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Background: This research aimed to assess the antibacterial and anti-biofilm properties
of copper nanoparticles (CuNPs) produced using Artemisia biennis Willd through an eco-
friendly approach, targeting four pathogenic bacteria.

Materials & Methods: A. biennis Willd extract with unit numbers “15.62-125” was prepared
through maceration, drying, and powdering. Particle size distribution (PSD), dynamic light
scattering (DLS), zeta potential, X-ray diffraction (XRD), and Fourier-transform infrared
spectroscopy (FT-IR) tests were used to characterize the synthesized CuNPs. Minimum
inhibitory concentrations (MICs), minimum bactericidal concentrations (MBCs), and
sub-minimum inhibitory concentrations (sub-MICs) were determined to investigate the
antibacterial and anti-biofilm activities of CuNPs against Staphylococcus aureus ATCC 25923,
Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, and Klebsiella pneumoniae
ATCC 13883.

Findings: CuNPs synthesized using A. biennis Willd extract exhibited a brown color change
with particle sizes mainly 30-40 nm by PSD. DLS indicated uniform distribution and
hydrodynamic synthesis of particles with a zeta potential of -37.8. XRD and FTIR confirmed
copper nanoparticle biosynthesis. The MICs of CuNPs were 15.62-62.5 ug/mL, with S.
aureus and K. pneumonia revealing the highest and lowest antimicrobial drug resistance,
respectively. This trend was repeated for MBCs and sub-MICs, ranging from 15.62-125 and
7.8-31.25 pg/mlL, respectively. Bacterial strains were unable to form biofilms at sub-MICs.
The anti-biofilm effects of CuNPs were more significant on Gram-negative bacteria.
Conclusion: CuNPs synthesized using A. biennis Willd extract by a green method show
promising anti-biofilm and antibacterial characteristics against bacteria, suggesting their
potential for treating bacterial infections.
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Introduction

During the past decades, antimicrobial drug
resistance has been one of the most prob-
lematic issues for humans in biomedical
sectors (2. The occurrence of infectious
diseases like urinary tract infections (UTIs)
and septicemia results in extended hospi-
tal stays, increased referrals to specialists,
prolonged recovery periods, and elevated
health care expenses > 4. The majority of
studies conducted over the last half century
have focused on exploring promising anti-
bacterial components with bactericidal or
bacteriostatic properties °l. The main issue
that causes antimicrobial drug resistance is
the selective pressure, which occurs when
not all bacteria are susceptible to the antibi-
otic used to treat the infection, and the sur-
viving bacteria could continue to multiply [°l.
Selection pressure is a natural phenomenon
that could be mitigated but not completely
eliminated. Indiscriminate use of antibiotics
is effective in increasing the rate of selective
pressure 1. Acquired antimicrobial drug
resistance indicates a real alteration in the
genetic makeup of a bacterium, resulting
in a situation where a medication that was
previously effective against living organ-
isms is no longer effective ® %. Compared
to Gram-positive bacteria, most Gram-neg-
ative bacteria show more antimicrobial
drug resistance due to the presence of an
outer membrane and facilitating the pres-
ence of beta-lactamase enzymes encoded by
plasmids as fragments of bacterial DNA 1%
111, Biofilm could be considered as another
strategy that some microorganisms, includ-
ing bacteria, fungi, and algae, use to protect
themselves from harmful effects and forces
in the natural environment. Biofilm is the
accumulation of microorganism cells, which
is formed on various surfaces such as cathe-
ters, ventilators, and patients’ wounds and is
covered by extracellular polymeric materi-
als 12131, Many bacteria could form biofilms,
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which could cause chronic infections such
as endocardial, wound, and lung epithelial
infections, especially in patients with cystic
fibrosis, persistent inflammation, and tissue
damage due to their high antimicrobial drug
resistance 1% 15,

