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cer, antimicrobial, and
antioxidant activities of novel synthesized
bimetallic boron oxide–zinc oxide nanoparticles†

Amr H. Hashem, *a Samar H. Rizk,bc Mostafa A. Abdel-Maksoud,d Wahidah H. Al-
Qahtani,e Hamada AbdElgawadf and Gharieb S. El-Sayyad *ghi

Bimetallic nanoparticles have received much attention recently due to their multifunctional applications,

and synergistic potential at low concentrations. In the current study, bimetallic boron oxide–zinc oxide

nanoparticles (B2O3–ZnO NPs) were synthesized by an eco-friendly, and cost-effective method through

the utilization of gum arabic in the presence of gamma irradiation. Characterization of the synthesized

bimetallic B2O3–ZnO NPs revealed the successful synthesis of bimetallic NPs on the nano-scale, and

good distribution, in addition to formation of a stable colloidal nano-solution. Furthermore, the

bimetallic B2O3–ZnO NPs were assessed for anticancer, antimicrobial and antioxidant activities. The

evaluation of the cytotoxicity of bimetallic B2O3–ZnO NPs on Vero and Wi38 normal cell lines illustrated

that bimetallic B2O3–ZnO NPs are safe in use where IC50 was 384.5 and 569.2 mg ml−1, respectively. The

bimetallic B2O3–ZnO NPs had anticancer activity against Caco 2 where IC50 was 80.1 mg ml−1.

Furthermore, B2O3–ZnO NPs exhibited promising antibacterial activity against E. coli, P. aeruginosa, B.

subtilis and S. aureus, where MICs were 125, 62.5, 125 and 62.5 mg ml−1 respectively. Likewise, B2O3–

ZnO NPs had potential antifungal activity against C. albicans as unicellular fungi (MIC was 62.5 mg ml−1).

Moreover, B2O3–ZnO NPs displayed antioxidant activity (IC50 was 102.6 mg ml−1). In conclusion, novel

bimetallic B2O3–ZnO NPs were successfully synthesized using gum arabic under gamma radiation,

where they displayed anticancer, antimicrobial and antioxidant activities.
Introduction
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the leading causes ofmorbidity andmortality. Drug resistance can
also develop due to bacterial changes and modications to efflux
pathways that restrict the passage of medication.1 Microbes
produce enzymes that can change, passivate, or worsen the anti-
biotic action, which explains how resistance to antibiotics
develops. Notably, it has been anticipated that by 2050, drug-
resistant diseases will cause over 10 million deaths more than
cancer if the trend keeps moving forward at the current rate.2

According to predictions, one in ve people will develop cancer at
some point in their lives, and one in ten will pass away from it.
Globally, there were almost 19.3 million new instances of cancer
in 2020 alone, and 10 million people died from the disease.3

According to Jamalipour et al.,4 cancer can lead to unchecked cell
proliferation through the lymphatic and circulatory systems that
has a high potential to invade and spread to other cells and tissues
of the body. One of the most important differences between
cancer cells and somatic cells is their potential for multiplication
and invasion of numerous physiological locations.5 Now the most
widely used cancer therapies are surgery, radiation therapy,
immunotherapy, hormone therapy, and chemotherapy.6However,
recently, many researchers have been concentrating on nano-
materials and all-natural cancer treatments.7–9

Over the last ten years, experts in a number of elds have
been interested in the science of nanotechnology. In this
© 2023 The Author(s). Published by the Royal Society of Chemistry
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context, the production and design of extremely small particles
with a diameter ranging from 1 to 100 nm and is known as
nanoparticles (NPs).10 Recent investigations in the medicinal,
agricultural, energy, environmental health, and industrial
domains all heavily include nanotechnology.11–13

As the name implies, bimetallic nanoparticles are made up of
two distinct metal components.14 They have improved catalytic
characteristics over monometallic nanoparticles, which is their
main benet over them.15 Bi-metallization both enhances the
original single-metal catalyst's properties and adds a new one. The
second metal's inclusion enables the catalyst's biological activity,
selectivity, and stability to be controlled in some processes.16

Bimetallic NPs have received a great interest in the scientic and
technical domains over the past 10 years due to their distinctive
optical, electrical, magnetic, and catalytic capabilities, which are
oen markedly different from those of their monometallic coun-
terparts. Bimetallic NPs can have a variety of morphologies and
structures and are prepared bymixing two different kinds ofmetal
nanoparticles.17

Chemical processes are commonly used to synthesize
nanomaterials. Despite the treatments' great effectiveness, they
are costly and harmful to the environment.18,19 Recently, bio-
logical approaches for the production of nano-metals have been
used, including those involving plants, algae, fungus, biological
macromolecules, and bacteria.7,20–27 ZnO nanoparticles are
widely used in a variety of elds, such as medicine, the envi-
ronment, and the pharmaceutical industry.

Herein, this study aims to (1) synthesize bimetallic boron
oxide–zinc oxide nanoparticles through effective and eco-
friendly method, (2) characterize these bimetallic nanoparticles
using UV-Vis, HRTEM, SEM, XRD and zeta potential, (3) assess
their antimicrobial, antioxidant as well as anticancer activities.

