). Following incuba-
tion, biofilm was stained with 0.1% fluorescein 
isothiocyanate (FITC) after being lightly washed 
with saline water and allowed to stand in a dark-
room for fifteen minutes at ambient temperature. 
Sterilized distilled water was used to wash the 
slides in order to remove the unbound stain. A flu-
orescence microscope was then used to perform 
fluorescence microscopy on stained slides.

RESULTS AND DISCUSSION

Characterization of ZIF-8 NPs

ZIF-8 NPs was effectively created using the 
room-temperature solution reaction technique 
(Chen et al., 2017). The ZIF-8 NPs produced in 
this investigation had a diameter of approximate-
ly 66.6 nm, according to FE-SEM (Figure 1a, b). 
The ZIF-8 NPs manufactured nanocomposite was 
validated by AFM (Figure 2a, b). Using the Zeta 
Potential, the size distribution and hydrodynamic 

size of the colloids of the nanoparticles were 
identified. to be 351.91 nm using dynamic light 
scattering (DLS) (Figure 3). The average hydro-
dynamic size of ZIF-8 NPs was greater than the 
size determined by SEM images because of their 
aggregation in water (Saliba et al., 2018).

XRD was used to determine the crystallin-
ity of the material (Figure 3a). The crystallo-
graphic data of the compound showed a cubic 
crystal system with space group number 217 
(I-43m), and the peaks had a good match with 
the COD 4118892 database card, verifying that 
ZIF-8 is a characteristic of zeolitic imidazolate 
frameworks. The chemical formula name was 
Zn12.00N48.00C75.60H79.80, which implies a varia-
tion in the stoichiometry when compared with 
conventional ZIF-8. The structural data closely 
matches the outcomes reported by Karagiaridi et 
al., (2012) (Karagiaridi et al., 2012). According to 
the EDX results, the material is mostly made up 
of carbon and nitrogen, with trace levels of zinc 
(Figure 3b), which supported the XRD results.

Figure 1. ZIF-8 nanoparticle scanning electron 
micrographs at various magnifications

Figure 2. Dynamic light scattering (DLS) dispersion of ZIF-8 particle diameter in Zeta Potential
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The effectively synthesized ZIF-8 NPs were 
validated via the FT-IR spectra, which also re-
vealed information on the functional groups and 
chemical structure (Figure 4). The aromatic and 
aliphatic C–H stretches of imidazole group are at-
tributed to the weakened bands at 3138 and 2933 
cm−1, respectively. Imidazole ring stretching is 
responsible for the complex bands between 1350 
and 1500 cm−1, whereas C=N stretching is re-
sponsible for the peak at 1585 cm−1. The bands in 
the 900–1350 cm−1 range are associated with both 
in-plane and out-of-plane bending of the imidaz-
ole ring and below 850 cm−1 regions, respectively. 
Zn–N stretching is associated with a prominent 
band at 420 cm−1. These outcomes were in line 
with those of Hu et al. (2011).

The description of membranes made of 
polysulfone (PSf)

Figures A and B show the surface of mem-
branes with incorporated ZIF-8 NPs and pris-
tine membranes, respectively. The surface of 
PSF membranes in Figure 5 A shows a dense 
PSf membrane structure and does not seem to 

contain any particulate structures. However, the 
ZIF-8 NP-loaded membrane (Figure 5 B) shows 
elevated levels of particulate structures and dis-
tributed small particles, which indicate that the 
surface is heterogeneously rough. These results 
imply the successful incorporation of ZIF-8 NPs 
into the membrane matrix. Cross-sectional SEM 
pictures of the polysulfone membrane taken with 
and without ZIF-8 NPs are displayed in Figures 
5C and D, respectively. The interior structure 
of the membranes can be understood via cross-
sectional SEM pictures. A dense, compact struc-
ture with comparatively little porosity is evident 
in the pristine PSf membrane (Figure 5C), which 
is indicative of a phase-inversion process. Nev-
ertheless, the cross-section of the ZIF-8-modified 
membrane (Figure 5D) shows a more intercon-
nected and porous structure, with a discernible 
rise in voids and finger-like channels. ZIF-8 NPs 
seem to improve phase separation during mem-
brane formation, which encourages the creation 
of a more porous structure.

