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• Boron-based magnesium diboride nano
sheets were prepared. 

• MgB2 nanosheets were screened for 
various biological and antibiofilm 
activities. 

• The antibiofilm activity of MgB2 nano
sheets against S. aureus and P. aeruginosa 
was observed to be satisfactory. 

• PES membrane was prepared by 
blending of MgB2 nanosheets.  
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A B S T R A C T   

Antimicrobial resistance to antibiotics for current bacterial infection treatments is a medical problem. 2D 
nanoparticles, which can be used as both antibiotic carriers and direct antibacterial agents due to their large 
surface areas and direct contact with the cell membrane, are important alternatives in solving this problem. This 
study focuses on the effects of a new generation borophene derivative obtained from MgB2 particles on the 
antimicrobial activity of polyethersulfone membranes. MgB2 nanosheets were created by mechanically sepa
rating magnesium diboride (MgB2) particles into layers. The samples were microstructurally characterized using 
SEM, HR-TEM, and XRD methods. MgB2 nanosheets were screened for various biological activities such as 
antioxidant, DNA nuclease, antimicrobial, microbial cell viability inhibition, and antibiofilm activities. The 
antioxidant activity of nanosheets was 75.24 ± 4.15% at 200 mg/L. Plasmid DNA was entirely degraded at 125 
and 250 mg/L nanosheet concentrations. MgB2 nanosheets exhibited a potential antimicrobial effect against 
tested strains. The cell viability inhibitory effect of the MgB2 nanosheets was 99.7 ± 5.78%, 99.89 ± 6.02%, and 
100 ± 5.84% at 12.5 mg/L, 25 mg/L, and 50 mg/L, respectively. The antibiofilm activity of MgB2 nanosheets 
against S. aureus and P. aeruginosa was observed to be satisfactory. Furthermore, a polyethersulfone (PES) 
membrane was prepared by blending MgB2 nanosheets from 0.5 wt to 2.0 wt %. Pristine PES membrane also has 
shown the lowest steady-state fluxes at 30.1 ± 2.1 and 56.6 L/m2h for BSA and E. coli, respectively. With the 
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increase of MgB2 nanosheets amount from 0.5 to 2.0 wt%, steady-state fluxes increased from 32.3 ± 2.5 to 42.0 
± 1.0 and from 15.6 ± 0.7 to 24.1 ± 0.8 L/m2h, respectively for BSA and E. coli. E. coli elimination performance 
of PES membrane coated with MgB2 nanosheets at different rates and the membrane filtration procedure was 
obtained from 96% to 100%. The results depicted that BSA and E. coli rejection efficiencies of MgB2 nanosheets 
blended PES membranes increased when compared to pristine PES membranes.   

1. Introduction 

Water scarcity and pollution have become a worldwide concern due 
to increasing urbanization, industry, and technological advancements, 
posing a danger to the entire ecosystem and harming people’s health 
(Jessop et al., 2013). Membrane technology is still the most effective 
treatment and water recovery system, with the best prospects in 
wastewater applications, as compared to other physical, chemical, 
physicochemical, or biological treatment systems (Scheifers et al., 
2017). Sadly, the most significant disadvantage of membrane-based 
separation is membrane fouling, which decreases the permeation flux 
and hence raises operational and maintenance costs (Li et al., 2015). 
Therefore, the membrane surface needs to be modified in various ways 
to prevent the fouling mechanism. 

Due to their resilience in the face of challenging process conditions 
and universal acceptance as materials that are safe for both people and 
animals, inorganic materials including metal, metal oxides, and nano
particles have gained increased attention in recent years (Mubeen et al., 
2021). The inorganic nanoparticles and their derivatives have effective 
biocidal effects (Dizaj et al., 2014). Inorganic antibacterial agents 
interact directly with the membrane of the microbial cell, which causes 
physical harm to the membrane. Thus, it can create oxidative stress on 
the microbial cell and completely destroy the cell. Due to their extensive 
surface area, enhanced mechanical strength, distinctive physiochemical 
characteristics, and high biocompatibility, graphene, and hexagonal 
boron nitride are known to have potent antibacterial capabilities 
(Deshmukh et al., 2020; Krishnamoorthy et al., 2012). Recently, in light 
of this information, current research and development is directed to
ward the use of new antimicrobial agents based on two-dimensional 
(2D) materials. However, the number of reported studies for bor
ophene derivatives is very few and only the β-rhombohedral crystalline 
borophene derivative has been investigated, except for boron nitride. It 
has been found that β-rhombohedral crystalline borophene nanosheets 
have inhibitory activity against many medically serious bacterial and 
fungal pathogenic microorganisms such as Staphylococcus aureus, Pseu
domonas aureginosa, Escherichia coli, Candida albicans, and Aspergillus 
brasilliensis (Taşaltın et al., 2022). 