Materials and methods
Media and chemicals used

Oxoid and Difco were used to get the media preparation in the
biological activities. Chemicals used in the bimetallic NPs
synthesis such as zinc nitrate hexahydrate (Zn(NO3)2$6H2O), boric
acid (H3BO3), isopropanol ((CH3)2CHOH), and gum arabic were
purchased from Sigma-Aldrich (UK) which were considered as
standard ingredients.

Gamma radiation

Environmentally friendly techniques including gamma
irradiation28–30 were used at the NCRRT in Cairo, Egypt. The
materials were gamma-irradiated in solution form using the Co-
Gamma Chamber 4000-A-India as the radiation source. Aer
dissolving the rst precursors, the radiation timewas calculated to
be 1.036 kGy per hour (dose rate).

Synthesis of bimetallic B2O3–ZnO NPs

The biogenesis of B2O3–ZnO NPs used the precise quantity of
salts. More specically, 10 ml of (2.0 mM) Zn(NO3)2$6H2O and
10 ml of (2.0 mM) H3BO3 were mixed for about 30 min at room
temperature. Additionally 80 ml of the prepared gum arabic
© 2023 The Author(s). Published by the Royal Society of Chemistry
solution (directed as stabilizing agent) was then added to them.
Aer preparing the combined solution, we measured the pH of
the mixture and noted that it was 7.2. In order to achieve the most
effective synthesis of B2O3–ZnO NPs, the conditions of the reac-
tion were determined to be an incubator shaking at 500 rpm for
approximately 24 h while maintaining an incubation temperature
of 30 °C.31 Aer the incubation period was complete, we exposed
the produced solution to a dosage of 20 kGy gamma rays (directed
as a reducing agent), which was chosen in accordance with our
published and related publications.19,32

We observed the color change aer the gamma irradiation
process and recorded it as off-white (as shown in Fig. S1†),
conrming the formation of B2O3–ZnO NPs. The produced
B2O3–ZnO NPs were then centrifuged at 5000 rpm for about 20
minutes to remove any leover gum arabic biomolecules aer
being washed ve times with distilled water.

Characterization of bimetallic B2O3–ZnO NPs

The optical characteristics of the tested bimetallic B2O3–ZnO NPs
were investigated using a UV-Vis spectrophotometer (JASCO V-
560) with a specic wavelength range of 190 to 900 nm. Using
dynamic light scattering (DLS-PSS-NICOMP 380, USA), the particle
size distribution of the produced bimetallic B2O3–ZnO NPs was
determined. The HR-TEM, JEM2100, Jeol, Japan, was employed to
ascertain the precise generated shape and the mean and correct
particle size to prove their production at the nanomaterials scale.
The XRD-6000 (Shimadzu Scientic Instruments, Japan) used
XRD analysis to conrm the accurate development of the crys-
talline materials. XRD analysis was used to establish the crystal
size of the resulting bimetallic B2O3–ZnO NPs. The last stage was
utilizing a SEM, ZEISS, EVO-MA10, Germany, to assess the surface
quality and exact out surface form of the synthesized bimetallic
B2O3–ZnO NPs. Finally, at the pH of synthesis, the surface charges
of the synthesized bimetallic B2O3–ZnO NPs were indirectly eval-
uated using a Malvern device zeta potential analyzer, UK.

Cytotoxicity and anticancer activity

Bimetallic B2O3–ZnONPs cytotoxicity was assessed using a slightly
modied version of the MTT technique.33,34 The American Type
Culture Collection (ATCC) provided normal Vero, Wi38 normal
cell lines and the malignant Caco 2 (Caucasian colon adenocar-
cinoma) cell line. Tissue culture plate (96 well) was inoculated
with 1 × 105 cells per ml (100 ml per well) and incubated at 37 °C
for 24 h to develop a complete monolayer sheet. Growth medium
was decanted from 96 well micro titer plates aer conuent sheet
of cells were formed, cell monolayer was washed twice with wash
media. Two-fold dilutions of tested sample was made in RPMI
medium with 2% serum (maintenance medium). Then, 0.1 ml of
each dilution was tested in different wells leaving 3 wells as
control, receiving only maintenance medium, then plate was
incubated at 37 °C and examined. Cells were checked for any
physical signs of toxicity, e.g. partial or complete loss of the
monolayer, rounding, shrinkage, or cell granulation. MTT solu-
tion was prepared (5 mg ml−1 in PBS) (Bio Basic Canada Inc.),
where 20 ml MTT solution were added to each well then shook at
150 rpm for 5 min, then followed by incubation at 37 °C, 5% CO2
RSC Adv., 2023, 13, 20856–20867 | 20857
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for 4 h to allow the MTT to be metabolized. The optical density
was measured at 560 nm. The following formula (1) was used to
calculate the viability of cells, while eqn (2) was applied for cell
inhibition determination:

Viability% ¼ test OD

control OD
� 100 (1)

