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KEYWORDS Abstract The emergence, spread, and persistence of multidrug-resistant (MDR) bacteria have
Antimicrobial activity; become a public health threat. Therefore, it is urgent to investigate novel antimicrobial materials
Nanostructures; without antibacterial resistance. In this regard, Copper/graphitic carbon nitride nanocomposites
Cu/g-C5N, nanocomposites; (Cu/g-C3N4 NCs) with different loading amounts of Cu nanoparticles (NPs) have been successfully
Antibacterial; prepared via the co-precipitation-sonication approach. The purity of the nanostructures was veri-
Biofilm fied by the X-ray diffraction (XRD) pattern. The antibacterial activity of Cu/g-C3N4 NCs versus

tested bacteria were determined by the microdilution technique. Inhibition of biofilm formation
was also evaluated using the microtiter plate method. In addition, the ability of Cu/g-C3;N4 NCs
to the expression level of the icad gene was assessed by the Real-Time PCR technique. Our results
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showed that the doping of graphitic carbon nitride with Cu-NPs can improve the antibacterial
activity of g-C3Ny. So, sample 4 (Cu:g-C3Ny4 1;1), with higher Cu content, had the highest antibac-
terial activity toward tested bacteria. The result also showed that sample 4 recorded the largest inhi-
bition zone diameters against tested bacteria, including Staphylococcus aureus (29 mm) and
Pseudomonas aeruginosa (16 mm). In addition, Cu/g-C3N4 NCs exhibited a 65% reduction in bio-
film formation for Staphylococcus aureus. Moreover, icaA gene was down-regulated after treatment
with Cu/g-C3N4 NCs. In conclusion, our study showed that extract Cu/g-C3N4; NCs can use as a
promising anti-biofilm agent against biofilm—producing bacteria.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The emergence of multidrug-resistant organisms is considered one of
the principal public health challenges since it has a major impact on
human health worldwide and causes an increase in the average length
of hospital stays, morbidity, mortality, and healthcare costs. Bacterial
resistance to antibiotics can be affected by related genetic changes, the
impermeability of the bacteria to the antibiotic, and changing the drug
target (Giraldi et al., 2019). Many mechanisms are involved in bacte-
rial resistance to antibiotics. One of the main factors contributing to
drug resistance is biofilm formation (Gajdacs et al., 2021). The biofilm
formation of bacteria leads to acute infections such as urinary tract
infection, otitis media, osteomyelitis, wound infection, endocarditis
and cystic fibrosis. These infections are today a major cause of treat-
ment failure. Various genes induced biofilm formation in bacterial iso-
lates. For example, the presence of icaABCD locus is an essential
factor for biofilm formation in S. aureus. So that, this locus induced
polysaccharide intercellular adhesin (PIA) expression that plays an
important role in the initial attachment and biofilm formation of S.
aureus (Cucarella et al., 2001). Thus, the decrease in the expression
of this locus (icad gene) has an important effect to reduce of biofilm
formation. Moreover, several studies have demonstrated a direct con-
nection between antimicrobial resistance and biofilm formation. Bacte-
rial biofilms can be more resistant to antibiotics, compared to the
planktonic state (Rashki et al., 2022a). To decrease treatment defeat
in these infections, it is necessary to design new promising materials
to inhibit biofilm formation. Over the last few decades, nanotechnol-
ogy has been widely studied in fields such as the treatment of cancer,
bacterial infections, and drug delivery. These sciences can have an
important role in the development of new materials because of their
unique physicochemical characteristics and biomedical applications
(Zhang et al., 2013; Abdulhusain et al., 2022; Mahde et al., 2022). In
recent years, nanostructure-based antimicrobial has appeared as an
encouraging agent for the treatment of bacterial infections. Recently,
carbon-based materials have been widely studied in the fields of drug
delivery, cancer therapy, and antibacterial (Sert et al., 2021;
Thurston et al., 2020). Among these, graphitic carbon nitride (g-
C3Ny) is a class of polymeric materials mainly composed of CN bonds
that have emerged as an encouraging prospect for a variety of applica-
tions (Naseri et al., 2017). Moreover, g-C3Ny4 has drawn tremendous
concentration because of its simple preparation, superior biocompati-
bility, excellent physicochemical stability, photocatalytic applications,
and degradation of pollutants in water (Oves et al., 2020; Wang
et al., 2020). However, graphitic carbon nitride (g-C3N,) has no inher-
ent antibacterial activity, and therefore cannot be used on its own and
its use as antimicrobial agent is limited. To empower graphitic carbon
nitride with anti-bacterial properties, new efficient nanomaterials have
been designed based on graphitic carbon nitride for antibacterial
applications (Huang et al., 2014). Several case studies report that the
doping nanomaterials (e.g. GO, TiO,, Ag, AgBr, etc.) with g-C3Ny is
the most facile method to improve the antibacterial and antibiofilm