Nanoparticles (NPs) are clusters of atoms
ranging in size from 1 to 100 nanometers,
which exhibit variations in their physical,
optical, thermal, chemical, electrical, me-
chanical, and biological characteristics com-
pared to their natural dimensions 16, Also,
normal-sized elements/components have
small surface-to-volume ratios, slow disso-
lution, and difficulty in uptake into cells 17
11, The characteristics of NPs are influenced
by various factors, including their surface
properties, shape, composition, size distri-
bution, and any coatings they may have 2%,
Based on the published literature, metal NPs
like copper (Cu) are recognized as promis-
ing NPs with antibacterial properties 2! 22,
CuNPs have some unique properties such as
small particle size, high surface-to-volume
ratio, biocompatibility, and high biological
and chemical reactivity, which help effective-
ly kill bacterial cells [23l. CuNPs affect the cell
membrane due to their affinity for amines
and carboxyl groups on bacterial cell sur-
faces, and after entering the cell, they bind
to DNA molecules and disrupt helical struc-
tures by producing reactive oxygen species
(ROS); thus, they disrupt the cell membrane
and cause direct cytotoxicity ?* 2%, The pro-
duction of NPs by green synthesis method,
which is environmentally friendly and plant-
based, is widely used in nanoscience. This
method does not require high pressure, en-
ergy, and temperature as well as toxic chem-
icals. Also, it is more uniform than other
methods in terms of NP size distribution and
stability [#°. The genus Artemisia is a diverse
and widely-distributed group of plants found
globally. Artemisia species could be found as
perennial, biennial, or annual herbs as well
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as small shrubs ?71, A. biennis Willd is known
to contain various chemical compounds, in-
cluding monoterpenes, sesquiterpenes, ses-
quiterpene lactones, flavonoids, coumarins,
sterols, and polyacetylenes [?8, This plant
exhibits several biological activities, such as
cytotoxic and anti-inflammatory effects.
Objectives: For the first time, this study
aimed to evaluate the antibacterial and anti-
biofilm effects of CuNPs produced by green
synthesis method using A. biennis Willd
extract against Staphylococcus aureus ATCC
25923, Enterococcus faecalis ATCC 29212,
Escherichia coli ATCC 25922, and Klebsiella
pneumoniae ATCC 13883.

Materials and Methods

Preparation of A. biennis Willd extract
and synthesis of CuNPs: A. biennis Willd
was purchased from the Bank of Iranian Bi-
ological Reserve Center (Herbarium number
1328). The plant was then dried in a dark
place to be completely powdered by grind-
ing. Then 10 g of the obtained powder was
added to 50 mL of water, and its aqueous
extract was prepared by maceration method
(291 and passed through a filter paper (Sig-
ma-Aldrich Co, USA).

For the green synthesis of CuNPs using the
extract, 200 mL of copper nitrate solution
(0.01 M) was mixed with 8 mL of aqueous
extract solution. The reaction was carried
out at room temperature, and the color
change was observed. The resulting dark
solution was placed on a shaker (Thermos
Fisher Scientific CO, USA) for two hours and
then poured into falcon tubes and centri-
fuged (Thermos Fisher Scientific CO, USA) at
9000 rpm for 30 min.

The supernatant (containing the extract
compounds) was discarded, and the precip-
itate was washed with distilled water and
centrifuged. Finally, the obtained CuNPs
were dried in an incubator at 37 °C.
Investigating the characteristics of the
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synthesized CuNPs

Dynamic light scattering (DLS) analysis:
This test was carried out with the standard
procedure of DLS-Zeta (SZ-100 model,
Horiba Co, Japan) to determine the particle
size distribution (PSD) and zeta potential of
CuNPs, showing the physical characteristics
influencing the behavior of CuNPs in colloidal
solutions. DLS works by irradiating light
onto a sample, analyzing the intensities of
the detected peaks, and assessing the speed
of particle movement. The size of NPs plays
a crucial role in the effective accumulate of
drugs in the intended tissue, the efficiency
of treatment, their ability to permeate into
blood vessels, and the transport and stability
of NPs.

X-ray diffraction (XRD) analysis: The
XDR test was utilized to determine crystal
structure parameters, including lattice
constant and geometry, which characterize
the quality of unknown substances, phases,
crystal size, single crystal orientations, and
lattice defects. For this purpose, a powder
X-ray diffractometer (X-Pert Pro model, PA
Nalytical Co, Netherland) was applied with
a copper anode lamp source (wavelength:
A=1.5406A°).