Inhibition% = 100 − viability% (2)

Antimicrobial activity

Antimicrobial activity of bimetallic B2O3–ZnO NPs was assessed
against Gram-negative bacteria (Escherichia coli ATCC 25922 &
Pseudomonas aeruginosa ATCC 27853), Gram-positive bacteria
(Staphylococcus aureus ATCC 25923 & Bacillus subtilis ATCC 6051),
and unicellular fungi (Candida albicans ATCC 90028). With a few
minor modications, the agar well diffusion procedure was
carried out in accordance with document M51-A2 of the Clinical
Laboratory Standard Institute.35 One hundred microliter of each
bimetallic B2O3–ZnONPs, zinc salt, boron salt, standard antibiotic
(noroxacin) and antifungal drug (uconazole) at concentration
of 1000 mg ml−1 was put in agar well (7 mm) seeded plates with
bacterial and fungal strains individually and incubated at 37 °C
for 24–48 h, then inhibition zones were measured.36–38 To deter-
mine minimum inhibitory concentration, microdilution method
was used.39–41

Leakage effect of bimetallic B2O3–ZnO NPs on S. aureus

The effect of bimetallic B2O3–ZnO NPs on membrane leakage of
treated S. aureus with 2 × MIC of bimetallic B2O3–ZnO NPs was
determined at intervals incubation periods (0, 6, 12, 18, 24 and 30
h). To detect the leakage of total proteins through S. aureus
membrane, 100 ml from fresh S. aureus culture wasmixed with 2×
MIC bimetallic B2O3–ZnO NPs and incubated at 37 °C with
shaking at 150 rpm. Control experiments were included without
B2O3–ZnO NPs. S. aureus culture (1 ml) was centrifuged at 10
000 rpm, the supernatant was frozen at −30 °C immediately, and
then the total proteins was measured.42 For determination of lipid
peroxidation in cell membrane, S. aureus was treated with 2 ×

MIC B2O3–ZnONPs at different incubation periods (0, 6, 12, 18, 24
Table 1 Proposed reaction mechanism regarding bimetallic B2O3–ZnO

Reaction inputs Condition

H2O Radiolysis (g-ray)
Zn(NO3)2 + H2O Hydrolysis
B(OH)3 + H2O
Zn+ + eaq

− Reduction
BOH4

− + eaq
−

BOH4
− + 4Zn+ Complexation

GA + OHc (and/or Hc) H-abstraction
GAc + Zn+ + H2O Reduction & capping
GAc + BOH4

− + H2O
GA + 2Zn–BOH4 + H2O
GAcc + Zn+ + 2BOH4

− + 2H2O

20858 | RSC Adv., 2023, 13, 20856–20867
and 30 h). About 6% (w/v) trichloroacetic acid (TCA) was added to
treated cell suspensions to precipitate the cell proteins followed by
incubation at room temperature, for 30 min. Centrifugation at 10
000 rpm for 30 min was performed to samples and 1% aqueous
thiobarbituric acid (TBA) (Sigma-Aldrich, >98%) solution was
added in a ratio of 1 : 1. Themixture was boiled for 30min, cooled
to room temperature, for overnight and measured using a UV-
visible spectrophotometer at 532 nm.43,44

Antioxidant activity

Bimetallic B2O3–ZnO NPs were tested for antioxidant activity
using the DPPH (2,2-diphenyl-1-picrylhydrazyl) technique.45

Different concentrations of bimetallic B2O3–ZnO NPs (1000,
500, 250, 125, 62.5, 31.25, 15.62, 7.81 mg ml−1) were used to
determine the ability to scavenge DPPH radicals. The method
used by ref. 9 was carried out to evaluate antioxidant activity of
ascorbic acid (AA) and different concentrations of bimetallic
B2O3–ZnO NPs were determined as DPPH scavenging activity
(%) calculated by the following eqn (3):

Antioxidant activity% ¼ abs: of control� abs: of sample

abs: of control

� 100

(3)

Results and discussion
Proposed reaction mechanism for the synthesis of bimetallic
B2O3–ZnO NPs

In the current work, reduction was most successful at 20.0 kGy,
indicating that gamma radiation has a crucial role in the
synthesis of B2O3–ZnO NPs as shown in Table 1. Kinetic anal-
yses demonstrated that metal ions reduction to NPs always
commences with gamma irradiation initiation in aqueous
medium.32

Aer being exposed to gamma radiation, water created
a variety of radical species, including solvated electrons (eaq

−),
OHc, Hc, H2O2, and H2, according to eqn (4). The creation of
highly reducing free radicals, or eaq

−, that carry out their task
without generating any unnecessary byproducts was a benet of
gamma irradiation for the synthesis of bimetallic NPs.46,47 In
NPs synthesis

Products Equation

eaq
−, OHc, Hc, H2, and H2O2 (4)

2Zn+ + 2NO3
− (5)

BOH4
− + H3O

+ (6)
Zn NPs (not stable) (7)
B NPs (not stable) + 4OH− (8)
Zn–BOH4 (9)
GAc (and GAcc) + H2O (and/or H2) (10)
GA-capped Zn NPs + H3O

+ (11)
GA-capped B NPs + 4H2O (12)
GA-capped ZnO–B2O3 NPs + H2O (13)
GA-capped ZnO–B2O3 NPs + H3O

+ (14)

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra03413e


Fig. 1 UV-Vis spectrum of bimetallic B2O3–ZnO NPs (diluted 5 times).

