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Introduction

Bimetallic nanoparticle production using Cannabis
sativa and Vitis vinifera waste extracts

Jana Michailidu, ©* Anna Miskovska, © Irena Jarosova, © Alena Cejkové@
and Olga Mat'atkova &

The utilization of waste materials for the synthesis of nanoparticles has gained significant attention due to its
potential for waste valorization and contribution to circular economy. In this study, bimetallic nanoparticles
were produced using extracts derived from Cannabis sativa and Vitis vinifera waste, focusing on their green
synthesis and antimicrobial activity against Gram-negative bacteria, specifically several strains of
Pseudomonas aeruginosa. The Vitis vinifera canes and post-extraction waste from Cannabis sativa were
processed using an ethanol extraction method. The extract was then mixed with silver nitrate and
tetrachloroauric acid solution at different reagent ratios to optimize the synthesis process. The resulting
bimetallic nanoparticles (AgAuNPs) were characterized using UV-vis spectrophotometry, transmission
electron microscopy, atomic absorption spectrometry, X-ray diffraction, X-ray photoelectron
spectroscopy and Fourier transform infrared spectroscopy. The antimicrobial activity of the
biosynthesized AGAUNPs was evaluated against various strains of Pseudomonas aeruginosa. The minimal
inhibitory concentration (MIC) was determined using a microcultivation device, and the minimal
bactericidal concentration (MBC) was determined through subsequent solid medium cultivation.
Additionally, the minimal biofilm inhibitory concentration (MBIC) was assessed using a polystyrene
microtiter plate as biofilm carrier and measured through an assay determining the metabolic activity of
biofilm cells. The results demonstrated successful synthesis of bimetallic nanoparticles using the extracts
from Cannabis sativa and Vitis vinifera waste. The AgAuNPs exhibited significant antimicrobial activity
against the tested Pseudomonas aeruginosa strains, inhibiting their growth and biofilm formation. These
findings highlight the potential of waste valorization and circular economy in nanoparticle production
and their application as effective antimicrobial agents. This study contributes to the growing field of
sustainable nanotechnology and provides insights into the utilization of plant waste extracts for the
synthesis of bimetallic nanoparticles with antimicrobial properties. The findings support the development
of eco-friendly and cost-effective approaches for nanoparticle production while addressing the
challenges of waste management and combating microbial infections.

environmental impact. Cannabis sativa and Vitis vinifera culti-
vation and industrial processing generate substantial amounts

In the era of sustainability and waste valorization, the explora-
tion of innovative approaches for the production of valuable
materials from waste streams has gained tremendous signifi-
cance. Nanotechnology, with its diverse applications and
unique properties, provides a promising avenue for waste
valorization and the transition towards circular economy. One
intriguing approach involves the synthesis of bimetallic nano-
particles using waste extracts derived from Cannabis sativa and
Vitis vinifera, two plants known for their versatile applications in
medicine, industry, and agriculture.*

The concept of circular economy emphasizes the efficient
utilization of waste materials to create new value-added prod-
ucts, thereby minimizing waste generation and reducing
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of waste. Traditionally, this waste has been discarded, com-
posted or burned, leading to economic losses and environ-
mental concerns. However, recent research has unveiled the
presence of bioactive compounds in these waste materials, such
as flavonoids, terpenes, and phenolic compounds, which
possess inherent reducing and stabilizing properties suitable
for nanoparticle synthesis. This approach is also highly cost-
effective, as it transforms otherwise discarded materials into
valuable nanoparticles, thus providing a dual benefit of waste
reduction and resource creation. These plant-derived nano-
particles are characterized by reduced toxicity and possess an
inherent biocompatibility compared to their chemically
synthesized counterparts. Furthermore, the bioactive
compounds in these extracts, such as flavonoids and phenolic
compounds, impart enhanced stability and functionality to the
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nanoparticles, adding value to their application in various
domains.>”

Nanoparticles, especially bimetallic nanoparticles, have
emerged as promising nanomaterials with unique physico-
chemical properties and multifaceted applications. The
combination of two different metals in bimetallic nanoparticles
can lead to synergistic effects, resulting in enhanced catalytic
and antimicrobial activity, improved electrical conductivity, and
tailored optical properties. These attributes make bimetallic
nanoparticles desirable for applications as sensors, or in energy
storage, catalysis, and environmental remediation.®”