Fourier-transforminfrared spectroscopy:
Ultimately, FT-IR (Spectrum two model,
PerkinElmer Co, USA) was utilized to
analyze the chemical bonds in the sample
using the KBr pellet method. The spectra
were recorded in the wavelength range of
500-4000 cm™ with a resolution of 1 cm™.
To analyze CuNPs, the powder was examined
under a microscope while the energy of the
laser photons was adjusted either upward
or downward. This energy shift provided
insights into the vibration modes present in
the system.

Evaluation of the antimicrobial and an-
ti-biofilm effects of CuNPs against bac-
teria: In this test, MICs (minimum inhibi-
tory concentrations) and MBCs (minimum
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bactericidal concentrations) were calcu-
lated against S. aureus ATCC 25923, E. fae-
calis ATCC 29212, E. coli ATCC 25922, and
K. pneumonia. To determine MICs, 96-well
plates (Sigma-Aldrich Co, USA), a concentra-
tion range of 7.8-140 pg/mL of CuNPs, 95 pL
of Mueller Hinton broth medium (Sigma-Al-
drich Co, USA), and 5 pL of microbial suspen-
sion (separately for each bacterium) were
used according to the serial dilution meth-
od. Negative and positive controls were also
considered. After keeping the microplates in
an incubator (Thermos Fisher Scientific CO,
USA) for 24 hrs at 37 °C, optical densities
(OD) were read at 620 nm by an ELISA read-
er (Shimadzu Co, Japan) for MICs, and low-
er concentrations were considered as sub-
MICs. The MBCs of CuNPs were determined
according to the CLSI standard 3% as follows.
One loop of the dilution representing the
MIC and one dilution before and after which
were cultured on Mueller Hinton agar plates.
After incubation, MBC was the first dilution
at which no bacterial growth was observed.
A fresh culture of bacterial isolates was in-
oculated in tryptic soy broth (TSB) medium
(Merck Co, Germany) containing 2% glucose
to obtain a bacterial suspension with a tur-
bidity corresponding to 0.5 McFarland. Then
100 pL of bacterial suspension and 50 pL
of CuNPs at sub-MICs were added to each
well. After incubation at 37 °C for 24 hrs, the
supernatants were removed, and the sedi-
ments were washed three times with sterile
physiological serum. After drying the plates,
biofilm quantification was done by adding
200 pL of 33% acetic acid to each well. Final-
ly, OD at 570 nm was read with an ELISA (en-
zyme-linked immunosorbent assay) reader.
Wells without bacteria were considered as
negative controls, while those with bacte-
rial suspensions were considered as posi-
tive controls similar to the previous test. To
promote biofilm development, strains were
grown on Congo red agar medium (Merck
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Co, Germany). Essentially, bacteria that do
not produce biofilms could not form any
black colonies on the agar.

Statistical analysis: Data were analyzed
using SPSS statistical software Version 21.0.
MIC, sub-MIC, and MBC values of CuNPs
against the tested bacterial strains were
assessed. Each experiment was conducted
three times. To evaluate the significance of
differences in MIC, sub-MIC, and MBC val-
ues, one-way analysis of variance (ANOVA)
was applied, followed by Tukey’s post-hoc
test for antibacterial and anti-biofilm tests,
their p-values are shown in Figure 5.

Findings

Synthesis of CuNPs using A. biennis Willd
extract: The aqueous extract of A. biennis
Willd was obtained through the maceration
extraction technique (Figure 1). Then cop-
per nitrate was utilized for the environmen-
tally-friendly production of CuNPs, with the
observed color change serving as an indica-
tion of successful CuNP biosynthesis (Figure
2). This experiment was repeated in three
falcon tubes to ensure the test accuracy. All
three falcon tubes contained A. biennis Willd
aqueous extract solution and copper nitrate
solution and were kept at room temperature
to monitor the color change resulting from
CuNP synthesis.