Fig. 2 HRTEM imaging (a and b) and DLS analysis (c) of the synthesized
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order to create nanoparticles, Zn(NO3)2 and H3BO3 were rst
dissolved, resulting in the hydrated cations Zn+ and H+ and the
anions BOH4

− and NO3
− (eqn (5) and (6) in Table 1).48,49 Aer

then, according to eqn (7) and (8) there is a chance that both Zn+

and BOH4
− will be obviously reduced by eaq

−, creating non-
capped ZnO NPs and B2O3 NPs that are prone to disinte-
grate.50 In simultaneously eqn (9) in Table 1 shows that the
likely interaction of Zn+ with BOH4

− produced the Zn–BOH4

complex.51

Furthermore, GAc and GAcc radicals were produced when
OHc and Hc radicals interacted with the hydrogen atoms in GA
(eqn (10)).52 Eqn (11) and (12) predict that GAc and GAcc may
each separately react with Zn+ and BOH4

− to create stable-
capped ZnO NPs and B2O3 NPs.

In addition, one of two processes: (i) GA interaction with Zn–
BOH4 complex, eqn (13) and (ii) simultaneous reduction of Zn+

and BOH4
− by the single moiety GAcc which produced stable-

capped bimetallic B2O3–ZnO NPs using the bi-radical posi-
tions eqn (14).

Surface plasmon resonance (SPR), which is caused by elec-
tron excitation in the conduction zone outside B2O3–ZnO, is
a phenomenon.53 The dimension and shape of the particles
affect the distinctive oscillation features. It is important to note
that light electromagnetism crosses the free electrons, more
especially the conduction line-located electrons of zinc and/or
boron ions, to form fused combined ow aer activation of
inorganic NPs by a light source.54

The whole reaction demonstrated the importance of GA as
a stabilizing polymer for the formation of B2O3–ZnO NPs as well
as the involvement of electrons in decreasing Zn+ and BOH4

−

ions. The average particle size and particle size distribution of
the manufactured ZnO NPs, B2O3 NPs, and B2O3–ZnO NPs were
raised by increasing the dosage of gamma rays up to 20.0 kGy.

That was ascribed to the aggregation and precipitation of the
synthesized ZnO NPs, B2O3 NPs, and B2O3–ZnO NPs under the
inuence of extra electrons and free radicals produced during
water radiolysis by gamma rays through the process shown in
eqn (4).55–58
© 2023 The Author(s). Published by the Royal Society of Chemistry
Characterization of bimetallic B2O3–ZnO NPs

The capacity of the gamma rays to synthesize B2O3–ZnO NPs in
the presence of a capping gum arabic was evaluated. The
prepared solution rst seemed to be faint white color, but as
bimetallic B2O3–ZnO NPs were synthesized, the color changed
to a deep off-white (Fig. S1†). A valid spectroscopic indication of
their appearance was supplied by the produced off-white hue,
which was attributable to the activation of the surface plasmon
resonance of bimetallic B2O3–ZnO NPs.59

Due to the O.D. (0.709; diluted ve times), the experimental
peak was evident in the spectra (Fig. 1). The UV-Vis investiga-
tions showed that the generated B2O3–ZnO NPs were tiny and
visible at 370.0 nm. The UV-Vis spectra of the produced gum
arabic demonstrates the presence of a distinct peak and is
consistent with literature ndings.60,61

The off-white color's intensity matched the produced
capacity to synthesize B2O3–ZnO NPs.62,63 The strength, size,
morphological surfaces, structure, and dielectric properties of
any generated nanoparticles have a signicant impact on
surface plasmon resonance (SPR).64,65

Aer comparison with publications in the literature on
intermediate particle size and form, it was found that the
synthesized bimetallic B2O3–ZnO NPs were poly-dispersed,
varied in size, and mainly had spheroidal particles as their
predominant shape. Wide-ranging forms may have been
developed in that work.66 Although all of the newly produced
NPs were sphere- or orbicular-shaped, different morphologies
may have been seen as a result of the extraction-based synthetic
process, which is why the anisotropic form had been detected. A
stable form is poly-displayed NPs, since only the most practical
reducing (gamma rays) and capping agent (gum arabic) were
utilized in our work.
bimetallic B2O3–ZnO NPs.

RSC Adv., 2023, 13, 20856–20867 | 20859
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Fig. 3 SEM images of the synthesized bimetallic B2O3–ZnO NPs (a), and the magnified SEM image (b).