performance of g-C3Ny4 (Ma et al., 2016; Xu et al., 2019; Zhou et al.,
2016). In this regard, researchers have shown that several g-C3Ny-
based heterostructures, such as g-C3N,/CdS, g-C3Ny4/TiO,, g-C3Ny/
NaNbO;, g-C3N4/BiOI, g-C3N4 nanosheets/Bi,MoOg, g-C3Ny4
nanosheet/carbon dots/AgeSiO7, g-C3N4 nanosheet/MgO, and ZnO/
g-C3Ny could improve the antibacterial and antibiofilm activities
because of their synergistic effect (Deng et al., 2017; Li et al., 2015;
Li et al., 2019). Moreover, Murugesan et al. demonstrated that the
g-C;3Ny/silver iodide nanocomposite could interfere with the bacterial
DNA and disturb the bacterial metabolic pathway as a novel antibac-
terial agent. This nanocomposite can be used for the growth inhibition
of bacteria (Murugesan et al., 2018). For this reason, the preparation
of g-C3Ny-based nanomaterials has been the focus of considerable
attention in recent years. In this study, various amounts of Cu NPs
were added to g-C3;N, dispersion to enhance the antibacterial and anti-
biofilm performance of g-C3N4, which was termed Cu/g-C3Ny4
nanocomposites. In this regard, we introduce a new nanocomposite
containing g-C3;N4 and different contents of copper for its potential
as antimicrobial and biofilm agent. Besides, the ability of Cu/g-C;Ny4
NCs to the expression level of the icad gene was evaluated by the
Real-Time PCR technique. The preparation of Cu/g-C3N4 nanocom-
posite was confirmed via X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). Therefore, we speculated that the Cu/g-
C;N4 nanocomposite with significant antibacterial performance could
enhance the clinical application of the g-C3N4 nanosheets.

2. Materials and methods

2.1. Materials

All chemical reagents supplied within the analytic standard,
copper nitrate 99% Cu (NO;),, and sodium dodecyl sulfate
(SDS) > 99, melamine 99.9% (C3HgNg), L-Ascorbic
acid > 98% were obtained from Merck and applied without
further purification. Also, Mueller Hinton broth and Mueller
Hinton agar were acquired from Merck (Germany).

2.2. Synthesis of Cu particle

First, 300 mg of Cu(NOs),-3H,O was dissolved in 10 ml of
deionized water. This solution was agitated for 30 min at 25
°C. After that, 300 mg of SDS was added to the Cu®>" solution.
Then, ascorbic acid was added dropwise to the above mixture
under a stirrer to reduce Cu®" to Cu’. The brick-red solution
was centrifuged and washed with deionized water. Finally, the
prepared particle was dried at 50 °C for 24 h (Begletsova et al.,
2018; Cheng et al., 2006).
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Table 1 Primers used for RT-qPCR.

Gene Primer sequences Primer length
icaA F-3-"ACGTTGGCTACTGGGATACTG-5' 21
R-3-CTTCCAAAGACCTCCCAATG-5' 20
glyA F-3'-GGTGGCTGTGAGTTTGTAGATG-5' 22
R-3'-CGCTTGTGAACCTGAATGTG-5' 20
Counts
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Fig. 1 XRD patterns of a) Cu, b) g-C3Ny, ¢) Cu/g-C3N, (0.3:1), d) Cu/g-C3Ny4 (0.4:1), e) Cu/g-C3Ny (0.5:1), and ) Cu/g-C3Ny (1:1),
nanocomposites.