In addition to their remarkable properties, bimetallic
nanoparticles have demonstrated significant antimicrobial
activity against a broad range of microorganisms, including
Gram-negative bacteria, such as Escherichia coli and Pseudo-
monas aeruginosa. These are notorious for their high resistance
to antibiotics and pose a serious threat to public health. The
antimicrobial properties of bimetallic nanoparticles stem from
their unique surface characteristics, which enable efficient
interaction with bacterial cell membranes and subsequent
disruption of vital cellular processes. The small size and large
surface area of nanoparticles facilitate enhanced contact with
bacterial cells, leading to membrane damage, disruption of
metabolic pathways, and generation of reactive oxygen species
(ROS) that contribute to bacterial inactivation.**®

By capitalizing on the waste valorization potential of
Cannabis sativa and Vitis vinifera extracts, along with the
synthesis of bimetallic nanoparticles, this study aimed to ach-
ieve a dual goal: sustainable waste management and the
production of antimicrobial nanomaterials. Specifically, we
investigated the green synthesis methodologies for obtaining
nanoparticles from the waste extracts of these plant species,
characterizing their physicochemical properties using tech-
niques such as atomic absorption spectrometry (AAS), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and Fourier trans-
form infrared spectroscopy (FTIR), and evaluating their anti-
microbial activity against Gram-negative  bacterium
Pseudomonas aeruginosa strains (see Fig. 1).

This research holds significant promise for the integration of
waste valorization, circular economy principles, and in the

i g e i

Fig.1 Flowchart summarizing the contents of the study, showing the
bimetallic nanoparticle synthesis method and the subsequent phys-
ico-chemical characterization as well as antimicrobial activity
experiments.
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development of sustainable antimicrobial solutions. By har-
nessing the untapped potential of Cannabis sativa and Vitis
vinifera waste extracts, we can simultaneously address envi-
ronmental concerns, create value from waste, and contribute to
the fight against antibiotic resistance by preparing a new
disinfectant alternative that would have the potential to be used
in the hospital to eliminate nosocomial
pathogens.

environment

Experimental
Preparation of plant extract

The materials utilized for biosynthesis consisted of dried Vitis
vinifera canes which were collected during dormancy period
and waste material after Cannabis sativa cannabinoid extrac-
tion, both located from sources in the Czech Republic. Addi-
tional materials included silver nitrate and tetrachlorauric acid
obtained from Sigma Aldrich, ethanol (40%), and distilled
water, ultrapure water.

Preparation of plant extract

To extract the desired compounds, a modified extraction
method based on Rollova et al. was employed.* The Vitis
vinifera canes and Cannabis sativa waste were homogenized
using a blade blender, and 150 g of the homogenized material
was mixed with 600 mL of a 40% ethanol solution. This mixture
underwent maceration for 24 hours in room temperature and
was subsequently filtered through an 8 um filter paper, followed
by a 0.2 pm filter paper to remove impurities. The resulting
extract was stored in dark at 7 °C for further use in the synthesis
process.

Green synthesis of bimetallic nanoparticles

The green synthesis method, modified according to AbdelHa-
mid et al,”” was employed for the production of bimetallic
nanoparticles (AgAuNPs) using the ethanolic extract of Vitis
vinifera/Cannabis sativa, tetrachloroauric acid and silver nitrate
solution. Several reagent ratios were tested during the synthesis
process. Initially, 10% v/v of Vitis vinifera/Cannabis sativa extract
was added to tetrachloroauric acid and silver nitrate solutions
of varying concentrations (1:1, 2:1, 3:1, 2:2 mM). The ratios
were selected by an analysis of the constituent substances
present in the extract and the concentrations of metal precur-
sors documented in existing literature. This investigation
involved a systematic exploration of a range of ratios, and the
final choice was informed by the outcomes that exhibited the
highest level of efficacy and alignment with the established
scientific knowledge. The reaction mixture was allowed to react
for 48 hours, and the resulting dispersion of AgAuNPs was
characterized using UV-vis spectrophotometry. Based on these
pilot experiments, the final reagent ratios with the preferable
UV-vis characteristics for the antimicrobial testing stock
dispersions were determined as 10% v/v of Vitis vinifera extract
with a 2:2 mM solution of tetrachloroauric acid and silver
nitrate, and 10% v/v of Cannabis sativa extract with a 1:1 mM
solution of tetrachloroauric acid and silver nitrate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Nanoparticle characterization