Characteristics of the synthesized CuNPs:
As shown in Figure 3a, the graph depicting
the PSD of the synthesized CuNPs revealed
a single peak, suggesting that CuNPs were
monodispersed in the analyzed sample. Also,
95% of the measured CuNPs were smaller
than 100 nm. Additionally, their classifica-
tion as NPs (with diameters under 100 nm)
was confirmed. Figure 3b illustrates the
synthesized CuNPs by the nucleation and
growth mechanism with a spherical and
quasi-spherical shape displaying a some-
what puffy appearance in certain areas. This
structure is caused by chemical reduction
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Figure 1) Aqueous extract of A. biennis Willd obtained
usingmacerationmethod

Figure 2) Production of CuNPs by green synthesis
method

and swift aggregation of Cu* ions. In this fig-
ure, the spheres are uniformly interconnect-
ed, creating a network with a lumpy texture
in some regions. By assessing the diameter
of 514 particles, the average diameter and
standard deviation of CuNPs were found to
be 41.92 and 16.92 nm, respectively. More-
over, the majority of CuNPs were in the size
range of 30 to 40 nm, and the closeness of
this range to the average particle size in-
dicated a normal distribution of CuNP siz-
es. According to the findings presented in
Figure 4a, the produced CuNPs were 182.5
nm in diameter, suggesting the successful
hydrodynamic synthesis of nanoparticles.
Additionally, the particle distribution index
was recorded at 1.317, indicating a consis-
tent size distribution of CuNPs. According to
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Figure 4b, these nanoparticles had a surface
potential equal to -37.8 mV.

By comparing the diffraction pattern of
the observed peaks with the reference
diffraction patterns, it was determined that
this sample corresponded to the following
crystal phases (Figure 4c): 1) Cu crystalline
phase with JCPDS reference code (No. 00-
003-1018) and cubic crystal structure,
2) CuO phase with JCPDS reference code
(No. 00-048-1548) and monoclinic crystal
structure, 3) Cu,0 phase with JCPDS
reference code (No. 00-005-0667) and cubic
crystal structure, and 4) CuCl, phase with
JCPDS reference code (No. 00-033-0451)
and monoclinic crystal structure.
Afterwards some of the raw materials
remained as CuCl,, while others reverted to
CuO, and some CuCl, was converted to Cu.
Additionally, a broad peak was detected at
an angle less than 10° which is typical in
the green synthesis of nanoparticles and
is attributed to the presence of organic
groups with amorphous structures on the
nanoparticles’ surfaces, which contributes
to their stabilization in the colloid. Using
Scherer’s relation, the crystal size of Cu,
CuO, Cu,0, and CuCl, nanoparticles was
determined to be 5.08, 5.85, 5.22, and 14.4
nm, respectively B1,

Figure 4d shows the FTIR spectrum of the
synthesized CuNPs.

The peaks at 3923, 3774, and 3427 cm™
correspond to the stretching vibrations of
O-H bonds in the phenols, terpenoids, and
saponins present in A. biennis Willd extract
as well as water molecules adsorbed on the
surface of CuNPs 321, Additionally, the peaks
at 2924 and 2857 cm™ are associated with
the asymmetric and symmetric stretching
vibrations of C-H bonds in methyl and meth-
ylene groups, respectively. The peak at 1620
cm! is linked to the stretching vibration of
the C=0 bond in the carbonyl group as well
as the bending vibration of the O-H bond
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or the stretching vibration of C=C bonds in
the aromatic rings of the compounds found
in the extract. Furthermore, the peak ob-
served at 1428 cm™ is associated with the
bending vibrations of the C-H bond found
in different compounds within this extract,
while the peak at 1123 cm™ corresponds to
the stretching vibrations of carbon-oxygen
bonds, including C-OH and C-O-C B3I,

Ultimately, the peaks associated with the
bending vibration of C-H bonds and the
stretching vibration of Cu-O bonds in CuNPs
are at 627 and 877 cm’, respectively. These
findings show that the compounds derived

a) 30

Percent
'1

Q ==
(8] 10 20 30 40

from the extract act as a capping agent on
the surface of CuNPs 4, Capping agents are
described as “binding molecules” utilized
in small amounts during the production of
NPs. These agents play a crucial role in the
production of small-sized NPs and are com-
monly utilized in colloidal synthesis of NPs
to prevent excessive growth 1635,

