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Abstract

In this study, a graphene oxide material was fabricated using the Hummers process. RGO, ZnO, ZnO:B and RGO/ZnO:B
nanoparticles were synthesized by the hydrothermal method in an autoclave at a temperature of 160 °C. The structural and
morphological changes in the synthesized ZnO nanomaterials were investigated by preparing composite materials with a
boron additive and RGO. The prepared nanoparticles were characterized by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Antimicrobial and antibiofilm assays were performed to evaluate the biological activities of the synthe-
sized nanoparticles. The antimicrobial activity of these NPs was investigated against Escherichia coli, Pseudomonas aerugi-
nosa, Staphylococcus aureus, Bacillus cereus, Enterococcus faecalis and Staphylococcus epidermidis pathogenic bacteria.
Among the nanoparticles tested, ZnO and ZnO:B NPs showed strong antimicrobial activity against clinically important E.
coli, P. aeruginosa and B. cereus strains. The antibiofilm activity of the synthesized nanoparticles was determined using
E. coli and P. aeruginosa strains. The biofilm inhibition of both strains by the ZnO:B nanocomposites was greater than that
by the other nanocomposites. At a concentration of 20 mg/mL, the ZnO:B nanocomposite showed 42.13% biofilm inhibi-
tion of E. coli and 36.21% biofilm inhibition of P. aeruginosa. The RGO/ZnO:B nanocomposite had a specific inhibitory
effect on E. coli (34.25%) and P. aeruginosa (30.16%). The antibiofilm effect of the nanocompounds used in the study was
greater on E. coli than on P. aeruginosa. As a result, the synthesized boron-reinforced ZnO nanocomposites exhibited strong
biological effects. These results will provide valuable information for the development of new treatment regimens for the
inactivation of pathogenic bacteria.
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1 Introduction

P4 Saniye Tekerek

saniyel 580@gmail.com The emergence of antibiotic-resistant pathogens has

Dept. of Opticianry, Vocational School of Health Services,
Kahramanmaras Sutcu Imam University, Kahramanmaras,
Turkey

Department of Material Science and Engineering, Graduate
School of Natural and Applied Sciences, Kahramanmaras
Sutcu Imam University, Kahramanmaras, Turkey

Department of Medical Services and Techniques, Medical
Laboratory Techniques Program, Ahi Evran University,
Vocational School of Health Services, Kirsehir, Turkey

Dept. of Medical Services and Techniques, Vocational
School of Health Services, Kahramanmaras Sutcu Imam
University, Kahramanmaras, Turkey

Department of Bioengineering and Sciences, Graduate
School of Natural and Applied Sciences, Kahramanmarag
Sutcu Imam University, Kahramanmaras, Turkey

become a serious health problem. Resistance to antibiotics
in infections caused by microorganisms is one of the most
important factors that increase morbidity and mortality in
infected individuals [1]. Bacteria can be naturally resistant
to certain antibiotics, but they can also develop resistance
to antibiotics through genetic mutations [2]. Moreover,
incorrect use and excessive use of antibiotics has led to the
emergence of resistant bacteria [3, 4]. Biofilms produced
by most pathogenic bacteria contribute to the development
of resistance, reducing or neutralizing the effect of anti-
microbial agents [5]. Antibiotics are common treatment
methods for bacterial infections. The dramatic increase in
bacterial resistance to antibiotics now threatens the suc-
cess of treatment. Therefore, new antimicrobial agents are
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needed as alternatives to traditional antibiotics for treating
antibiotic-resistant bacterial infections.

Nanotechnology addresses the production, application
and characterization of materials at the nanoscale. Recently,
nanotechnology has been widely researched in various fields
of science, such as chemistry, materials science, physics
and biotechnology [6]. Biocompatible nanoparticles are
also widely used in biomedical applications due to their
unique physical and chemical properties [7, 8]. The most
attractive feature of nanoparticles (NPs) is the increase in
the surface-to-volume ratio because their size decreases
to the nanoscale [9]. Today, many methods are used in the
production of nanoparticles and their derivatives. Among
these methods, hydrothermal synthesis is the most widely
used method because it is inexpensive, has uncomplicated
experimental processes, involves the production of homoge-
neous and pure materials, and is an environmentally friendly
method [10, 11].