For the characterization of synthesized nanoparticles, analyses
were performed including transmission electron microscopy
(TEM), atomic absorption spectrometry (AAS), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR). In the TEM method,
the nanoparticles were analysed as dispersion including the
extract, while the AAS method utilized the supernatant obtained
by centrifuging (49.054 g for 30 min) the nanoparticles sus-
pended in extract. The nanoparticles were centrifuged, resus-
pended in ultrapure water, and subsequently lyophilized for the
XRD and XPS methods. TEM characterization was conducted
using the EFTEM Jeol 2200 FS instrument, followed by image
analysis using Image] software. AAS characterization was per-
formed using the AGILENT 280 FS AA instrument, while XRD
characterization utilized the PANalytical X'Pert PRO diffrac-
tometer with CuKa radiation. The elemental composition of the
nanoparticle surface was investigated using XPS on the ESCA
ProbeP instrument. The molecular structure of the stabilizing
layer on the nanoparticles was analyzed using FTIR on the
Nicolet 6700 instrument.

Microbial strains and growth media

The study utilized five strains of Pseudomonas aeruginosa: PAO1,
ATCC 10145, ATCC 15442 from the American Type Culture
Collection and DBM 3081, and DBM 3777 which were obtained
from the Collection of Microorganisms of the Department of
Biochemistry and Microbiology, UCT Prague. Glycerol cryopre-
serves of these strains were stored at —70 °C. These strains
represent a wide range of phenotypes from a soil isolate to the
most researched clinical isolate, PAO1.

Prior to each experiment, all P. aeruginosa strains were pre-
cultivated in a Luria-Bertani (LB) liquid medium at 37 °C for 24
hours to achieve the exponential growth phase. The cultivation
was carried out in Erlenmeyer flasks with a volume of 100 mL
and agitation at 150 rpm.

Evaluation of minimal inhibitory concentration (MIC)

To assess the antimicrobial effects of the biosynthesized silver
nanoparticles (AgAuNPs) against planktonic cells, a micro-
cultivation device (Bioscreen C, Finland) and the microdilution
method, following the approach of Sharma et al, were
employed.” The P. aeruginosa cells were cultivated in a micro-
titer plate for 24 hours, with different percentages (v/v) of
AgAuNPs added to each well. The experiment was conducted in
10 parallels in 3 independent repetitions. The wells contained
LB medium (160 pL), inoculum (30 pL, ODgy, = 0.1), and
varying ratios of phosphate buffer saline solution and AgAuNPs
(0.31, 0.63, 1.25, 1.88, 2.50, and 3.13% v/v). Control parallels
consisted of LB medium, inoculum, and phosphate buffer
saline solution. The growth curves obtained from the micro-
cultivation device data were used to determine the minimal
inhibitory concentration (MICg,). MICg, represents the lowest
concentration of the antimicrobial agent that resulted in 80%
inhibition of growth compared to the control after overnight

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

cultivation.* The specific MIC value was derived from three
independent replicates, all yielding the same result within the
range of studied concentrations.

Evaluation of minimal bactericidal concentration (MBC)

The bactericidal effect of the biosynthesized nanoparticles was
assessed by performing subsequent solid medium cultivations
using LB agar plates. Planktonic cells from the previous culti-
vation in the presence of nanoparticles were transferred to the
agar plates. The P. aeruginosa cells were cultivated for 24 hours
in a microtiter plate with different percentages (v/v) of AgAuNPs
derived from their respective MICs (1x MIC, 2x MIC, 5x MIC).
The experiment was conducted in 10 parallels in 3 independent
repetitions, and control parallels contained LB medium, inoc-
ulum (30 pL, ODgy, = 0.1), and phosphate buffer saline solu-
tion. A total of 10 pL of cell suspension representing each
nanoparticle concentration and the control were inoculated
onto the LB agar plate and cultivated for an additional 24 hours.
The minimal bactericidal concentration (MBC) was determined
as the concentration that resulted in the growth of fewer than
five colonies (indicating >99% killing) through the evaluation of
growth on solid medium, following the method of Rahal and
Simberkoff."”> The MBC determination was based on three
independent replicates, each consistently resulting in the same
outcome across the spectrum of investigated concentrations.
Statistical analysis was performed using Statistica 13.5 (StatSoft,
TIBCO Software, 241 United States). One-way ANOVA was per-
formed, followed by Tukey's multiple comparisons post hoc test
for the measurement of significant differences (P < 0.05) among
the treatments.