Determination of MICs, SubMICs, MBCs,
and anti-biofilm properties of CuNPs: The
findings indicated that the MICs of CuNPs
ranged from 15.62 to 62.5 pg/mL (Table 1),
with S. aureus and K. pneumonia exhibiting
the highestand lowest antimicrobial drug re-

Mean 4192
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Figure 3) a) PSD test results of CuNPs produced by green synthesis method. PSD revealed a single peak,
suggesting that CuNPs were monodispersed in the analyzed sample, b) shape and size of CuNPs by PSD test at

200 and c) 100 nm magnifications

Infection Epidemiology and Microbiology

Winter 2025, Volume 11, Issue 1


https://iem.modares.ac.ir/article-4-75809-en.html
http://dx.doi.org/10.61186/iem.11.1.63

[ DOI: 10.61186/iem.11.1.63 ]

Downloaded from iem.modares.ac.ir at 10:20 IRDT on Thursday April 17th 2025

69

Fazeli S. et al.

.
g a n £
g I e
§ 30 500w
-1 7 I == o
T I R
ma I =

s 10—_ J‘u 10

0_ lI"l'l'l'l'll'l""1"I'\"I'I'\'Il'l'"'\"1'I"|I"II'I‘I" I"\"I'I'IIT'Il"'\"'I"\'I'I'\Ill—

0.1 1 10 100 1000 10000

Diameter (nm)

o] [

0.8+

Intensity (a.u.)

0.4
0.3 {
0.2+ |

0.7+ I

0.7+ ||

0.5+ ' i

0.6 | M

0.0 1 R U R T T RN PR L O T T T [T T PO R TP T T (TR

-300 -200 -1

Zeta Potential (mV)

8000

uCu
Cu,O

e CuO
CuCl,

6000

4000 -

Intensity (Counts)

2000 +

10 20 30 40 50 80 70 80
20 (degree)

[=]

Q
Q

80 4

60 -

Transmittance (%)

40 o

20 o

=1

v T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em')

Figure 4) a) Hydrodynamic diameter, (b) zeta potential, and (c) XRD peaks suggest that the crystal structure is
somewhat irregular, impurities in the sample are minimal, and distinct peaks are attributed solely to CuNPs. d)
FT-IR analysis shows a chemical bond and the specific molecular structure of CuNPs.

sistance, respectively. The same pattern was
also observed for the MBCs and sub-MICs of
CuNPs, which were between 15.62-125 and
7.8-31.25 pg/mlL, respectively (Table 1).
Overall, CuNPs demonstrated more antimi-
crobial effect against Gram-negative bacte-
ria compared to other groups.

Additionally, the anti-biofilm test results re-
vealed that none of the strains were able to
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produce biofilm at sub-MICs of CuNPs. Nota-
bly, these CuNPs exhibited stronger anti-bio-
film activity against Gram-negative E. coli
and K. pneumoniae bacteria, resulting in sig-
nificantly lower ODs compared to Gram-pos-
itive S. aureus and E. faecalis strains (Figure
5). Finally, CuNPs revealed significant an-
ti-biofilm effects based on the analysis (*: p<
.05, **: p< .01, ***: p<.001).
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Table 1) MICs, sub-MICs, MBCs, and anti-biofilm
properties of CuNPs against bacterial strains

Strain MICs MBCs  Sub-MICs
(ug/mL) (ng/mL) (ng/mlL)
S. aureus 62.5 125 31.25
E. faecalis 31.25 62.5 15.62
E. coli 15.62 31.25 7.8
K. pneumoniae 15.62 15.62 7.8
s 2 e
’ S.aureus E ﬂecm’é E coli K pneumoniae
Strain
= before CUNPs treatment = A fter CuNPs treatment

Figure 5) Results of anti-biofilm effects against E.
coli, K. pneumonia, S. aureus, and E. faecalis. *: p< .05,
*: p<.01, ***: p<.001.