Many studies have demonstrated that various nanoparti-
cles and their derivatives have potential effects on biological
applications, such as antimicrobial, anticancer and antibio-
film properties [12—14]. Zinc oxide nanoparticles (ZnO NPs)
are among the most popular nanoparticles used in antimi-
crobial applications. The most important advantages of ZnO
NPs include that they are environmentally friendly, easy to
prepare, nontoxic, biosafe and biocompatible. Because of
their exceptional antibacterial and antibiofilm properties,
it is believed that ZnO NPs may serve as an alternative in
biomedical applications [7]. Recently, new nanocomposites
based on metal oxides have been synthesized with the addi-
tion of materials such as graphene, boron and chitosan, and
their synergistic effects have been investigated in biological
applications [15, 16]. In addition, new composites are cre-
ated by adding materials such as graphene and chitosan to
nanoparticles, and new microbial agents are being discov-
ered [17, 18]. Previous studies have reported that graphene-
based materials (such as graphene, graphene oxide (GO)
and reduced GO (RGO)) exhibit strong antimicrobial activi-
ties when conjugated with nanoparticles [12]. In studies on
boron, the antimicrobial activities of boron-containing nano-
materials, nanosheets and boron-doped nanoparticles have
been investigated, and it has been determined that boron
has strong therapeutic potential [15, 16, 19, 20]. However,
the role of this compound in NP synthesis and biological
applications has still not been clarified, and related research
has remained quite limited.

Among composite materials, graphene sheets decorated
with metal oxide nanoparticles exhibit exceptional properties
due to synergistic interactions [21]. Biological applications
of ZnO-metal oxide composites such as ZnO/Ag [22], ZnO/
RGO [23], ZnO/CuO [24], ZnO/TiO [25], and ZnO/TiO2
[25] have been reported in the literature. Previous studies
have reported that RGO and ZnO have antimicrobial activity
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when conjugated with active ingredients [12]. Because of
the properties of ZnO, RGO and boron, the effects of the
synergistic effects of ZnO:B (two-component) and RGO/
ZnO:B (three-component) nanocomposites on biological
activities were investigated in this article.

In this study, ZnO and RGO nanoparticles were synthe-
sized by a hydrothermal method, which is an environmen-
tally friendly method. By preparing two-component (ZnO:B)
and three-component (RGO/ZnO:B) nanocomposites from
the synthesized nanoparticles, the structural and morpho-
logical changes were investigated. These nanocomposites
were characterized by SEM and XRD, and their antimicro-
bial and antibiofilm properties were determined. Biological
activity studies of ZnO and RGO nanoparticles and their
composites are available in the literature. However, only a
limited number of studies on the application of two- and
three-nanocomponent biological activity, especially with
boron additives, exist. The aim of this study was to deter-
mine the potential of two-component (ZnO:B) and three-
component (RGO/ZnO:B) nanocomposites as alternative
microbial agents to antibiotics.

2 Materials and Methods
2.1 Materials for the Experimental Process

The materials used were graphite powder (<20 um, synthetic)
from Aldrich, sulfuric acid (H,SO,, 95-97%, Merck), potas-
sium permanganate (KMnO,, extra pure, Tekkim), hydrogen
peroxide (H,0,, 35%, Merck), hydrochloric acid (HCI, >37%,
Sigma Aldrich), zinc nitrate hexahydrate (Zn(NO;),.6H,0,
98%, Sigma Aldrich), hexamethylene tetramine (C4H,N,,
HMT, Merck), boric acid (H;BO3, 98.5%), ammonia solution
(25%, Merck), potassium hydroxide (KOH, 90% Tekkim), and
ethanol (C,HsOH, Isolab Chemicals).