Evaluation of minimal biofilm inhibitory concentration
(MBIC)

For the assessment of minimal biofilm inhibitory concentration
(MBIC), cultivation was carried out in polystyrene 96-well
microtiter plates. The P. aeruginosa cells were cultivated for 24
hours in the presence of different percentages (v/v) of AgAuNPs
derived from their respective MICs, ranging from 0% v/v to 3 x
MIC. Each well contained an inoculum (210 pL, ODgyo = 0.8)
with varying ratios of phosphate buffer saline solution and
AgAuNPs (70 pL). Control parallels consisted of LB medium,
inoculum (30 pL, ODggo = 0.8), and phosphate buffer saline
solution. The experiment was performed in 8 parallels and 3
independent repetitions. The microtiter plate was covered with
a lid and incubated at 37 °C and 150 rpm for 24 hours.

MTT assay

To measure the metabolic activity of the biofilm, a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay was conducted, following the method of
Sabaeifard et al.'® The wells were washed with saline and then
treated with glucose solution (60 pL, 57.4 mg mL ') and MTT
solution (50 pL, 1 mg mL™'). The microtiter plate was covered
and incubated in the dark at 37 °C and 150 rpm for 1 hour. After
incubation, wash solution (100 puL) was added to each well, and
the plate was agitated for 30 minutes at room temperature. The
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wash solution comprised a mixture of dimethylformamide,
phosphate buffer saline solution, acetic acid, and sodium
dodecyl sulfate. Following the agitation, the color intensity was
measured at 570 nm using a microtiter plate spectrophoto-
metric reader (Sunrise reader, Tecan, Switzerland). The experi-
ment was performed in eight parallels. The minimal biofilm
inhibitory concentration (MBICs, and MBICy,) was determined
as the lowest concentration of the nanoparticle suspension that
inhibited biofilm formation by 50% and 90%, respectively,
compared to the control.” The MBIC assessment involved three
independent replicates, all exhibiting consistent results within
the range of studied concentrations.

Results and discussion
Nanoparticle characterization

Using extracts from waste of Vitis vinifera and Cannabis sativa,
bimetallic nanoparticles were successfully prepared, with their
formation monitored initially by the change in visible light
absorbance, followed by analytical confirmation by UV-vis
spectrophotometry. In the spectra, absorbances at wave-
lengths of 550 nm (Vitis vinifera) and 520 nm (C. sativa) are
evident, which are caused by the plasmon resonance of the
formed nanoparticles (see Fig. 2). In the study by Abbasi et al.
(2018), the synthesis of AgAuNPs using an extract from Cannabis
sativa leaves was investigated, with the absorption maximum
observed at a wavelength of 538 nm.'® Another study synthe-
sized silver, gold, and bimetallic nanoparticles using an extract
from Dovyalis caffra fruits. Absorption peaks were found at
wavelengths of 430 nm (silver), 532 nm (gold), and 540 nm
(bimetallic)." The synthesis of AgAuNPs was also achieved
using an extract from Stigmaphyllon ovatum leaves, and a time-
dependent experiment showed a shift in the absorption
maximum from 534 nm after 30 minutes to 542 nm after 45
minutes.”® Regarding the structure of bimetallic nanoparticles,
literature suggests that the presence of a single absorption peak
indicates an alloy nature.”® The absorbance of 550 nm (V.
vinifera) and 520 nm (C. sativa) observed in our work therefore
corresponds to the range in which gold-silver alloy nano-
particles are found. The difference between nanoparticles
synthesized by respective plant extract can be attributed to the
difference in their size and shape profile (as demonstrated by
TEM analysis, see below) which is a direct result of differences
in composition of extracts from various plants.

The metal concentrations in the synthesized dispersion of
AgAuNPs prepared using Vitis vinifera extract were determined
by AAS to be 215.6 mg L' of silver and 393.3 mg L™" of gold,
while the concentrations of the synthesized dispersion of
AgAuNPs prepared using Cannabis sativa extract were deter-
mined by AAS to be 106.4 mg L™" of silver and 179.0 mg L' of
gold. Specific descriptions of methods for determining the
concentration of metal nanoparticles are relatively scarce in the
literature. A large portion of experimental studies does not
address the determination of nanoparticle concentration at all,
and the input concentration of the precursor metal is often used
as the concentration for subsequent experiments (e.g., antimi-
crobial activity tests). This assumes 100% conversion of metal
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Fig. 2 UV-vis absorption spectra of AQAuNPs prepared using Vitis
vinifera (A) or Cannabis sativa (B) waste extract; ll — AgAuNPs, ll —
plant extract. The data show a distinctive peak at wavelengths char-
acteristic for bimetallic alloy nanoparticles between 500 and 550 nm.