Fig. 4 XRD analysis (a), and zeta potential determination (b) of the
bimetallic B2O3–ZnO NPs.
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DLS was used to study the hydrodynamic radius, particle size
distribution, and polydispersity index (PDI) of synthesized
bimetallic B2O3–ZnO NPs. To ascertain the typical size of these
nanoparticles, the acquired data were compared to the HRTEM
research.67 The HR-TEM image in Fig. 2a for the synthetic
bimetallic B2O3–ZnO NPs revealed that the particles were semi-
spherical and attached with the stabilizing gum arabic as shown
in Fig. 2a, and their sizes ranged from 26.12 nm to 81.29 nm,
with an average diameter of 53.97 ± 2.0 nm (Fig. 2b). The
provided poly-dispersed NPs were intended to decrease, stabi-
lize, and act as capping agents for the generated gum arabic
ltrate that was rich in active functional groups, among other
things.68

The line spacing was exactly the same, resulting in one grade
system, as shown by the HRTEM image result (Fig. 2b). It
demonstrated that boron was uniformly distributed throughout
the zinc matrix, producing a unique alloy. Similarly, the prepared
radical-multi-position of gum arabic may generate concurrent
decrease of Zn and B.69 According to the DLS method, the typical
particle size distribution for bimetallic B2O3–ZnONPs, which were
synthesized by gamma rays and gum arabic, was calculated to be
70.54 nm as exhibited in Fig. 2c.

According to International Standards Organizations (ISOs),
samples are deemed to be monodisperse when the polydispersity
index (PDI) ndings are less than 0.05. In contrast, PDI outcomes
of greater than 0.7 are intended to produce particles with a poly-
dispersity distribution.70 Based on our ndings, the PDI values for
bimetallic B2O3–ZnO NPs were 0.89. According to the current
values, the synthesized bimetallic B2O3–ZnO NPs were a reason-
able range of polymers. The ndings showed that the estimated
sizes of the particles identied by HRTEM imaging were smaller
than the mean and prevalent sizes indicated by DLS analysis. The
hydrodynamic radius within the bimetallic B2O3–ZnONPs and the
water layers surrounding them are the reasons for the substantial
diameters of the synthesized bimetallic B2O3–ZnO NPs.71

The surface properties and surface shape of the synthesized
B2O3–ZnO NPs were investigated using the SEM method. SEM
results for mixed B2O3–ZnO NPs and newly made gum arabic
show consistent B2O3–ZnO NP surfaces with a clear surface
appearance (Fig. 3a). The produced gum arabic had the iden-
tical brilliant spherical particles. When gum arabic was formed,
20860 | RSC Adv., 2023, 13, 20856–20867
which appears as an illuminated NPs merged and capped with
it, it was found that B2O3–ZnO NPs were effectively separated as
spheroidal particles fused with one another across it (Fig. 3b).

We compared the morphological form of the synthesized
B2O3–ZnO to others reported in the literature. Here, NPs were
evenly dispersed with restricted size and the perfect spherical
formation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of bimetallic B2O3–ZnO NPs on cell viability of Vero, and Wi38 normal cell line (A) and cell inhibition of Caco 2 cell line (B and C).
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At various pH and temperature conditions, Muhammad
et al.72 used the citrate reduction technique to synthesize
bimetallic silver and gold core–shell NPs. The pH and temper-
ature play a crucial role in the synthetic process since the
approved morphological shape and border size advised that
they have maintained size ranges between 50 and 65 nm and
appear as spheroidal particles.

The XRD analyses for the synthesized bimetallic B2O3–ZnO
NPs are shown in Fig. 4a. The produced NPs depict the amor-
phous and crystal arrangements of the precursor (gum arabic)
and synthesized bimetallic B2O3–ZnO NPs, respectively. In
order to directly detect the distinct lines of the synthesized
B2O3–ZnO NPs, we analyses the XRD data of our previously
synthesized ZnO NPs, and B2O3 NPs as separated spectrum
(Fig. 4a). It should be emphasized that 2q refers to the gum
arabic in the 2q range of 5° to 25°.69,73 Fig. 4a displays the XRD
results of the produced bimetallic B2O3–ZnO NPs and
© 2023 The Author(s). Published by the Royal Society of Chemistry
emphasizes the diffraction peaks of the ZnO NPs. These peaks
include those at 2q = 27.50°, 31.15°, 45.15°, 56.89°, 67.98°, and
75.25°. These peaks, which are complemented with the stan-
dard card JCPDS number 361451, correspond to (002), (101),
(102), (110), (103), and (201) Bragg's reections, respectively.74

They also contain the B2O3 NPs diffraction peaks at 2q = 15.25°,
28.69°, 31.99°, and 41.28°, which are complemented by the
usual card JCPDS number 300019.75

The available XRD data (Fig. 4a) shows that the synthesized
B2O3–ZnO NPs were crystallized and had a face-centered cubic
(fcc) crystalline structure. The generated bimetallic NPs were
highly crystalline and coupled with amorphous gum arabic,
improving their diffusion in the solution for improved
biomedical application, according to the XRD data.76