2.2 Graphene Oxide (GO) Synthesis

The synthesis of graphene oxide (GO) was carried out
in 3 stages, namely, at low temperature, medium tem-
perature and high temperature, according to the methods
of Hummers. Step 1 (low temp. Briefly, 2 g of graph-
ite powder was added to sulfuric acid (H,SO,), the tem-
perature of which was maintained at approximately 3 °C,
and the mixture was placed in an ice bath on a magnetic
stirrer. The solution was stirred for 30 min to obtain a
dense, grayish liquid. Then, 8 g of potassium perman-
ganate (KMnO,) was slowly added to the mixture. Care
was taken to ensure that the solution did not exceed 10 °C
when added. The color of the solution changed to dark
green. Stirring was continued for 2 h in an ice bath. In
step 2 (medium temp.), the solution was placed in a water
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bath at 35 °C and stirred for 1 h. One hundred milliliters
of ultrapure water was added to the concentrated solu-
tion. The concentrated solution was slowly diluted with
100 mL of ultrapure water. After adding pure water, the
solution color became brown, and the solution tempera-
ture was measured at 35 °C. In step 3 (high temp.), the
solution was placed in a preprepared water bath at 95 °C
for 15 min. When the solution temperature reached 95 °C,
the solution was diluted again with 300 mL of high-purity
water. The color of the solution changed to yellow. By the
addition of 20 mL of 35% hydrogen peroxide (H,0,) to
the mixture, the KMnO, was completely reduced. Bub-
bles were observed emerging from the solution, and the
solution color turned bright yellow. The solution was left
for 24 h, after which the precipitate was observed. The
resulting precipitate was washed with 800 mL of aque-
ous solution containing 5% hydrochloric acid (HCl). The
metal ions in the precipitate were removed. The filtered
mixture was washed with 1 L of ultrapure water to remove
acid. The resulting brown precipitate was dried at room
temperature, and GO was obtained. Figure 1 shows a
schematic view of the production processes and experi-
mental mechanisms of GO material.

f Step 1 (Low Temperature) \
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Fig. 1 Synthesis Stages of GO Materials Made by the Hummers Process

2.3 Reduced Graphene Oxide (RGO) Synthesis

The production of RGO (reduced graphene oxide) was car-
ried out by the hydrothermal method. 0.1 g of GO was mixed
with 20 mL of pure water and 10 mL of ethanol. The mixture
was kept in an ultrasonic bath for 3 h. This solution was
put into a Teflon-lined autoclave. The mixture was kept in
an autoclave muffle furnace at 160 °C for 3 h. The RGO
nanoparticles were filtered and dried at room temperature.

2.4 Preparation of ZnO and ZnO:B Nanoparticles

Hydrothermal synthesis was used to prepare zinc oxide
(Zn0) and boron-doped zinc oxide (ZnO:B) nanoparticles.
Zinc nitrate (0.1 M; Zn(NO3),.6H,0) and 0.1 M hexameth-
ylenetetramine (CqH,N,) salts were dissolved separately
in 50 mL of pure water and mixed with a magnetic stir-
rer for 30 min. The solutions were mixed. Ammonia was
added dropwise. The pH of the solution was adjusted to
9. Next, the solution was placed in a Teflon-lined auto-
clave at 160 °C in a muffle furnace for 3 h. The formed
ZnO nanoparticles were filtered and washed 3 times with
pure water for removal of organic compounds. ZnO:B

/ Step 2 (Medium Temperature) \

24 hours later filtration

. J
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nanoparticles were prepared by the same experimental
process. Zinc nitrate (0.1 M; Zn(NO,),.6H,0), 0.1 M hex-
amethylene tetramine (C¢H,,N,) and 5% by weight 0.1 M
boric acid (H;BO;) were dissolved in a total of 100 mL of
pure water and mixed with a magnetic stirrer for 30 min.
The solution pH was adjusted to 9 with ammonia. The
solution was placed in a Teflon-lined autoclave and kept
in a muffle furnace at 160 °C for 3 h. ZnO:B nanoparticles
were filtered. The samples were washed 3 times with pure
water. The obtained ZnO and ZnO:B nanoparticles were
annealed at 450 °C for 1 h to characterize them.