Any changes in the structure and the chemical 
interaction of the membranes with various doses 
of ZIF-8 NPs were studied using FTIR spectra 

Figure 3. (a) X-ray diffraction pattern of ZIF-8; (b) an EDX plot verifying 
the fundamental composition of ZIF-8 nanoparticles

Figure 4. FT-IR spectrum of ZIF-8 NPs
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with ZIF-8 NP loadings of 0.0 wt%, 0.025 wt%, 
0.05 wt%, and 0.075 wt%. In the case of 0.0 wt%, 
there is a very low weight percentage, and no sign 
of ZIF-8-specific peaks can be discerned. Mean-
while, various characteristic peaks of PSf mem-
branes, such as aromatic C=C bands, S=O stretch, 
and C-O-C bonds, can be seen (Figure 6a). The 
total increase in OH vibrations on stretching, 

which suggests weak hydrogen bonding, shows 
that a 0.025 wt% membrane has a low ZIF-8 NPs 
concentration. There is also a change in the band 
at 1600–1500 cm⁻¹ associated with C=N, which 
is a sign of ZIF-8 NPs integration (Figure 6 b). 
The membranes at both the 0.005 wt% and 0.075 
wt% ZIF-8 NPs demonstrate a peak at the range 
of 960 cm⁻¹, which is linked to Zn-N expansion, 

Figure 5. FE-SEM images A. Surface view of the control membrane with 0.00 wt% free of ZIF-8 type difference 
particles. B. PSf-ZIF-8 membrane containing 0.05 wt% ZIF-8 type difference particles. C. Cross-section of the 
control membrane with 0.00 wt% free of ZIF-8 type difference particles. D. Cross-section of 0.00 wt% ZIF-8 

type difference particles

Figure 6. FT-IR spectrum of PSf membranes. a. 0.00 wt% ZIF-8 NPs (Control Membrane). b. 0.025 wt% ZIF-8 
NPs membrane. c. 0.05 wt% ZIF-8 NPs membrane. d. 0.075 wt% ZIF-8 NPs membrane
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which validates the successful incorporation of 
ZIF-8’s inside the polymer matrix (Figure 6 c, d). 
More noticeable in the 0.075 wt% ZIF-8 NPs, a 
peak at 696 cm⁻¹ indicates the expected Zn-O or 
Zn-N bonds in ZIF-8 NPs frameworks. A tenta-
tive argument supporting potential interactions 
between PSf matrix and ZIF-8 NPs is derived 
from the slight shifting of the band at 1585 cm⁻¹ 
to 1583 cm⁻¹ in the membranes ZIF-8 NP. This 
change can be attributed to surface interactions or 
hydrogen bonding (Figure 6d). 

At 1680 cm⁻¹, a new peak appears in the 
0.075 weight percent ZIF-8 NPs membrane that 
was absent from the lower concentration sample 
may suggest increased interaction between ZIF-
8 NPs and functional groups within the polymer 
structure. These results lend credence to the idea 
that ZIF-8 NPs nanoparticles physically incorpo-
rate into the membrane and engage in chemical 
interactions with the polymer matrix, which may 
improve the transportation, mechanical strength, 
and chemical resistance of a membrane (Cong et 
al., 2020; Xiong et al., 2024).

The water CA was measured in order to as-
sess the wettability of PSf membranes at vary-
ing ZIF-8 nanoparticle loadings (Figure 7). The 
contact angle of a pristine membrane 0.0 wt% 
was around 84°, indicating moderate hydropho-
bicity, because the hydrophobic characteristics of 
PSf are widely known and can lead to issues like 
adsorptive fouling in membranes used for mi-
crofiltration and ultrafiltration (Dmitrieva et al., 
2022). In the membrane 0.025 wt% ZIF-8, the 
contact angle decreased to about 67°, suggesting 
improved hydrophilicity due to the incorporation 
of ZIF-8. This improvement was attributable to 
the hydrophilic nature of ZIF-8 nanoparticles and 