ions without knowledge of the synthesis process mechanism or
the actual yield of nanoparticle production.* However, there are
some studies that focus on determining the actual concentra-
tion of nanoparticle dispersions. In a study investigating the
production of gold and silver nanoparticles using an extract
from Cannabis sativa, the concentration was determined using
inductively coupled plasma mass spectrometry (ICP-MS).
Through analysis of individual particles, it was found that the
number of nanoparticles per milliliter ranged from 26 to 83
billion. When converted to mass concentration, the concen-
trations ranged from 0.7 to 4.5 mg mL™~".% In a study on the
synthesis of copper nanoparticles using an extract from
Magnolia kobus leaves, a linear relationship was found between
the nanoparticle concentration measured by ICP-MS and the
size of the absorption peak caused by surface plasmon reso-
nance.* A special subtype of ICP-MS (single particle ICP-MS or
spICP-MS) is an emerging methodological trend, where
concentration, composition and size of nanoparticles can be
analysed on single particle-level and then statistically
evaluated.”>’

The basic morphology of AgAuNPs created using Vitis vinifera
extract was explored using transmission electron microscopy,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Transmission Electron Microscopy (TEM) Images of AGAuNPs
synthesized using plant extracts. This figure presents TEM images of
AgAuNPs produced using two different plant extracts. Panel (A) shows
nanoparticles synthesized using Vitis vinifera extract, exhibiting
a variety of shapes. Panel (B) displays nanoparticles synthesized using
Cannabis sativa extract, predominantly showing spherical shapes. The
images provide a visual representation of the nanoparticle morphol-
ogies. TEM revealed diverse morphologies of bimetallic nanoparticles
synthesized with Vitis vinifera extract, including spherical, rod-shaped,
triangular, polygonal, and ellipsoidal particles. Bimetallic nanoparticles
synthesized using Cannabis sativa extract exhibit predominantly
spherical shapes, with occasional polygonal or triangular particles.

revealing high heterogeneity with nanoparticles exhibiting
spherical, rod-like, triangular, polygonal, and ellipsoidal
shapes. Similarly, the basic morphology of AgAuNPs, created
using Cannabis sativa extract was investigated, showing
predominantly spherical nanoparticles with occasional polyg-
onal or triangular shapes (see Fig. 3). TEM photographs were
utilized for image analysis, resulting in size histograms of the
produced nanoparticles. For nanoparticles created using Vitis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vinifera extract, the particle size ranged from 6 to 94 nanome-
ters, with the highest frequency (42%) observed between 14 and
23 nm. Similarly, for nanoparticles created using Cannabis
sativa extract, the majority (63%) of the produced nanoparticles
fell within the size range of 1-7 nm, while the largest synthe-
sized nanoparticles had an average diameter of 26-29 nm (1%)
(see Fig. 4). In terms of size, a study utilizing an extract from
Triticum aestivum observed nanoparticles with diameters
ranging from 5 to 40 nm. In other studies using fungal xylanase
or an extract from Lawsonia inermis seeds, nanoparticles with
sizes ranging from 10 to 52 nm were observed.’®>° Therefore,
the AgAuNPs (V. vinifera) in our work showed the highest vari-
ability in size when compared with literature, while AgQAuNPs (C.
sativa) synthesized in our work displayed unusually small size
which, according to literature, may lead to higher antimicrobial
properties.

X-ray photoelectron spectroscopy (XPS) of bimetallic nano-
particles produced using Vitis vinifera extract revealed the
presence of carbon, oxygen, silver, and gold on their surface
layers, with relative compositions of 35.7%, 46.9%, 4.9%, and
12.5%, respectively, and 33.3%, 29.1%, 23.5%, and 14.1%,
respectively for bimetallic nanoparticles produced using
Cannabis sativa extract. In the case of bimetallic nanoparticles,
a study utilizing an extract from Diopyros kaki leaves confirmed

@W@m

14 16 18 20 22 24 26 28 30

0 12

Diameter (nm)

60 70 80 90 100

50
Diameter (nm)

Fig. 4 Histogram representing the size distribution of bimetallic

nanoparticles, in nanometers (nm), synthesized using an extract

derived from Vitis vinifera (A) or Cannabis sativa (B) waste, where most

nanoparticles exhibited sizes between 6 and 58 nm or 1 to 12 nm,

respectively.
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Fig. 5 XRD spectrum of bimetallic nanoparticles synthesized using
Vitis vinifera (A) or Cannabis sativa (B) waste extract. The x-axis
represents the diffraction angles (26), while the y-axis denotes the
intensity of the diffracted X-rays. The diffractograms confirmed the
presence of metallic [ silver, ll gold and M chlorargyrite in both tested
samples.