2.3. Preparation of Culg-C3N, nanocomposites via co- for 4 h. The yellow powder of graphitic carbon nitride was
precipitation-sonication method obtained and used for further tests. Then, 300 mg of g-C5Ny
was dispersed in 15 ml of deionized water (DIW) for 0.5 h,
and the mixture was stirred for 1 h. Next, the various weight
ratios of Cu(NO3), (mass ratio of Cu: g-CsNy 0.3:1 (sample
1), 0.4:1 (sample 2), 0.5:1 (sample 3), and 1:1 (sample 4)) were
dissolved in 10 ml of DIW and mixed with the g-C5N, suspen-

g-C3N, was prepared according to our previous paper
(Yousefzadeh et al., 2022). In a typical procedure, a specific
quantity of melamine (3.0 g) was directly heated at 550 °C
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Fig. 2

sion. Then, ascorbic acid was added to suspensions under a
stirrer until the formation of a transparent solution. The above
suspension was agitated for 1 h and centrifuged for 15 min at
7000 rpm. Eventually, the precipitate was washed repeatedly
with deionized water and dried at 50 °C for 24 h (Orooji
et al., 2020).

2.4. Bacterial isolates

In the present study, the antibacterial performance of Cu/g-
C3N4 NCs (samples 1-4) was evaluated against isolates
obtained from clinical samples the Shahid Beheshti hospital
of Kashan, Iran (Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, Enterococcus faecalis, Klebsiella pneu-
monia, and Enterobacter cloacae).

2.5. Antimicrobial activity

2.5.1. Measurement of the minimum inhibitory concentration
(MIC)

The broth microdilution technique was used to evaluate the
antibacterial performance of the Cu/g-C3N4 NCs (samples 1—

SEM HV: 10.0 kV
View field: 1.38 pm

WD: 5.88 mm
Det: InBeam

Lot

MIRA3 TESCAN

SEMMAG: 100 kx | Date(m/dly): 08/03/21 200 nm

SEM HV: 10.0 kV WD: 7.41 mm MIRA3 TESCAN

View field: 1.38 pm Det: InBeam
SEM MAG: 100 kx | Date(midly): 06/07/21 200 nm

FESEM images of Cu NPs with (a,b) and without (c,d) SDS.

4) based on the Clinical and Laboratory Standards Institute
(CLSI) standards. Mueller Hinton broth medium was added
to 96-well microplate. Afterward, 100 pl of dispersed Cu/g-
C53N,4 NCs was added to each well to obtain a final concentra-
tion range from 2500 to 2.44 pg/mL by a series of d two-fold
dilutions. Then, bacterial suspension (1 x 107 CFU/mL) was
diluted to obtain a final concentration 5 x 10 CFU/ml and
was added to a 96-well plate. Next, the plate was incubated
at 37 °C for 18-24 h. The MIC was determined as the lowest
concentration of Cu/g-C5Ny at which no discernible growth
was observed (Karami et al., 2021).

2.5.2. Measurement of the minimum bactericidal concentration
(MBC)

The MBC was defined by plating 10 pl of the test solutions on
the Blood Agar plate. The number of colonies was counted on
the plate after 24 h. The MBC is the minimum concentration

of the test compound needed to kill the bacteria (Karami
et al., 2021).

2.5.3. Agar disk-diffusion approach

Disk diffusion test was applied to appraise the antimicrobial
activity of the Cu/g-C3N4 NCs (samples 1-4). A sterile cotton
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Fig. 3 FESEM images of Cu/g-C3N, nanocomposites in different mass ratios a) 0.3:1, b) 0.4:1, ¢) 0.5:1, and d) 1:1.

swab was used to streak the bacterial suspension (I x 107
CFU/mL) on the surface of the Muller Hinton agar. Then,
sterile commercial blank disks were impregnated with samples
1-4 and placed on Muller Hinton agar and incubated at 37 °C
for 24 h. The photographs of the plates were taken to evaluate
the inhibition zone for the bacteria.