2.5 RGO/Zn0:B Nanocomposite Synthesis

RGO/ZnO:B composite particles were prepared by a
hydrothermal process. Pure water (20 mL) and 10 mL of
ethanol (C,HsOH) were added to 0.1 g of GO, which was
synthesized according to the Hummers' method. The solu-
tion was kept in an ultrasonic bath for 1 h. First, 0.1 g of
synthesized ZnO:B nanoparticles was added to the solu-
tion. Subsequently, the solution was placed in an ultrasonic
bath for 2 h. The resulting suspension was then placed
in a Teflon-lined autoclave. The autoclave was kept at
160 °C for 3 h. In this way, graphene oxide was converted
to reduced graphene oxide, and a chemically bonded RGO/
ZnO:B composite material was obtained. A Philips X'Pert
PRO, Perkin Elmer 400 FT-IR spectrometer, Shimadzu
UV-1800 and Zeiss EVO 10LS instruments were used
for characterization. The analyses were carried out in the
laboratory of the Kahramanmaras Sutcu Imam University
USKIM (University Industry State Cooperation Center).

2.6 Antimicrobial Activity

The antimicrobial activity of the synthesized nanoparticles
was evaluated by the agar well diffusion method. Escheri-
chia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, Staphylococcus aureus ATCC 25923, Bacillus
cereus ATCC 14579, Enterococcus faecalis ATCC 29212
and Staphylococcus epidermidis ATCC 12228 were used in
the antimicrobial analysis. One hundred microliters of over-
night activated cultures were inoculated onto agar plates, and
100 pl of NPs (at a concentration of 100 mg/mL) was subse-
quently added by opening the wells on the plates. The plates
were then incubated for 24 h at 37 °C. Antimicrobial activity
was determined by measuring the inhibition zone diameter
(mm). This study was performed in three replicates [26].

2.7 Minimum Inhibitory Concentration
(MIC) Determination

The minimal inhibitory concentration (MIC) was determined
using a modified standard of the Clinical and Laboratory
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Standards Institute (CLSI) liquid microdilution method.
Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853, Staphylococcus aureus ATCC 25923, Bacillus
cereus ATCC 14579, Enterococcus faecalis ATCC 29212
and Staphylococcus epidermidis ATCC 12228 type strains
were used in the study. MIC determination was performed in
96-well plates using TSB medium. The cultures were incu-
bated overnight at 37 °C and diluted to 1 X 10° CFU/mL,
after which 50 ul of bacteria was inoculated into each well.
The samples were added to 96-well plates at a volume of 50
uL and at different concentrations (256—0.5 uM) and incu-
bated at 37 °C for 18 h. The minimum concentration without
visible bacterial growth was defined as the MIC. Gentamicin
(Sigma Aldrich, USA) was used as a positive control [27].

2.8 Antibiofilm Activity

Biofilm-producing E. coli ATCC 25922 and P. aeruginosa
ATCC 27853 type strains were used to determine the antibi-
ofilm activity of the synthesized NPs. After serial dilutions,
100 mL of sample (1.25-20 mg/mL) and 100 mL of bacte-
rial culture (OD600=0.132) activated in TSB medium at
37 °C were transferred to 96-well plates. After 24 h of incu-
bation at 37 °C, the cells adhering to the wells were carefully
rinsed with distilled water and allowed to air dry. Staining
was performed with 0.4% (w/v) crystal violet in an aseptic
environment, followed by rinsing with pure water. Crystal
violet was dissolved in 200 mL of ethanol. TSB medium
(100 mL) was used as a negative control, and sample-free
bacterial cultures were used as a positive control. The
absorbance of the wells was measured at 595 nm (BioTek
Epoch 2 Microplate Spectrophotometer). The antibiofilm
activity (%) was determined by the formula below [28]. The
study was repeated three times.