the presence of gold and silver through peaks at 83.9 and 87.6;
367.7 and 373.7 eV, respectively, in the X-ray photoelectron
spectroscopy spectra.**** In a study where an extract from
Antigonon leptopus leaves was used for the synthesis of bime-
tallic nanoparticles, in addition to gold and silver, carbon,
oxygen, and nitrogen were also identified through peaks at
284.8; 532.7; and 399.9 eV, respectively.*® Consistent with the
literature, this work identified the presence of gold, silver,
carbon, and oxygen through peaks at 83.8; 373.8; 284.6; and
532.6 eV for the Vitis vinifera extract, and 84.4; 368.0; 285.2; and
532.4 eV for the Cannabis sativa extract.

X-ray diffractograms of bimetallic nanoparticles synthesized
using Cannabis sativa extract exhibited diffraction peaks at 26 =
38.3°, 44.5°, 64.7°, and 77.7°, corresponding to the indexing of
(111),(200),(220), and (3 1 1) planes of metallic gold.
Additionally, diffraction peaks at 26 = 38.2°, 44.3°, 64.6°, and
77.4° can be indexed to (11 1), (200), (22 0), (31 1),and (22 2)
planes of metallic silver, while peaks at 26 = 27.9°, 32.3°, 46.3°,
54.9°, 57.5°, 67.6°, and 76.8° can be attributed to (1 1 1), (2 0 0),
(220),(331),(222),(400),and (4 2 0) planes of silver chloride
(see Fig. 5). The X-ray diffraction data of bimetallic
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nanoparticles synthesized using Vitis vinifera extract display
diffraction peaks at 26 = 38.3°, 44.5°, 64.7°, and 77.7°, corre-
sponding to the indexing of (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
planes of metallic gold. Additionally, diffraction peaks at 26 =
38.2°,44.3°, 64.6°, and 77.4° can be indexed to (1 1 1), (2 0 0), (2
20),(311),and (2 2 2) planes of metallic silver, while peaks at 26
= 27.9°, 32.3°, 46.3°, 54.9°, 57.5°, 67.6°, and 76.8° can be
attributed to (11 1),(200),(220),(331),(222),(400),and (4 2
0) planes of silver chloride (see Fig. 5). The crystallographic
analysis of bimetallic nanoparticles synthesized using an
extract from Dovyalis caffra identified peaks at 26 values of 38.1,
44.3, 64.5, and 77.5° corresponding to the planes (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) of the face-centered cubic lattice of gold.
Additionally, peaks at 26 values of 38.1, 64.4, and 76.5° were
observed, corresponding to the planes (11 1), (22 0),and (31 1)
of the face-centered cubic lattice of silver. Furthermore, peaks at
20 values of 32.0 and 46.0° were observed, corresponding to the
planes (2 0 0) and (2 2 0) of silver chloride. Similar results,
except for the presence of silver chloride, were obtained in
studies investigating the preparation of bimetallic nano-
particles using extracts from Moringa oleifera and Piper
betle.***** The X-ray diffractograms of bimetallic nanoparticles
synthesized using Cannabis sativa, Vitis vinifera, and Dovyalis
caffra extracts show similar diffraction peaks corresponding to
the planes of metallic gold and silver. However, the nano-
particles synthesized using Dovyalis caffra extract exhibited
a unique pattern with the absence of certain peaks corre-
sponding to silver chloride, a characteristic also observed in
nanoparticles synthesized using Moringa oleifera and Piper betle
extracts. This suggests a potential influence of the extract type
on the formation and composition of the bimetallic nano-
particles. Both AgAuNPs in this study exhibit characteristics
indicative of a solid-solute type structure, as opposed to being
intermetallic. This structural formation can be hypothesized to
be influenced by the role of strong d-orbital interactions and
anisotropic ordering in bimetallic nanoparticle synthesis.
Additionally, the thermal and kinetic conditions during
synthesis, such as temperature and reduction rates, signifi-
cantly influence the alloying process and final structure. Our
experimental conditions, particularly the unique properties of
the plant extracts used, may have favored the formation of
a solid solute structure by altering these synthesis dynamics.***