2.6. Biofilm formation assay

In this study, biofilm formation was evaluated using the micro-
titer plate method for all bacterial isolates. First, 100 ul of bac-
terial suspension (10° CFU/ml) added to 96 well plates and
incubated at 37 °C for 24 h. To eliminate non-adherence cells,
wells washed with sodium phosphate buffer two times. We
then applied methanol (200 pl) for 20 min to fixation of
attached cells. To stain the wells 0.1% crystal violet for
15 min was used. The dye was resuspended with 33% glacial
acetic acid (200 pl) (Maisetta et al., 2016; Rashki et al.,
2022a). The absorbance value was obtained using a Microplate
Reader at 570 nm. Based on absorbance values, bacterial iso-
lates were classified into the following four groups: non-biofilm
(ODs79 < ODc), weak (ODs;9 > ODc and < 2 x ODc), mod-

erate (ODs;9 > 2 x ODc and < 4 x ODc), and strong
(ODs79 > 4 x ODc). The cutoff value (ODc) is defined the
mean ODs;g of the negative control (Ghanizadeh et al., 2021).

2.7. Biofilm inhibition effect

We assessed the ability of Cu/g-C3N4 nanocomposite (sample
4) with MIC and sub-MIC (1/2 and 1/4) concentrations to
inhibit the biofilm formation of isolates produced strong bio-
film at 24 h using 96-well plates. For this purpose, 100 pl bac-
terial suspension produced strong biofilm (I x 10’7 CFU/mL)
in Tryptic Soy Broth (TSB) medium (Merck, Germany) was
seeded into 96-well plates in the presence of 100 pl various con-
centrations of tests compounds and incubated at 37 °C for
24 h. After 24 h, wells were washed twice with phosphate-
buffered saline (PBS) to remove non-adhered cells. The formed
biofilms were fixed with methanol (20 min). The plate’s wells
were then stained with 0.1% (w/v) crystal violet for 15 min,
and glacial acetic acid was used to re-solubilize crystal violet.
After 15 min, the OD of each well was measured with a spec-
trophotometer at 570 nm. The following equation was used for
the calculation of the inhibition percentage:
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1 A570 of cells treated with Cu/g — C3Ny4 « 100
570 of non — treated cells

2.8. Analysis of gene expression related to biofilm using real-
time gPCR

In this research, we explored effect Cu/g-C3Ny4 NCs on the
expression of ica4 gene using real-time PCR method. Isolates
that produced strong biofilm were chosen to assess gene
expressions of icad. First, RNA of the bacterial cells treated
with sub-MIC (1/2 MIC) concentration was extracted with
RNX Plus protocol. To assay purity of the extracted RNA,
the absorbance of RNA was measured at 260 and 280 nm by
UV spectroscopy (Thermo Scientific, USA). Then, the cDNA
(complementary DNA) was synthesized based on kit (Pars
Tous, Iran) guidelines. The primer sequences and reference
gene (glyA gene) were listed in Table 1. The fold change was
normalized according to the 2~22CT formula.

3. Results and discussion

3.1. Characterization

Fig. 1 reveals the XRD patterns of pure Cu NPs, pristine g-
Cs3Ny4 and Cu/g-C3N4 nanocomposites with different mass
ratios. Fig. la depicts high purity and crystallinity of Cu

(JCPDS No. 085-1326). Fig. 1b shows the pattern of carbon
nitride (JCPDS No. 87-1526), exhibiting two distinct peaks.
The sharpest one, occurring at 26.5°, and the smallest one, at
13.1°, are indexed as (002) and (00 1) planes of C3Ny, respec-
tively. Fig. 1(c-f) indicates the XRD patterns of different con-
tents of Cu on the g-C3Ny4. Cu (JCPDS No. 085-1326) and g-
C3N,4 (JCPDS No. 87-1526) are present in all four patterns. As
can be seen, increasing the Cu content from 0.3 g to 1.0 g
decreased the intensity of carbon nitride while increasing the
intensity of Cu peaks.

The FESEM images of Cu particles fabricated with and
without SDS as a surfactant are depicted in Fig. 2. Fig. 2a
and b display regular pyramidal particles composed in the
presence of SDS, while the irregular triangular particles were
formed in the absence of SDS (Fig. 2¢ and d). Cu particles
in the presence of SDS have better morphology; therefore,
SDS was used in the further tests to prepare Cu/g-C3;Ny
nanocomposites. SDS can affect the regularity and distribution
of copper particles in certain conditions. SDS is a commonly
used surfactant in various chemical and biological applications
due to its ability to reduce surface tension and stabilize col-
loidal suspensions. When added to a copper particle solution,
SDS molecules can adsorb onto the surface of the particles and
form a protective layer, preventing agglomeration and promot-
ing dispersion. This can lead to more uniform distribution of
copper particles in the solution. Fig. 3(a-d) reveals the FESEM
photographs of Cu/g-C3Ny NPs with various mass ratios.
These images demonstrate the nanoflake architecture of g-

b,

Fig. 4 TEM images of Cu/g-C;N4 nanocomposites (sample 4).
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Fig.5 EDS spectra of a) Cu and b) Cu/g-C3N4 nanocomposites.