Antibiofilm activity (%) = (1 — OD sample/OD control) x 100

3 Results and Discussion
3.1 Characterization
3.1.1 Graphene Oxide (GO) Characterization

GO was prepared by the Hummers method and character-
ized by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM)
and UV—Vis spectroscopy (UV). [29]. The XRD pattern
of the synthesized GO is given in Fig. 2(a). The (001) peak
of GO is observed at 20 =11.24°, as shown in Fig. 2(a). As
a result of XRD analysis, the distance d between the (001)
planes was measured to be 0.78 nm [30]. These results are
smaller than the interplanar distance of natural graphite



Brazilian Journal of Physics (2024) 54:35

Page50f12 35

Fig.2 a XRD pattern of GO
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(d=0.34 nm). This indicates that oxygenated functional
groups (hydroxyl, carbonyl, carboxyl, epoxy, etc.) penetrate
between graphite planes, causing structural defects and con-
verting natural graphite to GO [31]. Among these functional
groups, epoxy and hydroxyl groups were scattered inside
the 2D GO plane, while carbonyl and carboxyl groups were
localized at the edges of the GO plane.

The FTIR spectrum of the prepared GO is shown in
Fig. 2(b). The spectra show that GO contains oxygen-
containing functional groups [32]. In the FTIR spec-
trum, 3403 cm™' corresponds to hydroxyl groups (-OH),
1714 cm™" to carboxyl groups (-C=0), 1615 cm™' to C=C,
1220 cm™! to epoxy groups (-C—O-C) and 1043 cm™! to
C-0 groups (-C-0O) [33].

@ Springer
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An electron microscopy (SEM) image of GO is presented
in Fig. 3 (a). As shown in Fig. 3a, two-dimensional GO
layers are folded into planes [34]. These folds are formed
by the oxygen-containing functional groups that appear
during the formation of GO and the structural defects that
result from them [33]. Figure 3(b) shows the UV absorb-
ance spectrum of the produced GO. A peak corresponding
to the ®# — 7* transition between C—C bonds is observed at
233 nm. The shoulder peak observed at 300 nm corresponds
to the ®# — nn* transition between the aromatic C—C bonds.

3.1.2 Characterization of the RGO, ZnO, Zn0O:B and RGO/
Zn0:B Nanoparticles

XRD patterns of the (a) RGO, (b) ZnO, (c¢) ZnO:B and (d)
RGO/ZnO:B nanoparticles are shown in Fig. 4. When the
XRD pattern was examined, two peaks were observed at
25° and 43°, which belong to the RGO that was reduced

b)
5 232 nm f
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(0]
o
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8 296 nm
[
o]
(723
Ke)
<<
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Fig.3 a SEM image of GO and bUV spectrum of GO
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Fig.4 XRD patterns of a RGO, b ZnO, ¢ ZnO:B and d RGO/ZnO:B
nanoparticles

at 160 °C. The characteristic diffraction peak of GO at
11.24° (Fig. 2b) disappeared upon heat treatment, and the
GO was reduced to RGO (Fig. 4a). XRD patterns of the
ZnO particles obtained at pH 9 are shown in Fig. 4b. The
diffraction patterns of the obtained ZnO particles were
20=31.7°, 34.4°, 36.2°, 47.4°, 56.5°, 62.7°, 66.8°, 67.9°
and 69.1°. The planes corresponding to these angle values
are determined to be (100), (002), (101), (102), (110), (103),
(200), (112), and (201). The planes corresponding to these
angle values show that the particles obtained are of the ZnO
phase with a hexagonal wurtzite structure (PDF-2, refer-
ence code: 01-079-2205). Figure 4c shows the XRD pattern
of the ZnO:B particles containing 5% by weight of boron.
The XRD spectrum of the obtained ZnO:B particles did
not show any peaks associated with boron or other boron
compounds. This can be explained by the fact that boron
atoms are replaced by Zn atoms and enter the ZnO struc-
ture. In addition, with the addition of boron, the intensity
of the (001) peak decreased. This indicates a decrease in
the quality of the crystal. This can be explained by the fact
that boron atoms enter the ZnO structure by replacing them
with Zn atoms, and the number of Zn atoms decreases as a
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function of the peak density [35]. The XRD pattern of the
RGO/ZnO:B composite particle is shown in Fig. 4d. As seen
from the XRD spectrum, the RGO/ZnO:B structure consists
of a mixture of the wurtzite ZnO phase (PDF-2, reference
code: 01-079-2205) and the zinc hydroxide phase called
simoncolleite (Zns(OH)sCl,). HO) (PDF2: reference code:
00-076-0922). As shown in Fig. 4d, the peaks correspond-
ing to zinc oxide and zinc hydroxide are clearly visible.
However, no peaks corresponding to RGO were found. This
can probably be explained by the aggregation of ZnO:B par-
ticles on the graphene layers. The reason for the formation
of a hydroxide structure in the composite particle is that the
ZnO:B structure, which is placed in the GO solution used in
the preparation of the composite material by the hydrother-
mal method, undergoes rehydration and is transformed into
a simoncolleite structure.