Fourier-transform infrared spectroscopy (FTIR) was used to
identify functional groups present on the surface of bimetallic
nanoparticles synthesized using Vitis vinifera extract (see Fig. 6).
The broad absorption band at 3373 cm™ " indicates the presence
of O-H groups, aromatic compounds, or C=C double bonds.
The combined valence vibrations at 1609 and 1107 cm
confirm the presence of these C=C groups. Additional
absorption bands at 1609 and 1512 cm™ ' confirm the presence
of proteins. The width of the right shoulder of the absorption
band at 3373 cm ™, along with valence vibrations at 1609 and
1512 em™", suggests the presence of aromatic compounds.
Deformation vibrations at 820 cm™" indicate substitution of
these aromatic compounds in the para position. Deformation
vibrations at 1445 and 1107 cm ' are associated with the
presence of C-H and C-O groups, specifically indicating the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Fourier Transform Infrared (FTIR) spectrum of bimetallic
nanoparticles. This figure displays the FTIR spectrum of bimetallic
nanoparticles synthesized using Vitis vinifera (A) or Cannabis sativa (B)
waste extract. The x-axis represents the wavenumber (in cm™), and
the y-axis denotes the absorbance. Each peak in the spectrum
corresponds to a specific vibrational mode of a functional group
present in the nanoparticles. FTIR spectroscopy reveals functional
groups on the surfaces of bimetallic nanoparticles synthesized using
Vitis vinifera and Cannabis sativa extracts. Peaks at specific wave-
numbers confirm the presence of various functional groups, including
C=C bonds, O-H groups, and C-0O bonds, as well as valence vibra-
tions of C—H bonds.

presence of alcohols, ethers, carboxylic groups, or esters. For
AgAuNPs synthesized using Cannabis sativa extract (see Fig. 6),
the absorption band at 3306 cm ™" suggests the presence of O-H
bonds. The combination with valence vibrations at 1640 cm ™"
confirms the presence of C=C bonds, and the absorption at
1550 and 1050 cm ' indicates the valence vibration of C-O
bonds. Valence vibrations of C-H bonds were observed at 2925
and 2855 cm ™, along with deformation vibrations at 1450 and
1374 cm™ . Absorption bands at 3306 and 2855 cm ™' confirm
valence vibrations of primary and secondary amines, while
bands at 3306 and 2925 cm ™' confirm valence vibrations of
hydroxyl groups. Valence vibrations at 1640 cm ™" indicate the
presence of carbonyl groups. The broad absorption band at
1050 cm™ ' may signify valence vibrations of C-N bonds in
aliphatic amines.

In studies investigating the dispersion of silver or gold nano-
particles synthesized using Cannabis sativa extract, absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bands were detected at 3332 cm ™" indicating the presence of O-H
groups, valence vibration bands at 1741 cm™"' or 1604 cm ™'
indicating the presence of C=C bond, and an increased absorp-
tion band at 1019 cm " indicating the valence vibration of the
C-O bond. In addition, clear absorption bands of valence vibra-
tions of carbonyl groups, which may belong to proteins, were
observed at 1635 cm . Valence vibrations of C-N groups of
amines were also observed at 1045 cm™". In this study, the pres-
ence of O-H groups was confirmed with an absorption band at
3305 cm ', and the presence of C=C bond was indicated by
valence vibration band at 1641 cm'. Other identified groups
included C-O bonds with absorption bands at 1536 cm™* and
1050 cm ™, and a broader absorption band of aliphatic amines at
1050 cm ™. For silver nanoparticles and bimetallic nanoparticles
synthesized in this study using Cannabis sativa extract, the pres-
ence of valence vibration of the C-Cl bond with absorption at
700 cm™ " was detected. Similar results were obtained in a study
examining the synthesis of silver nanoparticles using Cannabis
sativa, where peaks at 769 cm ™', 687 cm ', and 526 cm™ " were
attributed to these vibrations. The reducing and stabilizing
properties were attributed to reducing sugars or proteins, while
the purely reducing activity likely resulted from terpenoids and
flavonoids.**