The characteristics of boron, including its low density and high 
strength, high heating value, and capacity to absorb neutrons, make it a 
desirable material for use in a range of industries, from surface engi
neering to energy (Efeoğlu et al., 2019; Liang et al., 2017). To fully 
exploit these properties of boron, interest in the creation of 2D planar 
structures has grown in nanoscience and technology. The manufactur
ability of semi-planar boron-based materials and 2D borophene sheets 
was investigated by computational modeling studies. Reported studies 
with first principle calculations have shown that boron nanolayers can 
be deposited on metals (Cu, Ag, and Au) and metal boride substrates 
such as MgB2 and TiB2 (Zhang et al., 2015). Although many theoretical 
studies on boron forms have been conducted, experimental research on 
the production of 2D boron derivates is still in its early stages. In recent 
years, the experimental production of boron layers has been announced 
by the thermal decomposition of diborane (Xu et al., 2015), the 
decomposition of metal boride precursors at high temperatures (Patel 
et al., 2015), on metallic substrates under ultra-high vacuum pressure 
(Mannix et al., 2015), and by techniques such as chemical vapor depo
sition (CVD) involving different boron sources (Tai et al., 2015). 
Bottom-up vapor phase approaches are used in these boron planariza
tion studies. Even though the 2D forms achieved from these methods are 

stable, the boron atoms in these layered structures are not arranged in a 
honeycomb structure. The structures are built up of groups of B36, B12, 
or B7 boron atoms organized in 2D. 

MgB2, a compound composed of Mg cations and hexagonal boron 
plates, and amorphous boron particles were used in the top-down 
approach for borophene 2D sheets (Gunda et al., 2018; Li et al., 2018; 
Nishino et al., 2017). In applications where MgB2 is the primary mate
rial, 2D MgB2 nanosheets were created by ultrasonication a 
room-temperature mixture of water and MgB2. As a result of the reaction 
of MgB2 and water, the resulting Mg-deficient hydroxyl functional boron 
nanosheets are grouped as one of the stabilized 2D borophene sheets. 
Exfoliation of MgB2 in liquid media is the most effective and efficient 
way to produce 2D borophene sheets with a top-down approach. 

Boron and its derivatives are known to be important alternatives for 
antimicrobial and biocompatibility applications. However, the produc
tion of boron-based NPs with 2D structure and functional groups on the 
surface is difficult and the variety is limited. In this regard, MgB2 
nanosheets seem to be an important alternative for antimicrobial ap
plications due to their efficient and easy production and deserve 
research interest in this field. In this study, MgB2 nanosheets obtained by 
exfoliation of MgB2 particles were doped into the structure of PES 
membranes, and the antimicrobial properties of the membranes were 
investigated. MgB2 nanosheets were prepared by ultrasonication of 
MgB2 in pure water. Structural characterizations of boron-based mag
nesium diboride nanosheets were performed by SEM, HR-TEM, and XRD 
techniques. MgB2 nanosheets were incorporated into a polyethersulfone 
(PES) membrane to generate a composite membrane with improved 
antifouling and permeability against bovine serum albumin (BSA) and 
E. coli, as confirmed by characterization methods. To the best of our 
knowledge, no studies on PES membranes modified with MgB2 nano
sheets have been reported in the literature. 

2. Materials and methods 

2.1. Chemicals 

MgB2 particles with a diameter of 28–35 μm were purchased from 
Pavezyum Technical Ceramic. Polyethersulfone with a molecular weight 
of 58,000 g/mol was kindly obtained by the BASF Company (Germany). 
Dimethyl sulfoxide (DMSO) and bovine serum albumin (BSA, Mw: 
66,000 g/mol) were supplied by Merck Company (Germany). Those 
chemicals were of analytical grade, and distilled water was obtained 
using a two-stage Millipore Direct-Q3UV purification system. 

2.2. Synthesis and characterization of MgB2 nanosheets 

MgB2 nanosheets were produced by ultrasonication of MgB2 particles 
in pure water (Gunda et al., 2018; Nishino et al., 2017). MgB2 (1 g) 
powder was sonicated for two days in 300 mL of deionized water. 
Initially, the black-colored mixture turned into a heterogeneous mixture 
with gray particles color and a yellow liquid medium. The particles were 
removed from the mixture, and the yellow supernatant was allowed to 
crystallize for four days. The solution, which had a transparent 
appearance, was heated to 90 ◦C, and pure water was removed. The 
white precipitated crystals were collected and 1.5 g of product was 
obtained. In Fig. 1, the main steps of the production process are pre
sented schematically. 