their even dispersion, which enhances surface en-
ergy. The CA in the 0.05 wt% ZIF-8 membrane 
was further decreased to roughly 58°, reflect-
ing a progressive enhancement in hydrophilic-
ity. Tarkhani et al., 2023 found that incorporat-
ing ZIF-8 into polysulfone membranes enhanced 
hydrophilicity, as demonstrated by the water CA 
dropping from 64.4° to 51.2°. This is attributed to 
the increased surface roughness and the presence 
of hydrophilic functional groups on the ZIF-8 
surface (Makhetha and Moutloali, 2021). A slight 
rise in CA was revealed in the 0.075 wt% ZIF-8 
membrane with values of almost 74°. This could 
result from nanoparticle aggregation at higher 
loadings, reducing the effective hydrophilic sur-
face area and leading to non-uniform coverage, 
which reduces interfacial compatibility, leading 
to decreased hydrophilicity and permeability due 
to poor connectivity among the nanoparticles 
(Jonnalagedda and Kuncharam, 2023). 

The incorporation of ZIF-8 nanoparticles 
significantly impacts the porosity of polysulfone 
membranes, as shown in Figure 8. Porosity is a 
critical parameter for membrane performance, in-
fluencing water permeability, fouling resistance, 
and the ability to resist biofilm formation. The 
pristine polysulfone membrane without ZIF-8 
exhibits a porosity of 55%. This relatively low 
porosity reflects the compact nature of the mem-
brane structure. At 0.025 wt% ZIF-8 loading, the 
porosity increases to 60%, indicating the success-
ful integration of nanoparticles within a matrix of 
polymers. The presence of ZIF-8 nanoparticles. 
The membrane at 0.05 wt% ZIF-8 shows the 
highest porosity at 70%. This significant increase 
was attributable to the optimal dispersion of ZIF-
8, which creates interconnected voids within the 

Figure 7. Contact angle measurements for PSf membranes for different ZIF-8 NPs membranes
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polymer matrix. With 0.075 wt% ZIF-8, the po-
rosity decreases slightly to 66%. This reduction 
is likely due to nanoparticle aggregation, as ob-
served in the SEM images. Excessive ZIF-8 load-
ing can lead to uneven dispersion, causing par-
ticle clusters to occupy pore spaces, reducing the 
effective porosity (Zhan et al., 2023).

ZIF-8 forms a continuous layer on the surface 
of the membrane, which raises roughness and al-
ters the morphology of the membrane. This struc-
tural change contributes to enhanced porosity 
(Li et al., 2017; Wang et al., 2020). In addition, 
it could increase the rough texture of the surface 
and hydrophilicity of the membrane, which can 
improve water flux and reduce bacterial adhe-
sion, thereby enhancing antibacterial properties 
(Aljumaily et al., 2020). These enhancements 
lead to improved antifouling properties and wa-
ter permeability, making these membranes highly 

effective for applications in water treatment and 
antimicrobial applications (Wang et al., 2016).

Antibacterial activity against bacteria and 
MIC of ZIF-8 NPs

ZIF-8 NPs reduced both the Gve– bacteria 
Pseudomonas aeruginosa and the Gve+ bacteria 
Staphylococcus aureus by multiplicative dilution 
method. The amounts of (0.15, 0.30, 0.60, 1.25, 
2.50, 5) mg/mL at which the substance could sup-
press bacterial growth varied, even while it was 
capable of killing the tested bacteria at increasing 
quantities. S. aureus has a minimum inhibitory 
concentration (MIC) of 2.5 mg/mL with a sub-
MIC of 1.25 mg/mL, whereas P. aeruginosa has 
a MIC of 5 mg/mL with a sub-MIC of 2.5 mg/mL 
(Figure 9). The result shows that ZIF-8 NPs was 
more effective elimination on the Gve+ bacteria 

Figure 8. Porosity of polysulfone membranes with different ZIF-8 nanoparticle loadings

Figure 9. Pictures of bacterial colonies following treatment with varying ZIF-8 concentrations for two distinct 
species. a. P. aeruginosa b. S. aureus
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Staphylococcus aureus than Gve– bacteria Pseu-
domonas aeruginosa. 