Finally, the equation of Williamson–Hall (W–H) was used to
dene the intermediate crystallite size of bimetallic B2O3–ZnO
NPs,77,78 and provided to eqn (15) were found to be 35.35 nm.
RSC Adv., 2023, 13, 20856–20867 | 20861
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b cos q ¼ kl

DW�H

þ 43 sin q (15)

As shown in Fig. 4b, the zeta potential of the synthesized
bimetallic B2O3–ZnO NPs was investigated at the pH of the
synthesis (7.2). The surface zeta potential of the synthesized
bimetallic B2O3–ZnO NPs maintains a negative statement at the
pH of the synthesis that was examined, according to the current
study. Additionally, because of the negative charge of gum
arabic, the preparation's zeta potential at neutral medium (pH
7.2) was −33.5 mV, as illustrated in Fig. 4b.

Anticancer activity

Cytotoxicity against the Vero and Wi38 normal cell line was
assessed to determine the safety of bimetallic B2O3–ZnO NPs,
as shown in Fig. 5A. The results showed that cell viability of
Vero cells was 99.26, 98.8, 90.3, and 67.6% at doses of 31.25,
62.5, 125, and 250 mg ml−1, respectively. Also, cell viability of
Wi38 was 99.6, 99.3, 95.2, 80.3 and 53.6% at doses of 31.25,
62.5, 125, 250 and 500 mg ml−1, respectively. Furthermore,
IC50 of bimetallic B2O3–ZnO NPs toward Vero and Wi38
normal cell line was 384.5 and 569.2 mg ml−1, this conrms
that bimetallic B2O3–ZnO NPs are safe in use due to if the
compound is classied as non-cytotoxic when IC50 is $90 mg
ml−1.79

On the other hand, cancerous Caco 2 cell line was used to
assess anticancer activity of bimetallic B2O3–ZnO NPs at
different concentrations as shown in Fig. 5B and C. Our
results illustrated that, bimetallic B2O3–ZnO NPs displayed
promising anticancer activity toward cancerous Caco 2 where
IC50 was 80.1 mg ml−1. Furthermore, inhibition percentages of
Caco 2 at concentrations 1000, 500, 250, 125 and 62.5 mg ml−1
Fig. 6 Inhibition zones of bimetallic B2O3–ZnONPs against E. coli (A), P. a
acid, Zn for zinc nitrate, Nor for norfloxacin, Flu for fluconazole, and B–

20862 | RSC Adv., 2023, 13, 20856–20867
were 99.6, 94.7, 89.2, 67.0 and 41.6%, respectively. Previous
studies reported that bimetallic nanoparticles have prom-
ising cytotoxic activities against cancerous cell lines.80–85

Moreover, both cancerous MCF-7 and Caco 2 cell lines were
used to evaluate bimetallic Ag–ZnO NPs, where bimetallic Ag–
ZnO had promising anticancer activity, and IC50 were 104.9
and 52.4 mg ml−1, respectively.81

Additionally, bimetallic ZnO–Ag NPs were fabricated using
laser ablation and results conrmed that bimetallic ZnO–Ag
NPs have anticancer activity against the malignant cell lines
HCT 116 and HeLa.83 Moreover, bimetallic Ag–Au NPs shown
anticancer activity against malignant HT-29 and MCF-7 cell
lines, according to ref. 85. Also, Alafaleq et al.,86 reported that
the biosynthesized bimetallic Cu–Mn NPs had anticancer
activity toward HT-29 cell line with an IC50 dose of 115.2 mg
ml−1.

Generally, anticancer activity of nanoparticles attributed
to different mechanisms such as ROS induced-apoptosis
which is considered one of the main anticancer mecha-
nisms which damage cell membrane, dysfunction of mito-
chondria, oxidation of enzymes and proteins, DNA
fragmentation,87 up- and down-regulation of apoptotic regu-
latory proteins inducing programmed cell death.88
Antimicrobial activity

Bimetallic nanoparticles feature distinctive geometrical
architecture and mixing patterns, which improve their func-
tionality.89 They outperform monometallic nanoparticles in
terms of stability, selectivity, and catalytic activity.90 In the
current study, antimicrobial activity of the synthesized
bimetallic B2O3–ZnO NPs was assessed against E. coli, P.
aeruginosa, B. subtilis, S. aureus and C. albicans (Fig. 6 and
eruginosa (B), B. subtilis (C), S. aureus (D) andC. albicans (E) (B for boric
ZnO NPs for bimetallic B2O3–ZnO nanoparticles).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antimicrobial activity of bimetallic B2O3–ZnO NPs against E. coli, P. aeruginosa, B. subtilis, S. aureus and C. albicans