Surface morphologies of MgB2 nanosheets were determined by FEI- 
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Quanta 650 field emission scanning electron microscope (SEM). High- 
resolution transmission electron microscopy (HR-TEM) pictures were 
obtained using an FEI TALOS F200S TEM with a 200 kV accelerating 
voltage. Phase structures were analyzed with a Cu-Kα sourced Pan
alytical Empyrean X-Ray diffractometer (XRD) at a wavelength of λ =
1.54 A◦. Measurements were taken at 2θ = 5◦–90◦ and 0.01313◦ steps at 
300 K room temperature. 

2.3. Preparation of PES membranes with pristine and MgB2 nanosheets 

The pristine and MgB2 nanosheets blended composite membranes 
were created using the phase inversion method (Fig. 2). The PES beads 
were oven-dried at 80 ◦C for 2 h before use. To make functionalized 
membranes, different ratios of MgB2 nanosheets (0.5, 1.0, 2.0%wt.) 
were added to NMP solvent and dispersed for 15 min using an ultra
sonication bath before adding PES beads (15%wt.) to this solution. The 
solution was vigorously mixed at 60 ◦C for 6 h, then at ambient tem
perature up overnight before being ultrasonicated for 20 min to obtain a 
clear homogeneous solution and eliminate air bubbles from the casting 
solutions. When all bubbles were removed, casting solutions consisting 
of MgB2 nanosheets were spread on a glass plate with a casting knife gap 
setting of 200 μm at a speed of 100 mm/s. Following that, the glass 
plates were immersed in deionized water to achieve polymer sedimen
tation. The membranes were removed from the water bath, and to 
ensure complete phase inversion placed in fresh purified water for at 
least 1 day after manufacture (M’barek et al., 2022). All membranes 
were tested at 5 bar with distilled water before the experiments. 

The surface microstructure of the pristine PES and MgB2 nanosheets 
addition PES membranes was examined using SEM (SEM, Gemini Zeiss 
Supra 55). The membranes were coated with a gold layer after drying at 
room temperature. The dead-end filtration module with a 14.6 cm2 

active area was used to test the filtration performance of the manufac
tured membranes. The filtration experiments were carried out at room 
temperature and 1 bar of pressure. To test the efficiency of membranes, 
the dead-end filtration system was separately loaded with 100 mg/L of 
BSA solution (50 mM of Phosphate Buffer Solution, pH 7.4) and 1 × 108 

CFU/mL of E. coli solution. BSA solution was prepared to prevent protein 
denaturation. All solutions were filtered for 120 min at 1 bar. The Lowry 
method was used to determine the BSA concentration of the feed (Cf) 
and permeate (Cp). 

2.4. DPPH scavenging activity 

The antioxidant capability of MgB2 nanosheets was investigated 
using the scavenging of stable 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
free radicals. The stock solution of MgB2 nanosheets and references 
(ascorbic acid and Trolox) were diluted in various concentrations as 
12.5, 25, 50,100, and 200 mg/L. A 250 μL sample was added to 1000 μL 
methanolic DPPH solution and mixed thoroughly. As a control, the assay 
mixture without MgB2 nanosheets was also tested. The test tubes were 
then held at 25 ◦C in the dark for 30 min. In the presence of a radical 
scavenger, the dark purple color of the DPPH solution is removed and 

changes to pale yellow. At 517 nm, absorbance was then measured. In 
order to calculate the percentage of inhibitory activity, formula (1) was 
used: 

DPPH scavenging inhibition% :
[(

Acontrol – Asample
) /

Acontrol
]
x 100 (1)  

2.5. DNA cleavage assay 

The DNA nuclease activity of MgB2 nanosheets was investigated 
against pBR322 supercoiled plasmid DNA using the agarose gel elec
trophoresis technique. The DNA was mixed with various concentrations 
of MgB2 nanosheets and incubated at 37 ◦C for 90 min. Untreated DNA 
was applied as the control with DMSO at a final concentration of 1%. 
The nanoparticles samples were then loaded onto a 1.0% agarose gel and 
stained with EthBr in a Tris-acetic acid-EDTA buffer. For 1.5 h, the 
samples were tested at 100 V. Finally, the electrophoresis bands were 
visualized and photographed using a UV illuminator. 