In general, ZIF-8 NPs can infiltrate cells and 
harm them, and because Gram-positive bacte-
ria lack an outer cell membrane, they are more 
susceptible to this invasion (Chowdhuri et al., 
2017; Singbumrung et al., 2018). According to 
earlier research, ZIF-8 NPs have a bactericidal 
effect because zinc ions can pass through ion 
channels across bacterial membranes, using ad-
ditional energy and upsetting the bacteria (Ma et 
al., 2009). Certain ZIF-8 NPs were more efficient 
against Gve+ bacteria than Gve– ones, based on 
earlier research (Chowdhuri et al., 2017; Shen et 
al., 2020). According to the authors’ hypothesis, 
ZIF-8 NPs may be prevented from diffusing into 
Gram-negative bacteria cells by their outer pro-
tective membrane (Singbumrung et al., 2018).

ZIF-8 inhibits bacteria biofilm formation

The conducted investigation demonstrated 
that Pseudomonas aeruginosa and Staphylococ-
cus aureus could develop a robust bacterial bio-
film at 24 hours, with ODCs of 0.33 and 1.46, re-
spectively, based on control optical density (OD). 
The ZIF-8 NPs treatment group’s biofilm for both 
bacteria was considerably lower than that of the 
control one, according to the Crystal Violet stain 
solution outcomes. Following the dissolution of 
crystal violet, the biofilm development was as-
sessed. OD is 0.003 at a dosage of 2.5 mg/mL 
of ZIF-8 NPs, indicating a 99.3% inhibition rate 
of Staphylococcus aureus development of bio-
film. With a dose of 2.5 mg/mL and an OD of 
0.1, ZIF-8 NPs may inhibit P. aeruginosa biofilm 
development by 70%, while with a higher dose 
of 5 mg/mL and an OD of 0.01 it can inhibit P. 
aeruginosa biofilm formation by 96% (Figure 10 
a, b). According to previous studies, ZIF-8 NPs 

can inhibit the formation and disperse established 
biofilms by reducing the expression of adhesion-
related proteins and inhibiting pathways like ar-
ginine biosynthesis, which are crucial for biofilm 
stability (Tian et al., 2024). Additionally, ZIF-8 
nanoparticles may destroy biofilms by breaking 
down the extracellular DNA (eDNA) in the bio-
film structure (Gokhale et al., 2024). 

ZIF-8 NPs reinforced PSf membranes hinder 
bacteria biofilm 

The purpose of this study was to identify how 
ZIF-8 NPs would enhance the polysulfone mem-
branes against the cell biomass of hybrid bacteria. 
The ZIF-8 NPs membranes (0 wt%, 0.025 wt%, 
0.05 wt%, and 0.075 wt%) were investigated ac-
cording to Siddiqui et al. (2015), which measured 
biomass reduction in membrane coupons by opti-
cal density (OD) of a spectrophotometer (Figure 
11). After being separated from membranes, the 
biomass of biofilms was assessed (OD) at 600 
nm, and the inhibition rate was calculated. The 0 
wt% membranes exhibited the maximum biofilm 
development when ZIF-8 NPs were not present. 
It was observed that membranes at 0.025 wt% of 
ZIF-8 NPs were lowered by 38% of biomass on 
the membrane surface, but membranes at 0.075 
wt% were slightly lowered by 15.5% of bio-
mass, and membranes at 0.05 wt% demonstrated 
the highest inhibition rate of biofilm with rate of 
63%. Biofilm elimination was further examined 
under a fluorescence microscope as illustrated 
in (Figure 12). The ZIF-8 NPs membranes were 
dyed, placed on glass slides so that the biofilm 
faced up, and viewed at 400× magnification.