Figure 5 shows SEM images of the (a) RGO, (b) ZnO,
(c) ZnO:B, and (d) RGO/ZnO:B nanoparticles. The layers
of reduced graphene oxide (RGO) (Fig. 5a) are clustered
together, so they adhere to each other. This is a typical result
for hydrothermally fabricated reduced graphene oxide. By
examining the SEM images (Fig. 5b) of the ZnO particles
(pH 9), it can be observed that they are formed in the form of
hexagonal rods with dimensions of approximately 500 nm.
The particle size of the ZnO particles obtained by the hydro-
thermal method decreases at high pH values, as shown by
many studies in the literature [36, 37]. In addition, high pH
values have been shown to increase antimicrobial activity in
studies in the literature [38]. Figure 5¢ shows an SEM image
of the ZnO:B particles with a boron content of 5% by weight.

Fig.5 SEM images of a RGO,
b ZnO, ¢ ZnO:B and d RGO/
ZnO:B nanoparticles

The morphological structure was found to be a hexagonal
rod and was approximately 100 nm in size according to the
SEM image (Fig. 5c). SEM images show that the doping of
boron results in a reduction in particle size. SEM images
of the RGO/ZnO:B nanocomposite particles are shown in
Fig. 5d. Hexagonal rod-like ZnO:B particles are observed
to be distributed among the RGO layers in the SEM images.
The crystal structure of the hexagonal bar-shaped ZnO:B
particles under the RGO sheets shows a wurtzite structure.
ZnO:B particles are thought to bond to the remaining oxygen
atoms between the graphene oxide layers in this distribution.

3.2 Antimicrobial Activity

The antimicrobial activities of the RGO, ZnO, ZnO:B and
RGO/ZnO:Br NPs synthesized in this study were evaluated
against different reference bacterial strains. The obtained
results demonstrated that the synthesized NPs generally
exhibited an antimicrobial effect against the tested patho-
genic bacteria (Table 1).

The investigated ZnO and ZnO:B NPs showed strong
antimicrobial activity against the clinically important E.
coli, P. aeruginosa and B. cereus strains. The RGO NPs did
not have any inhibitory effect on the test strains (Fig. 6). Inter-
estingly, RGO was also found to have a negative effect on the
antimicrobial activity of the ZnO:B nanocomposite. Notably,
the RGO/ZnO:B nanocomposite had low MIC values for the
tested microorganisms. A comparison of the results obtained
for the NPs with those obtained for gentamicin, which was
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Table 1 Antimicrobial zone

diameters of the synthesized NPs Antimicrobial zone diameter

nanoparticles on pathogenic E. coli  P. aeruginosa S. aureus 25,923 E. faecalis S. epidermidis B. cereus

type strains 25,922 27,853 ATCC 29212 ATCC 12228 14,579
RGO ND 11+0.6 10+1.2 22+0.3 ND ND
ZnO 21+1.3 18+0.3 21+0.7 23+0.7 24+09 40+0.8
ZnO:B 22+1.4 20+0.8 16+0.8 26x1.5 25+12 35+1.2
RGO/ZnO:B ND 12+1.2 11+0.5 12+0.4 ND 13+0.4
MIC? (uM)
RGO ND 128 128 32 ND ND
ZnO 16 32 64 16 16 0.5
ZnO:B 8 16 16 8 4 0.5
RGO/ZnO:B ND 8 16 8 ND 4
CNP 0.5 1 0.5 1 1 0.5

#The minimum inhibitory concentration (MIC) was determined as the lowest concentration inhibiting bac-
terial growth determined in three independent experiments performed in triplicate

®CN: Gentemycin

used as a positive control in the present study showed that
the MIC values were close to each other.