2.6. Antimicrobial efficiency 

The antimicrobial efficacy of MgB2 nanosheets was examined against 
Enterococcus faecalis (ATCC 29212), Enterococcus hirae (ATCC 10541), 
Staphylococcus aureus (ATCC 25923), Legionella pneumophila subsp. 
pneumophila (ATCC 33152), Escherichia coli (ATCC 25922), Pseudomonas 
aeruginosa (ATCC 27853), Candida tropicalis (ATCC 750) and Candida 
albicans. In our lab, we had all the microbiological cultures available. 
Using the standard broth microdilution method, the minimum inhibi
tory concentrations (MICs) of MgB2 nanosheets were assessed. To acti
vate the microbiological cultures, microbes were inoculated in a liquid 
medium (Nutrient Broth, NB) and grown overnight at 37 ◦C in a constant 
mixer. The test microorganisms were then diluted with NB to a con
centration of 108–109 CFU/mL and added to the medium-containing 
microplate wells. The tested nanoparticle was added to the first well 
of 1024 mg/L and diluted in the remaining wells. In order to incubate, 
96 well microplates were kept at 37 ◦C for one day on the shaker. Using a 
microplate reader, the microplates were recorded at 600 nm to deter
mine the MIC values. 

2.7. Microbial cell viability inhibition test 

The cell viability inhibiting capacity of MgB2 nanosheets was 
investigated against E. coli (ATCC 10536) as a model bacterial strain. 
The cells were collected using a centrifuge at 5500 rpm for 7 min after 
E. coli cultivation. The bacterial cell pellet was washed in a sterile NaCl 
solution to remove the residual medium. In 10 mL of NaCl solution, the 
clean bacterial cell pellet was suspended. At 37 ◦C for 90 min, E. coli was 
treated with/without 12.5, 25, and 50 mg/L MgB2 nanosheets. 
Following various NaCI dilution ratios, the mixtures were inoculated 
onto NB agar and incubated for 1 day at 37 ◦C. The number of colonies 
was then determined, and the following equation (2) was used to 
determine the cell viability inhibition. 

Fig. 1. The main steps of the MgB2 nanosheet production process.  
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Microbial Cell viability inhibition(%) :
[(

Acontrol – Asample
) /

Acontrol
]
x 100

(2)  

2.8. Biofilm inhibition activity 

The biofilm inhibitory capacity of MgB2 nanosheets was evaluated 
against P. aeruginosa (ATCC 27853) and S. aureus (ATCC 25923). After 
inoculating bacterial cells into the wells with varying doses of MgB2 
nanosheets, the microplates were incubated at 37 ◦C for three days. The 
wells were then emptied, and the adherent cells in the microplate wells 
were gently washed with pure water. After drying, adherent cells were 
stained with crystal violet. The dye was poured off after 1 h, and the 
microplate wells were washed with pure water. Crystal violet pene
trating the biofilm was recovered using ethanol and its absorbance was 
measured at a wavelength of 595 nm. The well without MgB2 nanosheets 
was used as a control. In order to determine the effectiveness of MgB2 
nanosheets on the inhibition of biofilm-forming, the below equation (3) 
was used. 

BiofilmInhibition(%)=

(
Abs(control) − Abs(sample)

Abs(control)

)

× 100 (3)  

2.9. E. coli removal and E. coli filtering process effectiveness of PES 
membrane coated with MgB2 nanosheets 

E. coli removal and E. coli filtration process improvement of PES 

membrane mixed with MgB2 nanosheets were investigated according to 
the literature (Saleh et al., 2021). E. coli removal performance was 
evaluated using the equation in subsection ’’Microbial cell viability in
hibition activity’’. 

3. Results and discussion 

3.1. Characterization of MgB2 nanosheets 

SEM images of the surface morphology of boron-based MgB2 nano
sheets are presented in Fig. 3a and b. HR-TEM image of MgB2 nanosheets 
is presented in Fig. 3c, and the XRD diffraction pattern is presented in 
Fig. 3d. MgB2 nanosheets contain curving sections, demonstrating the 
resilient nature of the sheets (Nishino et al., 2017). Based on the 
cross-section of the sheets in Fig. 3b, the thickness of the layers can be 
estimated to be 30 nm. Fig. 3c reveals the uniform long 2D nanosheet 
structure. The XRD reflections showed clear diffraction peaks. The 
distinct XRD peaks observed at 12.6◦ (0.702 nm) and 36.7◦ (0.245 nm) 
and the peak observed at 60.2◦ (0.156 nm) differ from those observed in 
MgB2 (Nishino et al., 2017). The peak at 12.6◦ is most likely due to the 
sheets’ layering periodicity. Such characteristic peaks can be seen in 2D 
layered materials such as graphite intercalated compounds. The source 
of the other peaks is thought to be due to the phases formed on the 
sheets. Peaks at 36.7◦ (101) and 60.2◦ (210) indicate the presence of the 
Mg(OH)2 phase. 