Discussion

This research evaluated the antimicrobial
and anti-biofilm properties of CuNPs pro-
duced by green synthesis method using A.
biennis Willd extract. After synthesis, XRD,
DLS, PSD, zeta potential, and FT-IR tests were
employed to determine the structure and
crystal network of NPs. In the last half-cen-
tury, CuNPs have been recognized as effec-
tive antimicrobial agents, suggesting them
as a reservoir for the stable and continuous
release of Cu* ions *¢l, For the production of
different NPs, the green synthesis method is
favored because it is more stable, cheaper,
effortless, and harmless to humans, animals,
and the environment than other chemical
methods like vapor deposition, particular-
ly for biomedical applications 738, In this
study, CuNPs synthesis by maceration meth-
od was associated with the appearance of
brown color from blue, as a result of this col-
or change, CuNPs were identified. Similarly,
previous studies have reported the green
synthesis of CuNPs from the extract of A. bi-
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ennis Willd ¥ and other medicinal plants
like Cissus arnotiana *?, Capparis zeylanica
(431, and Yzygium aromaticum [“4,

PSD test was used to check the size and dis-
tribution of CuNPs. There is a relationship
between the morphology, size, and proper-
ties of CuNPs I, For example, the frequen-
cy of surface plasmon resonance in copper
oxide nanoparticles depends on the shape,
size, and environmental conditions [l
Based on PSD analysis, most of the synthe-
sized CuNPs were in the size range of 30 to
40 nm. Because of this ideal size, they were
expected to have effective antimicrobial ac-
tivity against bacteria. The results of DLS
also revealed that CuNPs had a suitable di-
ameter, indicating the successful hydrody-
namic synthesis of nano-sized particles. In a
study by Amjad et al. (2021), UV-Vis (ultravi-
olet-visible) spectroscopy showed that the
average diameter of CuNPs synthesized us-
ing Fortunella margarita leaves was within
the range of 51.26-56.66 nm [*”], which is in
agreement with the current and other previ-
ous investigations using aqueous sumac 8,
Jatropha curcas leaf *%), and Celastrus panic-
ulatus Willd leaf extracts 5.

The zeta potential of NPs provides essen-
tial insights into colloid stability. The nega-
tive charge acts as a reducing and stabiliz-
ing agent that prevents the accumulation of
CuNPs. In a study conducted by Karimi et al.
(2023), the zeta potential of the synthesized
CuNPs was -29.7 mV #% which is lower than
the present study result (-37.8 mV). Saco-
to-Figueroa etal. (2021) argued that in ther-
apeutic applications, CuNPs with charges of
approximately -30 exhibited significant re-
pulsive force and greater stability in solution
511, which is in agreement with this study
findings. According to the literature, CuNPs
produced by green synthesis method are
considered stable when their zeta potential
lies within the range of -30 to +30 mV, includ-
ing -11 mV 2, -44.3 mV 1531 and +25 mV B4,
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Other studies have obtained different zeta
potentials for NPs, providing critical infor-
mation about the stability of the formed col-
loids. The negative charge acts as a reducing
and stabilizing agent that prevents the accu-
mulation of CuNPs. The XRD results showed
that Cu, CuO, Cu,0, and CuCl, were present
in the sample with sizes of 5.08, 5.85, 5.22,
and 14.4 nm, respectively. The existence of
CuNPs was shown by the peak at 20 values
of 35.47°,38.77°,48.77°,and 66.21°, and the
average crystallite size of CuO calculated by
the Debye-Scherrer equation was about 25
nm according to previous studies using A. bi-
ennis Willd *°.. Also, Suresh et al. (2020) re-
ported that CuO nanostructure prepared us-
ing Cynodon dactylon extract indicated dif-
fraction peaks at 26 values of 32.27°, 35.24°,
38.49°,48.70°,53.31°,57.96°,61.38°,66.18°,
67.70°,72.09° and 74.94° B, The XRD spec-
trum in the study of Mali and colleagues
(2019) showed different distinct diffraction
peaks at 37.46° 50.09°, and 70.48° which
are related to the primary structure of CuO

NPs 55land in agreement with prior research
[53, 56]