3.3 Antibiofilm Activity

In our study, the antibiofilm activity of the synthesized
nanoparticles was determined using E. coli ATCC 25922
(Fig. 7) and P. aeruginosa ATCC 27853 strains (Fig. 8).
As a result of the study, biofilm inhibition by the ZnO:B
nanocomposites was greater for both strains. At a con-
centration of 20 mg/mL, the ZnO:B nanocomposite had
42.13% biofilm inhibition of E. coli and 36.21% bio-
film inhibition of P. aeruginosa, while the RGO/ZnO:B

Fig.6 Inhibition zone activities
of NP on tested pathogenic
strains. 1: RGO, 2: ZnO, 3:
7ZnO:B, 4: RGO/ZnO:B

s
B. cereus
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nanocomposite had a specific inhibitory effect on 34.25%
and 30.16% of the E. coli strains, respectively. The antibi-
ofilm effect of the tested nanocompounds was greater on
E. coli than on P. aeruginosa. Due to their strong antibac-
terial and antibiofilm activities, ZnO:B NPs are considered
to be potential candidates for both biomedical and indus-
trial applications.

Considering that antibiotic resistance is a major public
health problem, it has become essential to develop new treat-
ment agents and treatment strategies. For this purpose, in
our study, RGO and boron-containing ZnO nanocomposites
based on ZnO NPs were synthesized, and their effective-
ness was evaluated for biological applications. The obtained

e
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Fig.7 Antibiofilm activity of
different concentrations of nan-
oparticles on the E. coli ATCC
25922 type strain. The statisti-
cal significance values **%*, 40
**_and * denote significance

at p<0.0001, p<0.01, and

p <0.05, respectively—whereas

5 2

g
=
Y = 30
ns denotes nonsignificance S
% 25
E
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=
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z
©10 =
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results demonstrated that the RGO and RGO/ZnO:B nano-
particles had very little inhibitory activity, while the ZnO and
ZnO:B nanoparticles had a significant effect on the tested
pathogenic microorganisms. RGO is known to have an anti-
microbial effect and even a synergistic effect when produced
as a nanocomposite [12, 39, 40]. In our study, however, no
such effect was observed against pathogenic microorgan-
isms. This difference is thought to be due to the structure
and concentration of the compounds used to synthesize the
nanocomposites, the type of bacteria (different cell wall
structures and mechanism of action) and the effect of time.
For example, one study investigated the antimicrobial activity
of RGO, RGO/Cu and RGO/Ag nanocomposites. The effect
of the synthesized nanocomposites was tested based on the
viability rate of E. coli and S. aureus bacteria over different

Fig.8 Antibiofilm activity of
different concentrations of nan-
oparticles on the P. aeruginosa 45
ATCC 27853 type strain. The
statistical significance values
*Hk Gk and * denote signifi-
cance at p<0.0001, p<0.01,
and p <0.05—whereas ns

Anti-biofilm activity (%)
1]
=

RGONP

L L "
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[ I l | xR® l
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Concentration mg/ml
®1,25 m2,5 w5 w10 m20

time periods (0 h- 3 h- 24 h). The results showed that RGO
had no microbicidal effect on the test microorganisms, while
the nanocomposites had an inhibitory effect over time. The
bactericidal use of RGO is limited due to the stacking of
graphene sheets by van der Waals forces [41]. Although
graphene nanomaterials have excellent surface properties,
they have strong interplanar interactions that limit their anti-
bacterial activity and make them insoluble due to particle
aggregation [42]. ZnO NPs are now known to be powerful
antimicrobial agents [43—46]. These strains exhibited posi-
tive antimicrobial and antibiofilm properties in our study.
Gram-negative and gram-positive bacteria can lose their
viability due to the broad-spectrum antibacterial effect of
nanoparticles. Physical contact between nanoparticles and
microorganisms is the most important factor influencing