Fig. 2. Schematic presentation of the MgB2 blended PES membrane production process.  

Fig. 3. (A,B) SEM image of the surface morphology, (C) HR-TEM micrography, and (D) XRD diffraction pattern of MgB2 nanosheets.  
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3.2. Characterization of MgB2 nanosheets blended composite membrane 

SEM images of the prepared pristine and composite membranes are 
shown in Fig. 4. There was a smooth surface on the pristine membrane 
(Fig. 4A). SEM images indicated that the uniform long 2D nanosheet 
structures were also observed for MgB2 nanosheets blended composite 
membranes (Fig. 4B–D). When the amount of boron-based MgB2 nano
sheets increased from 0.5% to 2.0% on the surface, agglomeration also 
increased. The energy dispersive spectrometry (EDS) mapping revealed 
that MgB2 nanosheets were widely distributed within the PES membrane 
structure (Fig. 5). 

3.3. Antioxidant activity by DPPH scavenging assay technique 

Because of its low cost, simplicity of use, and effectiveness, the DPPH 
free radical scavenging assay is frequently used as a fundamental 
screening technique to evaluate the anti-radical activity of different 
substances (Bajpai et al., 2017). To determine the scavenging ability of 
MgB2 nanosheets, it was applied at different concentrations of 12.5, 25, 
50, 100, and 200 mg/L. Fig. 6 depicts the data comparing the percentage 
free radical scavenging capacity of MgB2 nanosheets with ascorbic acid 
and Trolox as standards. At a concentration of 12.5 mg/L, MgB2 nano
sheets demonstrated a minimum of 51.07 ± 2.86% DPPH scavenging 
activity, while ascorbic acid and Trolox demonstrated 84.12 ± 5.21 and 
86.39 ± 5.09, respectively. The NPs showed a maximum scavenging 
activity of 75.24 ± 4.15%, but ascorbic acid and Trolox showed 100 ±
7.25% activity whenever the concentration was raised to 200 mg/L. 
MgB2 nanosheets exhibited 51.07 ± 2.86%, 54.38 ± 2.91%, 59.84 ±
3.34%, 68.22 ± 3.58%, and 75.24 ± 4.15% scavenging activity at doses 
of 12.5, 25, 50, 100, and 200 mg/L respectively. It is clearly seen that the 
radical scavenging property of the nanoparticle varies in a 
dose-dependent manner. Dobrucka (2018) synthesized MgO NPs using a 
herbal extract and reported that they showed efficient antioxidant ac
tivity (Dobrucka, 2018). John Sushma et al. (2016) produced biologi
cally synthesized MgO NPs has 65% DPPH scavenging activity (John 
Sushma et al., 2016). They stated that the bioactive components in the 
C. ternatea extract may be the cause of this greatest inhibition of MgO 
NPs. We can infer from our findings that MgB2 nanosheets have a potent 
anti-radical action. 

3.4. DNA cleavage activity 

In order to evaluate the chemical nuclease activities of the MgB2 
nanosheets, supercoiled plasmid DNA as a substrate was used. This 
ability of any compound or molecule investigated for DNA nuclease 
activity is assessed by causing the supercoiled circular form of pBR322 
plasmid DNA to relax into the nicked circular form and the linear form. 
The DNA fragmentation image of this study is presented in Fig. 7. 
Supercoiled circular DNA was converted to nicked circular DNA at 62.5 
mg/L concentrations of MgB2 nanosheets, while at 125 and 250 mg/L 
concentrations supercoiled DNA was completely cleaved. However, the 
untreated DNA used for control was not cleaved The pathogenic mi
croorganisms in wastewater cause some infections and diseases like 
viral, bacterial, fungal, and protozoan (Olaolu et al., 2014). According to 
our findings, MgB2 nanosheets can cleave the genomes of pathogenic 
microorganisms to prevent them from microbial growth. Khalid et al. 
(2023) prepared TiO2+ZnO nanoparticles using co-precipitation wet 
chemical method to generate highly reactive oxygen species (ROS). It 
has been reported that the modified band gap controls the energy of the 
excited electrons and produces a higher rate of ROS. The ROS distracted 
mitochondria membrane and DNA causing death of cancer cells. In 
another study, nickel nanoparticles (Ni-NPs) with a size of 56.09 ± 3.75 
nm were used for reproductive toxicants for male rats (Iftikhar et al., 
2023). Accumulation of Ni-NPs caused harmful reproductive destruction 
in male rats due to histological abnormalities such as basement mem
brane damage, vacuation, necrosis, loss of spermatogenic series, 
sloughing. 