C3Ny4 and Cu NPs arranged on the g-C3Ny surface. Typically,
expanding the quantity of Cu leads to an accumulation in the
diameter of Cu NPs on the carbon nitride surface. Fig. 4(a-d)
shows TEM images of sample 4 with a 1:1 mass ratio of Cu:g-
C53Ny at various scales (80, 60, 40, and 20 nm). These pictures
corroborated the FESEM findings and demonstrated the dis-
tribution of Cu NPs on the g-C3N, substrate. EDS spec-
troscopy is a scientific method used for chemical description
and elemental analysis of materials. Fig. 5a and b depict the
EDS spectra of Cu and Cu/g-C;Ny, representing all peaks allo-
cated to Cu, C, and N elements. Therefore, both samples are
thoroughly purified.

3.2. Antimicrobial activity

In this study, the antimicrobial activity of Cu/g-C3Ny NCs,
and g-C3N4; was evaluated by the broth microdilution
method. As revealed in Table 2, samples 3 and 4 (with higher
Cu content) were more effective against the tested bacterial
species than other samples. Also, the results demonstrated
that these samples were more effective against gram-positive
than gram-negative bacteria. According to the results, the
loaded Cu-NPs on the g-C3Ny4 could improve its antibacterial
activity. Furthermore, according to MIC values, we under-
stand that sample 4 could inhibit the growth of test bacteria
in lower concentrations compared to other samples. In this
study, the inhibition zone diameters of tested bacteria using
disk diffusion method. Table 3 and Fig. 6. The results showed
that sample 4 had larger inhibition zone than the other sam-
ples. The inhibitory growth zone of Staphylococcus aureus
(29 mm) is greater than that of the other microorganisms
tested. According to research, the presence of Cu NPs is

Table 2 The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of nanostructures against

tested microorganisms.

Bacteria Cu/g-C5Ny NCs 2-C3Ny

Sample 3 Sample 4

MIC MBC MIC MBC MIC MBC
Staphylococcus aureus 1250 1250 312.5 2500 - -
Entrococcus fecalis — — — — — —
Escherichia coli 1250 2500 625 1250 - -
Pseudomonuas aeruginosa 1250 1250 1250 2500 = -
Klebsiella pneumonia - - - - - -
Enterobacter cloacea — — 1250 5000 = =

Table 3 The inhibition zones (mm) of Cu/ g-C3N4 NCs (sample 3, 4) against tested

microorganisms.

Bacteria Sample 3 Sample 4
Staphylococcus aureus 14 29
Entrococcus fecalis = -
Escherichia coli 11 15
Pseudomonuas aeruginosa 10 19
Klebsiella pneumonia - -
Entrobacter cloacea 12 16
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responsible for the antibacterial activity of Cu/g-C3N4 NCs
(Sun et al., 2017). The exact mechanism of antibacterial activ-
ity is not fully understood, and several other factors may con-
tribute to the antibacterial action (Sun et al., 2017; Thurston
et al., 2020). According to studies, the surface of Cu NPs
plays a crucial role in antibacterial activity. Copper antibacte-
rial functionality is associated with various mechanisms,
including damaging the microbial DNA, altering bacterial
protein synthesis and altering membrane integrity. Some
research has evaluated the antibacterial activity of the loaded
nanoparticles on the g-C;Ny. For instance, Orooji et al. inves-
tigated the antibacterial action of silver iodide/graphitic car-
bon nitride nanocomposites against tested bacteria. The
results demonstrated that silver iodide could enhance the g-
C;N, antibacterial effect (Orooji et al., 2020). In a study by
Chongchong et al., the g-C3N4/Ag nanocomposites showed
better bacterial activity than g-C3N4 (Liu et al., 2016). The
findings of this research are similar to the results of the pre-
sent study. It can be confirmed that the loaded nanoparticles
on the g-C3;Ny can enhance the antibacterial performance of
the g-C3Ny. (Cabiscol Catala et al., 2000; Thurston et al.,
2020). It is concluded that Cu NPs have the potential to
enhance the antibacterial effect of g-C3;N, against resistant
pathogenic microbes.