FTIR spectroscopy could investigate the pos-
sible functional groups involved and bond
vibrations in the synthesized CuNPs. FT-IR
analysis was conducted to determine the po-
tential biomolecules in A. biennis Willd ex-
tract, which may be involved in the reduction
of Cu*to CuNPs. In the present study, several
peaks were located in the range of 1428 to
3923 cm! due to the presence of different
compound structures. Al-Khafaji and col-
leagues (2022) B highlighted the presence
of polyphenols in A. biennis Willd extract
by FTIR spectroscopy, a spectral band at
1623 cm™ was a hallmark of copper-extract
interaction, which is in line with the current
study reporting that the peak related to the
stretching vibration of Cu-O bonds in CuNPs
was located at 627 cm™. Shanmugapriya et
al. (2022) prepared CuNPs using Withania
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somnifera by green synthesis method, the
absorption peak changes of CuNPs at differ-
ent points were from 561 to 3390 cm 7], In
this study, the presence of functional groups
such as alkaloids, phenols, halo compounds,
and primary and secondary amines was evi-
dent in the extract. It is suggested that these
functional groups work together to cap and
reduce NPs. It has been verified that the pro-
duced CuNPs are capped with secondary me-
tabolites of A. biennis Willd ©*% >, The FTIR
analysis results in previous similar studies
are slightly different from the present study
findings regarding the peak values of some
compounds, which could be due to the dif-
ference in the plants used for the synthesis
of CuNPs. Plant extracts have various com-
pounds, which could be different or similar
to each other.

The bactericidal and bacteriostatic activi-
ties of CuNPs were evaluated in vitro against
four bacteria. Based on the results, these
effects were more significant on Gram-neg-
ative bacteria, indicating that these strains
were more sensitive to CuNPs. Generally,
S. aureus exhibited the highest antimicro-
bial drug resistance, followed by E. faeca-
lis, E. coli, and K. pneumonia, respectively.
Gram-positive bacterial cell walls contain
thin lipopolysaccharides and thick peptido-
glycan layers, which decrease the possibility
of CuNPs penetration into bacteria ¢, The
results showed that increasing concentra-
tions of CuNPs effectively counteracted the
bacterial population, which is consistent
with research reporting the antibacterial
activity of CuNPs 6% 62, Different strategies
have been proposed by many researchers
regarding the antibacterial properties of
CuNPs. Leakage of cytoplasmic components,
membrane disruption and permeability, and
ROS generation are the three most promis-
ing mechanisms through which CuNPs in-
hibit bacterial growth and kill bacteria 3.
Kaviya et al. (2011) ¥ argued that CuNPs
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had the potential to disrupt/ruin the bacte-
rial cell membrane, resulting in bacterial ly-
sis. Another study reported the release and
accumulation of Cu* ions in lipopolysaccha-
ride and membrane protein channels as two
important mechanisms employed by CuNPs
to lyse bacteria [,

In the continuation of the investigation,
none of the studied bacteria formed biofilms
in the presence of sub-MICs of CuNPs. It
was evident that CuNPs had more anti-
biofilm effects on Gram-negative than
Gram-positive bacteria due to lower ODs.
Similarly, some studies have shown the
anti-biofilm properties of CuNPs against
Streptococcus mutans %, Pseudomonas,
and Listeria monocytogenes ¢! as well as
S. aureus, P. fluorescens, L. monocytogenes,
Fusarium moniliforme, and Aspergillus niger
(53], Biofilm formation is of great importance
in the food industry and the treatment of
many infectious diseases, and it seems that
NPs have been successful in preventing
biofilm production, even the Food and
Drug Administration (FDA) has permitted
the use of metallic NPs in food packaging
materials. %, Recent studies have indicated
that anti-quorum sensing strategies that
inhibit signaling pathways, such as limiting
N-acyl homo-serine lactones (AHLs), could
reduce bacterial population density, disrupt
bacterial motility, and ultimately eliminate
biofilm 8,

Conclusion

Based on the findings, it could be concluded
that A. biennis Willd could be applied as a
proper alternative in the green synthesis of
CuNPs due to their physical characteristics.
The green production method is considered
as a clean, cost-effective, low-risk, and
environmentally friendly method. CuNPs
showed antibacterial activities through
growth inhibition and were more effective
against Gram-negative strains owing to

Infection Epidemiology and Microbiology

lower MICs, sub-MICs, and MBCs. This study
suggests the use of CuNPs as an adjunctive
therapeutic agent in the treatment of
infectious diseases.
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