3.5. Antimicrobial activity 

Significant scientific interest in creating new biocidal or disinfecting 
compounds to support traditional antibiotics has been raised by the 
development of effective remediation processes for water-borne patho
gens (Dutta et al., 2013). The antibacterial properties of inorganic NPs 
including gold, silver, copper, ZnO, TiO2, CuO, etc. are extremely strong 
(Dizaj et al., 2014). The micro-dilution method was used to assess the 
antimicrobial potential of MgB2 nanosheets, and the results are sum
marized as MIC values in Table 1. MIC values of MgB2 nanosheets were 
8 mg/L against E. faecalis, 32 mg/L against E. hirae, 64 mg/L against 
E. coli, S. aureus, C. albicans, C. tropicalis, and 128 mg/L against 
P. aeruginosa, and L. pneumophila subsp. pneumophila. It was notable that 

Fig. 4. SEM images for prepared MgB2 nanosheets blended composite membranes.  
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MgB2 nanosheets exhibited more inhibitor effect against tested 
gram-positive bacteria such as E. faecalis, E. hirae, and S. aureus than the 
gram-negative such as E. coli, P. aeruginosa, and L. pneumophila. This can 
be explained by the difference in the cell wall structure of these bacterial 
species. Moreover, morphological and physicochemical characteristics 
such as size, shape, and positive surface charge of the nanoparticles also 
influence their antimicrobial properties (Seil and Webster, 2012). 
Pugazhendhi et al. (2019) synthesized MgO NPs using biogenic sources. 

Fig. 5. EDX images for prepared MgB2 nanosheets blended composite membranes.  

Fig. 6. Antioxidant activity of boron-based MgB2 nanosheets.  

Fig. 7. DNA cleavage activity of MgB2 nanosheets (1: Plasmid pBR322 DNA; 2: 
Plasmid pBR322 DNA + 62.5 mg/L MgB2 nanosheets; 3: Plasmid pBR322 DNA 
+ 125 mg/L MgB2 nanosheets; 4: Plasmid pBR322 DNA + 250 
MgB2 nanosheets). 

R. Kucukosman et al.                                                                                                                                                                                                                          



Chemosphere 339 (2023) 139340

7

They reported MgO NPs showed potent antibacterial activity against 
S. pneumonia, S. aureus, E. coli, P. aeruginosa, and A. baumannii. The 
antimicrobial activity of boron nitride was investigated by Kıvanç et al. 
(2018). In this study, they reported nanoparticles were effective against 
S. mutans 3.3, Candida sp. M25. As a result, MgB2 nanosheets can use as 
an antimicrobial agent after further experimental studies. 

3.6. Microbial cell vitality inhibition 

The effectiveness of MgB2 nanosheets on inhibition of bacterial cell 
viability was evaluated using E. coli as a model bacteria. The percentage 
of E. coli viability inhibition activity is presented in Fig. 8. The inhibitory 
effect of the MgB2 nanosheets was obtained as 99.7 ± 5.78%, 99.89 ±
6.02%, and 100 ± 5.84% at 12.5 mg/L, 25 mg/L, and 50 mg/L, 
respectively. In light of our findings, it can be said that MgB2 nanosheets 
have a significant inhibitory impact. This impact can be attributed to 

large-surface-area nanoparticles covering bacterial cells, which prevents 
the bacteria from effectively using their resistance mechanisms since 
they can’t reach the culture media (Wang et al., 2017a, b). Similarly, Das 
et al. (2018) has been synthesized MgO nanoflakes by using leaf extract 
of Bauhinia purpurea and assessed the viability of S. aureus cells after 
treatment with MgO nanoflakes (Das et al., 2018). They reported that at 
1000 μg/mL of MgO nanoflakes concentration, no viable cells were 
detected after 8 h of incubation. The results of the subsequent research 
suggest that MgB2 nanosheets may be used to prevent microbial growth. 