Microorganism used

Zinc nitrate Boric acid B2O3–ZnO NPs NOR/FLUCa

IZ IZ IZ MIC IZ MIC

E. coli NDa ND 21.80 � 1.71 125 24.00 � 1.00 125
P. aeruginosa ND ND 27.97 � 1.55 62.5 19.83 � 0.76 250
B. subtilis ND ND 20.67 � 1.53 125 31.93 � 1.10 31.25
S. aureus ND ND 28.03 � 0.95 62.5 24.93 � 0.90 125
C. albicans ND ND 27.33 � 0.58 62.5 21.70 � 0.52 250

a ND means not detected, NOR/FLUC for noroxacin, and uconazole as antimicrobial standard.
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Table 2). Results revealed that the synthesized bimetallic
B2O3–ZnO NPs exhibited antibacterial activity toward both
Gram-positive and Gram negative bacteria as well as anti-
fungal activity against unicellular fungi. Moreover, B2O3–ZnO
NPs displays promising antibacterial against E. coli, P. aeru-
ginosa, B. subtilis and S. aureus where inhibition zones at
concentration 1000 mg ml−1 were 21.80 ± 1.71, 27.97 ± 1.55,
20.67 ± 1.53 and 28.03 ± 0.95 mm, respectively.

Also, MIC was determined for each test organism, where
MICs of B2O3–ZnO NPs toward E. coli, P. aeruginosa, B. subtilis
and S. aureus were 125, 62.5, 125 and 62.5 mg ml−1, respectively.

Likewise, B2O3–ZnO NPs had potential antifungal activity
against C. albicans as unicellular fungi where inhibition zone
was 28.03 ± 0.95 mm, also MIC was 62.5 mg ml−1. According to
cytotoxicity results, these concentration 62.5–125 mg ml−1 are
safe use due to IC50 of Vero and Wi38 normal cell line was 384.5
and 569.2 mg ml−1, respectively.

Bimetallic nanoparticles can work in conjunction with
antibiotics to battle microorganisms. These nanoparticles can
obstruct bacterial membrane function or produce ROS (reactive
oxygen species), which can damage DNA and impair the func-
tioning of bacterial proteins.91 The interaction between posi-
tively charged NPs and negatively charged bacterial cell
membranes induced oxidative stress and amplies bacterial
protein degradation can explain the highest antibacterial
activity of bimetallic nanoparticles.

Additionally, metallic ions disrupt hemostasis by attach-
ing to the SH groups of the peptidoglycan layer, which
weakens the cell wall. Additionally, metallic nanoparticles
may collect on bacterial cell membranes and generate ROS,
which consequentially induces bacterial cells death. Bime-
tallic Ag–Au NPs synthesized from Gracilaria sp. exhibited
antibacterial activity against S. aureus and Klebsiella sp.92 In
addition, P. aeruginosa, S. aureus, B. subtilis, and E. coli are
susceptible to Au–Ag bimetallic nanoparticles derived from
the ower and leaf extracts of Ocimum basilicum (basil).93 In
addition, a recent report stated that the produced eco-friendly
and cost-effective bimetallic Ag–ZnO NPs may be used as
anticancer and antimicrobial agents in the biomedical
domains.81 In a new paper bimetallic Cu–Zn NPs shown
antibacterial activity of stem extracts of Cissus quadrangularis
and proneness against E. coli, P. aeruginosa, B. subtilis, S.
aureus and S. mutans.94 Furthermore, bimetallic ZnO–Ag nano
encapsulated in PVP/PCL nano-bers was fabricated and
© 2023 The Author(s). Published by the Royal Society of Chemistry
found this nano-compound has promising antibacterial
activity against S. aureus and E. coli better than monometallic
loaded nanobers.95

Also, a recent work have biosynthesized bimetallic Ag–Cu
and Cu–Zn NPs and exhibited antibacterial activity toward
Alcaligenes faecalis, S. aureus, Citrobacter freundii, Klebsiella
pneumoniae and Clostridium perfringens.96 Additionally, the
biosynthesized Ag–ZnO NPs had antibacterial activity where
MIC was 0.125 mg ml−1 against S. aureus and B. subtilis.

Cell membrane leakage of S. aureus

To study antimicrobial mechanism of the synthesized bime-
tallic B2O3–ZnO NPs, S. aureus was selected for this purpose due
to it was the most sensitive bacteria among others. The ability of
bimetallic B2O3–ZnO NPs to damage the integrity of the cell
membrane of S. aureus was evaluated by measuring the total
proteins released in treated cell suspensions as well as deter-
mining lipid peroxidation inside the bacterial cell. In the
current study, some contents of S. aureus cell membrane as
proteins and lipid peroxidation were determined in the case of
treating with bimetallic B2O3–ZnO NPs (2 × MIC) as illustrated
in Fig. 7.

Results revealed that, the amount of protein released from
the S. aureus increased along with increasing the incubation
time of B2O3–ZnO NPs (Fig. 7A). At 6 h, the treated cells leaked
approximately 17.85 mg ml−1 of protein, and leakage
percentage increased gradually with increasing incubation
time where protein reached to 81.9 mg ml−1 at 18 h. Moreover,
the protein increased approximately ten times at 24 h where
was 103.05 mg ml−1. Furthermore, results showed non-
signicant increase in protein where was 106.25 mg ml−1 at
30 h. Thus, incubation time between 24 and 30 h was the best
for protein leakage from treated S. aureus with bimetallic
B2O3–ZnO NPs.