Fluorescence microscopic images were pro-
cessed with ImageJ software (Garcez et al., 
2020). The biomass surface covering at 0.0 wt% 
was found to be 83.7%, while the biomass at 0.05 

Figure 10. A. Tissue culture plate for detecting the production of biofilms by P. aeruginosa and S. aureus 
bacteria. B. The image shows Mic, Sub Mic of two different bacteria by measuring the optical density of the 

tissue culture plate at a wavelength of 580 nm



317

Journal of Ecological Engineering 2025, 26(7) 308–320

wt% membrane was 10.24% (Table 1). The 0.0 
wt% membrane, as illustrated in the image in Fig-
ure 12a, exhibits a high biofilm density, suggest-
ing that active bacterial colonies are producing a 
strong biofilm. The biofilm coverage surface was 
(34.26%, 43.71%) at the (0.025 wt%, 0.075 wt%) 
membranes as shown in (Figure 12 b,d); they 
were shown to be substantially less than control 
in the biomass surface coverage (Table 1).

At 0.05 wt% ZIF-8 NPs membrane, the in-
hibition rate reaches its maximum, indicating 
an optimal concentration of ZIF-8 NPs. The 
nanoparticles are likely well-dispersed at this 
concentration, allowing for uniform antimicrobial 
activity across the membrane surface. Improved 
hydrophilicity (as shown by contact angle data) 
also enhances anti-biofouling performance by 
reducing bacterial adhesion. This concentration 

strikes a balance between nanoparticle avail-
ability, surface uniformity, and hydrophilicity. 
Increased hydrophilicity prevents the coloniza-
tion of microorganisms. It might be argued that if 
the membrane surface is extremely hydrophilic, a 
layer of water molecules will stick to it, prevent-
ing bacteria from adhering and secreting their ex-
tracellular polymeric materials. Eventually, this 
would lead to an inadequate level of biofilm pro-
duction, which is necessary for the maturation of 
biofouling mechanisms (Flemming, 2002). The 
hydrophilic nature of ZIF-8 NPs nanoparticles 
contributes to improved water flux and fouling 
resistance by creating a more water-attractive 
surface, which discourages foulant deposition 
(Akbari and Peyravi, 2020; Zhang et al., 2021). 
The improved porosity enhances both water flux 
and fouling resistance, as the larger pore structure 

Figure 11. The impact of different ZIF-8 NPs on PSf membranes in the 24 hour biofilm biomass dispersal

Figure 12. Fluorescence microscopic visualization of PSf membranes with different weight percentage of ZIF-8 
NPs showing biofilm dispersion on them. (a) 0.00 wt%, (b) 0.025wt%, (c) 0.050 wt%, (d) 0.075 wt%
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reduces the accumulation of bacterial cells and 
other foulants. The structural stability and poros-
ity of ZIF-8 NPs provide additional pathways for 
water molecules, enhancing overall membrane 
performance (Makhetha and Moutloali, 2021).

On the other hand, casting membrane 0.075 
wt% using high loading ZIF-8 NPs can cause 
the ZIF-8 NPs to aggregate, which would leave 
the membrane matrix with an irregular and non-
homogenized distribution (Kim and Van der 
Bruggen, 2010). As it was previously mentioned, 
ZIF-8 NPs operate to improve hydrophilicity. 
PSf membranes combined with ZIF-8 NPs mem-
branes would no longer have the anti-adhesive 
qualities since the surface areas devoid of ZIF-8 
NPs would not have these improved character-
istics. In addition, increasing the percentage of 
ZIF-8NPs causes a rise in the aggregation rate, as 
shown by the SEM images, and this aggregation 
leads to a decrease in mechanical strength and 
may obstruct the membrane pores, which affects 
the permeability (Wan et al., 2023).

CONCLUSIONS

This study successfully synthesized and 
characterized ZIF-8 NPs, demonstrating their 
strong antibacterial and anti-biofilm properties, 
particularly against S. aureus and P. aeruginosa. 
The incorporation of ZIF-8 NPs into polysulfone 
membranes enhanced their biofilm resistance and 
hydrophilicity. Optimal ZIF-8 loading (0.05 wt%) 
achieved a balance between biofilm inhibition and 
structural integrity, while higher concentrations 
(0.075 wt%) showed slight biofilm reduction but 
potential nanoparticle aggregation. These results 
underscore the promise of ZIF-8 NPs as effective 
antimicrobial agents and membrane additives for 
addressing biofouling in water filtration systems 
and other biomedical applications. Future studies 
should focus on scaling production and testing 
performance under real-world conditions.
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