-
*

Ll

| I

RGO/ZnD:BE NP

P aeruginosa

Zn0B NP

Concentration mg/ml
=125 =25 =5 0l0 =20

@ Springer



35 Page100f 12

Brazilian Journal of Physics (2024) 54:35

this process. NPs adhering to the surface of microorganisms
cause charge transfer and oxidative stress via electrochemical
events such as electrostatic attraction, van der Waals forces
and hydrophobic interactions [41]. Metal oxide NPs can
alter the morphology of microorganisms and the formation
of biofilms, reduce the permeability of microbial membranes
and cause oxidative stress on genes through the formation of
H,0, [12]. These events cause cell death. The difference in
cell wall structure between gram-negative and gram-positive
bacteria is another parameter that affects bactericidal activity.
In gram-positive bacteria, the cell wall contains a peptodo-
glycan layer, which causes the cell wall to be thicker and
thus reduces the permeability of the cell membrane. This is
a limitation to the intracellular release of NPs.

However, compared with the other NPs, the boron-
supplemented ZnO NPs synthesized in our study were the
most effective biological inhibitors and produced a syner-
gistic effect. Boron-containing bioactive molecules are con-
sidered potential drug candidates and exhibit important bio-
logical activities, such as anti-inflammatory, antifungal and
antibacterial effects [47-49]. When the intracellular molecu-
lar mechanism is examined, it is thought that boron binds
to enzymes and subsequently interacts with target proteins,
leading to reversible inhibition and thus exerting an inhibi-
tory effect [50]. Boron compounds have been reported to
have beneficial healing properties and thus great potential in
the wound healing process [51]. The antibacterial properties
of the synthesized AgNPs, CuNPs, AgCuNPs and AgCu:B
NPs were investigated against S. aureus, and it was found
that AgCu:B NPs exhibited a stronger bactericidal effect
than the other NPs [16]. Furthermore, AgB NPs showed
stronger antimicrobial and antibiofilm properties against
urinary tract pathogens than boric acid and AgNPs [52]. In
another study, bimetallic boron oxide-zinc oxide nanoparti-
cles (B,03;—Zn0O NPs) were synthesized, and these NPs were
examined for their anticancer, antimicrobial and antioxidant
activities. B,O;—ZnO NPs exhibited promising antibacte-
rial activity against E. coli, P. aeruginosa, B. subtilis and
S. aureus [19]. Furthermore, the antimicrobial properties of
boron-doped TiO, NPs synthesized at different rates using
a microwave-assisted solvothermic method were analyzed
against S. aureus and E. coli. As the amount of added boron
increased, the TiO, NPs caused an increase in the inhibi-
tion zones of S. aureus and E. coli [53]. The antibacterial
properties of the synthesized AgNPs, CuNPs, AgCuNPs and
AgCu:B NPs were investigated against S. aureus bacteria,
and it was found that AgCu:B NPs exhibited a stronger bac-
tericidal effect than the other NPs [16]. Furthermore, AgB
NPs showed stronger antimicrobial and antibiofilm prop-
erties against urinary tract pathogens than boric acid and
AgNPs [52]. The addition of boron to nanoparticles has been
shown to increase the biological efficacy of the material,
similar to the findings of this study.

@ Springer

4 Conclusion

Consequently, the antimicrobial and antibiofilm effects of
the produced RGO and RGO-based nanocomposites were
not found to be significant, which was thought to be due to
the type of bacteria, concentration of NPs and time periods.
However, the synthesized boron-reinforced ZnO nanocom-
posite showed a strong biological effect. There are very few
studies on the antimicrobial and antibiofilm properties of
ZnO NPs reinforced with boron. The results of this study are
promising and can serve as a reference for future studies. In
particular, it has significant potential as a new antibacterial
drug candidate and as a new treatment regimen to overcome
major public health problems, such as antibiotic resistance.
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