Furthermore, lipid peroxidation was determined by
measuring malondialdehyde (MDA) concentration which is one
of the most important degradation products of lipid perox-
idation.97 TBA was used to detect MDA concentration, where
TBA reacts with MDA to give MDA–TBA adduct (pink color).
Fig. 7B shows determination of MDA–TBA adducts for control
and treated S. aureus at different incubation times (6, 12, 18, 24
and 30 h). Results showed that, appearance high amounts of
MDA in treated cells at different times comparable to control
which indicate bimetallic B2O3–ZnO NPs affect directly on cell
RSC Adv., 2023, 13, 20856–20867 | 20863
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Fig. 7 Leakage of protein (A) and lipid (B) from treated S. aureus with bimetallic B2O3–ZnO NPs (2 × MIC).
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membrane fatty acids of S. aureus. Also, results showed that the
highest lipid peroxidation percentage was at incubation time
24 h in compared to control as well as other different incubation
Fig. 8 Antioxidant activity of bimetallic B2O3–ZnO NPs at different con

20864 | RSC Adv., 2023, 13, 20856–20867
times. Zinc oxide nanoparticles generated ROS and induced
lipid peroxidation in the liposomal membrane of Gram-positive
bacteria.98 Likewise in other study, ZnO NPs exhibited
centration using DPPH method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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antibacterial activity through generating ROS which induced
lipid peroxidation.99
Antioxidant activity

According to Phaniendra et al.,100 the interaction of biomol-
ecules with molecular oxygen results in the production of free
radicals in biological systems. In addition, antioxidants have
been suggested as therapeutic agents because of their anti-
atherosclerotic, anti-inammatory, anti-cancer, anti-
mutagenic, and antibacterial characteristics.101,102 In the
current study, antioxidant activity of bimetallic B2O3–ZnO
NPs at different concentrations was evaluated as shown in
Fig. 8. Results revealed that bimetallic B2O3–ZnO NPs have
antioxidant activity where IC50 was 102.6 mg ml−1 in
compared to AA (7.21 mg ml−1). Moreover, antioxidant activity
of bimetallic B2O3–ZnO NPs at concentrations 1000, 500, 250,
125 and 62.5 were 86.3, 69.3, 61.6, 55.4 and 35.3 mg ml−1,
respectively.

Researchers showed that the combination of silver and zinc
oxide, which forms plant-based nanomaterials, boosts their
antioxidant capacity and their anti-proliferative activity elimi-
nates free radicals.103 Therefore, bimetallic Ag/ZnO NPs
produced via greener chemistry employing fenugreek plant had
greater antioxidant capacity than monometallic silver and zinc
oxide nanoparticles. Ag–ZnO NPs as an antioxidant agent may
also be useful for treating liver and cancer diseases.104

Additionally, at a concentration of 500 mg ml−1, the bio-
synthesized bimetallic Ag–ZnO NPs from Elephantopus
scaber L. demonstrated strong antioxidant activity of 62%. A
silver–platinum bimetallic nano-alloy synthesized from Ver-
nonia mespilifolia extract also showed potential antioxidant
activity with an IC50 of 19.5 mg ml−1.105 Riaz et al.,106 reported
that antioxidant activity was determined in the bio-
synthesized silver–nickel utilizing Salvadora persica, and
scavenging activity was 70.5% at 1500 mg ml−1.
Conclusion

In this study, bimetallic boron oxide–zinc oxide nanoparticles
were successfully synthesized using gamma-rays in the presence
of gum arabic. Analytical methods allowed for a thorough
identication of the produced bimetallic NPs. When combined
with the prepared gum arabic, the generated synthesized NPs
exhibit consistent B2O3–ZnO NP surfaces with a transparent
surface appearance. The corresponding brilliant spherical
particles were discovered within the prepared gum arabic, and
the surface characteristics and surface form of the generated
synthesized NPs were examined. The synthesized nano-
composite, which appears as an illuminated NPs merged and
capped with gum arabic, revealed that B2O3–ZnO NPs were
fundamentally separated as spheroidal particles fused with one
another across it. Through HR-TEM image, the synthetic
bimetallic B2O3–ZnO NPs revealed that the particles were semi-
spherical and attached with the stabilizing gum arabic, and
their sizes ranged from 26.12 nm to 81.29 nm, with an average
diameter of 53.97 ± 2.0 nm. Results revealed that bimetallic
© 2023 The Author(s). Published by the Royal Society of Chemistry
B2O3–ZnO NPs are safe in use according to cytotoxicity results
on Vero and Wi38 normal cell lines. Additionally, bimetallic
B2O3–ZnO NPs exhibited anticancer activity toward Caco 2
where IC50 was 80.1 mgml−1. Furthermore, bimetallic B2O3–ZnO
NPs showed promising antimicrobial activity against Gram-
positive, and Gram-negative bacterial as well as unicellular
fungi. Moreover, B2O3–ZnO NPs displayed antioxidant activity
where IC50 was 102.6 mg ml−1.
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