3.3. Antibiofilm activity

Biofilm formation is the main cause of chronic bacterial infec-
tions and could lead to an increase in antibiotic resistance. Pre-
formed biofilm by blocking the diffusion of antimicrobial
agents into the biofilm matrix could enhance the resistance
of bacteria (Abebe, 2020). In this study, only S. aureus isolates
were strong biofilm producers. Therefore, in this study, we
assayed the ability of Cu/g-C3N4 NCs (sample 4) to inhibit
the formation of biofilms of S. aureus at 24 h. The results

demonstrated that Cu/g-C3Ny4 NCs significantly inhibited bio-
film formation of S. aureus strain in a concentration-dependent
manner. As quantified by crystal violet, Cu/g-C3N, inhibited
biofilm formation in the S. aureus strain by 65% at the MIC
concentration (Fig. 7). Given that the extracellular matrix is
a major structural component of microbial biofilms
(Karygianni et al., 2020). One of the main reasons for the effect
of Cu-NPs on inhibited biofilm formation in the S. aureus is
their particle size, as smaller particles with large surface area
have more interaction with extracellular matrix bacteria. So
that by destroying the extracellular matrix leads to the weaken-
ing of the biofilm and facilitates the entry of the drug into the
inner layer of the biofilm (Bi et al., 2021).

3.4. Analysis of icaA gene expression in the presence of Cu/g-
C3N, nanocomposites using Real-time gPCR

To further understand the antibiofilm mechanism of prepared
Cu/g-C3N4 NCs, change the gene expression related to biofilm
S. aureus in the presence of this nanocomposites was evalu-
ated. For this purpose, we compared the expression of icad
gene in S. aureus isolated after treatment with prepared
nanocomposite by RT-PCR technique. So far, there is no sim-
ilar study has been evaluated the effects of Cu/g-C3N4 NCs on
the expression of this gene. In other words, we assessed the
expression of icaA genes for the first time. As shown in
Fig. 8, following treatment with Cu/g-C;N4 NCs, the expres-
sion level of the icad gene was down-regulated as much as
2.26. Although, the expressions of icaA4 gene in isolates treated
with antibiotic decreased by 6 folds. In general, antibiotic has
reduced gene expression more than Cu/g-C3Ny4 NCs. The exact
mechanism of this phenomenon is still unclear. Generally, ica4
gene facilitate bacterial attachment to the surfaces and as a
result, leading the formation of biofilm. Therefore, the factors
that cause changes in the expression level of this gene can help

Fig. 6 Zones of growth inhibition of Cu/g-C;N4 nanocomposites (samples 1, 2, 3, and 4) on tested microorganisms S. aureus, klebsiella
pneumoniae, pseudomonas aeruginosa, Entrobacter cloacea and, Escherichia coli.
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Fig. 8 The effect of Cu/g-C5N4- NCs on icaAd gene expression.
All graphs represent mean SEM.

to reduce biofilm formation. Thereby Cu/g-Cs3N, NCs with
reduced icad expression can have an impact important on
the biofilm inhibition of S. aureus.

4. Conclusion

Our results showed that the doping of Cu-NPs with graphitic carbon
nitride can lead to an improved antibacterial activity of g-C3Ny. So,

Cu/g-C3N, nanocomposite is more effective against tested gram-
positive and gram-negative bacteria, especially S. aureus. Also, this
nanocomposite could be used to reduce or prevent biofilm formation
on medical devices. The biofilm inhibition in S. aureus isolate was iacA
gene independent as a result of down-regulation of iacA gene led to
biofilm inhibition in S. aureus after treatment by Cu/g-C3;N4 nanocom-
posite. Therefore, Cu/g-C3N, could be applied for the treatment of
medical device-related infections. Given the potential of Cu/g-C3;Ny4
as a promising antimicrobial and antibiofilm material could be utilized
to reduce antibacterial resistance among clinical isolates. This com-
pound has the potential to prevent or treat pathogen-caused infections.
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