3.7. Biofilm inhibition 

P. aeruginosa and S. aureus are capable of generating biofilms that can 
withstand antibiotic treatment and result in chronic infection. There
fore, attacking biofilms is a suggested alternative way of dealing with 
this situation (Jasim et al., 2020). The ability to inhibit biofilm forma
tion of MgB2 nanosheets was investigated against S. aureus and 
P. aeruginosa biofilm formed in polystyrene microplate wells. The inhi
bition results against S. aureus and P. aeruginosa are shown in Figs. 9 and 
10, respectively. Biofilm inhibition rates of MgB2 nanosheets at con
centrations of 12.5, 25, and 50 mg/L, against S. aureus and P. aeruginosa, 
were obtained as 69.13 ± 3.84%, 78.52 ± 4.26%, 91.27 ± 5.67% and 
45.21 ± 2.43%, 53.18 ± 3.15%, 76.49 ± 4.48%, respectively. Obvi
ously, MgB2 nanosheets exhibited less antibiofilm effect against 
gram-negative P. aeruginosa than the gram-positive bacteria S. aureus. 
The antibiofilm activity of MgO NPs was investigated by MubarakAli 
et al. (2019). They indicated that most of the examined uropathogenic 
bacterial biofilm formations inhibited MgO NPs by more than 50%. The 

Table 1 
Antimicrobial activity of boron-based MgB2 nanosheets.  

Microorganisms MIC values (mg/L) 

E. coli 64 
P. aeruginosa 128 
L. pneumophila subsp. pneumophila 128 
E. hirae 32 
E. faecalis 8 
S. aureus 64 
C. albicans 64 
C. tropicalis 64  

Fig. 8. Microbial cell viability inhibition of MgB2 nanosheets.  
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biofilm formation of K. pneumoniae was also particularly notable with an 
80% inhibition rate. Kıvanç et al. (2018) reported that boron nitride 
nanoparticles exhibited a high antibiofilm activity on preformed bio
film, which inhibited biofilm growth of S. mutans ATTC 25175, Candida 
sp. M25, and S. mutans 33. The effect of the nanoparticle can be 
attributed to the inhibition of exopolysaccharides, which are mainly 
composed of proteins, nucleic acids, polysaccharides, and lipids, which 
provide biofilm formation (Di Martino, 2018). As a result, newly syn
thesized MgB2 nanosheets can be used as an anti-biofilm agent against 
biofilm-forming microorganisms. 

3.8. The performance of the MgB2 nanosheets composite membranes 

The prepared membranes’ pure water flux (PWF) decreased from 
pristine PES to MgB2 nanosheets blended PES (Fig. 11A). The decrease in 
hydrophilicity could explain the increase in flux from 169.7 L/m2/h (for 
pristine membrane) to 275.1 L/m2/h (for PES/MgB2 2.00 wt% mem
brane). However, BSA fluxes also increased from 30.1 ± 2.1 (for pristine 
membrane) to 42.0 ± 1.0 L/m2/h (for PES/MgB2 2.00 wt% membrane) 
(Fig. 11B). The composite membranes’ ability to remove BSA was also 
tested (Fig. 11C). When the amount of blended MgB2 nanosheets 
increased from 0 to 2.00 wt%, BSA removal efficiency increased from 
65.5 ± 2.2% to 95.5 ± 1.5%. The composite membranes’ higher hy
drophilicity improved BSA rejection. The porous 2D covalent organic 
nanosheets (CONs) membrane was prepared by Yao et al. (2020). In the 
study, azo-template exfoliation method was used to exfoliate covalent 
organic frameworks (COFs) into large-scale and few-layer nanosheets. 
The as-prepared nanosheets membrane showed a higher water flux (596 
L m2 h− 1 bar− 1) than a graphene oxide (GO) membrane (4.3 L m2 h− 1 

bar− 1). Moreover, Tp-AD-50 exhibited rejection rates as high as 98.5% 
(DR80), 98.3% (DR23), 82% (CR), 98% (RB), and adsorption for 88.3% 

(MV), due to the nano-channels perpendicular to the surface of the 
membrane. In addition to 2D COF nanosheets, the inherent porous 
g-C3N4 nanosheets were prepared through the assembly of partially 
exfoliated g-C3N4 nano sheets (Wang et al., 2017a, b). A thick g-C3N4 
membrane (160-nm) exhibited a good water permeance of 29 L m− 2 h− 1 

bar− 1, together with rejection rates of 75.5% (Rhodamine B), 87.2% 
(Evans Blue), 93.1% (Cytochrome C), and 99.5% (Au nanoparticles with 
5 nm diameter). The mixed assembly membranes were also synthesized 
to improve water permeability and dye rejection. For example, hybrid 
GO/COF-1 nanocomposite membranes were prepared through in situ 
growth of COF-1 on the surface of GO nanosheets (Zhang et al., 2019). 
The prepared membranes presented good water permeability (310 L 
m− 2 h− 1 Mpa− 1) and high dye (Congo Red, Methylene Blue, Reactive 
Black 5, Direct Red 23, Erichrome Black T) removal efficiencies over 
>99%. Moreover, electrostatic interaction also played an important role 
for the rejection process. 

In this study, the antifouling performance of the composite mem
branes was also investigated for E. coli filtration. An increase in the flux 
was obtained from 12.2 L/m2/h (for pristine membrane) to 23.4 L/m2/h 
(for PES/MgB2 2.00 wt% membrane) when E. coli was filtrated 
(Fig. 12A). It can be concluded that MgB2 nanosheets protected the 
composite membrane surfaces against fouling. Rir values decreased from 
60.5% (for pristine membrane) to 26.9% (for PES/MgB2 2.00 wt% 
membrane) while Rr values increased from 20.5% (for pristine mem
brane) to 58.6% (for PES/MgB2 2.00 wt% membrane) after blending of 
MgB2 nanosheets (Fig. 12B). Furthermore, the FRR and Rr/Rir ratios of 
the membranes are shown in Fig. 12C. MgB2 nanosheets prevented 
irreversible E. coli adsorption into composite membranes in order to 
form a hydration layer close to the membrane surface (Russell et al., 
2015). FRR values increased from 39.4% for pristine PES membrane to 
73.0% for PES/MgB2 2.00 wt% membrane (Fig. 12C). Polyvinyl alcohol 

Fig. 9. Biofilm inhibition of S. aureus of MgB2 nanosheets.  
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(PVA) and starch integrated with metal-organic frameworks (MOFs) 
were used to fabricate biodegradable packaging films (Khan et al., 
2021). ZIF-67 and pyrolyzed ZIF-67 were doped (2–10 wt%) in a 
PVA/starch mixture and films were fabricated using the solution casting 
method. The amount of ZIF-67 in the PVA–starch blend was optimized 
for mechanical strength. The membranes containing pyrolyzed ZIF-67 
enhanced mechanical strength of the nanocomposite membranes and 
the highest mechanical strength of 25 MPa was measured at 4 wt% 
pyrolyzed MOFs. The pyrolysis caused to increase surface area, which 
assisted to increase the strength of the nanocomposite films. 

3.9. E. coli removal and E. coli filtering process effectiveness of PES 
membrane blended with MgB2 nanosheets 

Freshwater scarcity due to human activity or natural causes is seen as 
a growing problem. Therefore, it is necessary to focus on solutions that 
include diversified water resources (Mavukkandy et al., 2020). Pre
venting unnecessary water consumption, treatment and recovery of 
wastewater, desalination, and freshwater production are possible solu
tions. Membrane technologies used for desalination and treatment of 
wastewater are preferred over alternative treatment methods due to 
their advantages (Warsinger et al., 2017). The PES membrane coated 
with MgB2 nanosheets was investigated to evaluate the microbiological 
removal performance of both the surface of this membrane and the 
membrane filtration procedure. As a model bacteria, E. coli was used in 
this study. Obtained results are shown in Figs. 13 and 14. With an in
crease in the percentage of MgB2 nanosheets coated on the membrane, 
both the membrane surface and the membrane filtering process became 
more effective in antimicrobial ability. The antimicrobial performance 
of the membrane surface was determined as 96.75 ± 5.91%, 99.57 ±
5.98%, and 99.92 ± 5.3% at 0.5, 1.0, and 2.0% MgB2 nanosheets 

concentrations, respectively. The performance of the membrane filtra
tion process was 98.89 ± 5.92%, 99.89 ± 5.86%, and 100 ± 6.05% at 
0.5, 1.0, and 2.0% MgB2 nanosheets concentrations, respectively. These 
findings suggest that the treatment of water contaminated by microor
ganisms can be accomplished using PES membranes blended with MgB2 
nanosheets. 

4. Conclusions 

In this study, MgB2 nanosheets were produced successfully by 
ultrasonication of MgB2 particles in pure water, and MgB2 nanosheets 
were characterized. The experimental data demonstrated that MgB2 
nanosheets had considerable biological activities on tests for antioxi
dant, antimicrobial, DNA nuclease, cell viability inhibition, and anti
biofilm activities. Moreover, the pristine and MgB2 nanosheets blended 
composite membranes were prepared using the phase inversion method. 
The pure water flux and BSA flux increased after the blending of MgB2 
nanosheets. On the other hand, BSA removal efficiency increased from 
65.5% to 95.5%. Antifouling performance of the composite membranes 
was also investigated for E. coli filtration. A blending of MgB2 nanosheets 
improved the anti-fouling properties of pristine PES membranes. The 
obtained data revealed that it can be used as an alternative method for 
the treatment of wastewater. In addition, the homogeneous distribution 
of MgB2 nanosheets in the structure of PES membranes suggests that 
they may be a good alternative for many applications such as paint and 
packaging, where antimicrobial activity is expected in the future. 
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