In the case of nanoparticles synthesized from Vitis vinifera
extract, wide absorption bands were identified in the literature at
3421-3469 cm ', indicating the presence of O-H groups. In
combination with the valence vibration at 1650 cm ™' character-
istic of C=C bonds in the aromatic ring, the participation of
phenolic compounds in nanoparticle synthesis can be consid-
ered. Additionally, a deformation vibration at 820 cm™", sug-
gesting para-substitution, was identified in this study. Absorption
bands in the range of 1315 cm™ " and 1730 cm ™" are characteristic
of valence vibrations of C=0 and C-O groups, indicating the
presence of carboxylic acids (e.g., gallic or apple acids). The
involvement of proteins was confirmed in the literature through
the identification of absorption peaks indicating the presence of
amides at 1655 cm™*, combined with the aforementioned C=0
groups.””® In this study, the presence of O-H groups was
confirmed by a wide absorption band at 3326 cm ™, which also
provides an indication of the occurrence of aromatic compounds.
These findings were further supported by the identification of
valence vibrations of C=C groups at 1605 cm ™' and 1108 cm .
Our results also confirmed the participation of proteins in
nanoparticle synthesis, as additional peaks were observed at
1605 cm ™" and 1514 cm ™', Deformation vibrations at 1446 cm™*
and 1108 cm ™, associated with the presence of C-H and C-O
groups, were also observed, indicating the involvement of primary
and secondary alcohols.

Antimicrobial properties

The evaluation of antibacterial properties involved assessing
inhibitory activity against both planktonic and adherent cells,
as well as the bactericidal activity of the synthesized nano-
particles (see Tables 1 and 2). Inhibition of adherent cells was
determined by total biofilm biomass and metabolic activity
assays. Studies investigating the inhibitory activity of metal
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Table1l Antimicrobial properties of bimetallic nanoparticles produced
using Vitis vinifera waste extract

Ag:Au (mg L)

MICyq, MBC MBICg,
P. aeruginosa DBM 3081 6.8:12.3 10.1:18.5 13.9:25.3
P. aeruginosa DBM 3777 4.1:74 4.1:7.4 Not found
P. aeruginosa ATCC 10145 6.8:12.3 33.7:61.5 2.7:4.9

P. aeruginosa ATCC 15442 2.7:4.9 13.5:24.6 1.4:2.5
PAO1 41:7.4 Not found 6.9:12.6

Table2 Antimicrobial properties of bimetallic nanoparticles produced
using Cannabis sativa waste extract

Ag:Au (mg L")

MICg, MBC MBICg,
P. aeruginosa DBM 3081 2.0:3.4 0.2:0.3 6.8:11.5
P. aeruginosa DBM 3777 2.0:3.4 10.0:16.8 6.8:11.5
P. aeruginosa ATCC 10145 2.0:3.4 0.7:1.1 6.8:11.5
P. aeruginosa ATCC 15442 1.3:2.2 1.3:2.2 13.3:22.4
PAO1 2.0:3.4 Not found 3.4:5.7

nanoparticles synthesized using “green” methods exhibit
a large variability in terms of nanoparticle properties and tested
microorganisms. Similarly, to the characterization of bio-
synthesized nanoparticles mentioned above, a significant
portion of studies lacks important information such as the
specific strain of the tested microorganism, the concentration
of nanoparticles used for testing, or the specific experimental
setup. In terms of experimental design, the majority of studies
employ methods like disk diffusion or well diffusion.”” These
aforementioned factors contribute to the considerable variation
in the results presented in the studies and differences in the
activity of the specific nanoparticles used.

Because bimetallic nanoparticles derive their antimicrobial
effect from both gold and silver with their respective mecha-
nisms of action, we decided to investigate the concentrations of
both metals in the dispersion. We then assign the produced
nanoparticles with dual concentration, which is reflected both
in the text (by mentioning both metals’ concentrations explic-
itly) and in tables and figures (by using “Ag:Au (mg mL ')
format).

By studying the effects of bimetallic nanoparticles synthe-
sized using Vitis vinifera extract on planktonic cells of P. aeru-
ginosa, MICg, values were found for all five strains, ranging from
2.7 to 6.8 mg L of silver and 4.9 to 12.3 mg L " of gold. In
investigating the inhibitory activity of bimetallic nanoparticles
synthesized using Cannabis sativa, MICg, values were found for
all studied strains of P. aeruginosa. The concentration range in
which this inhibitory activity was observed was 1.3 to 2 mg L ™"
of silver and 2.2 to 3.4 mg L™ of gold.

Bactericidal activity of bimetallic nanoparticles synthesized
using Vitis vinifera extract was observed in all studied strains of
P. aeruginosa except PAO1, with MBC ranging from 4.1 to
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Table 3 Minimal bactericidal concentration to minimal inhibitory
concentration ratio of bimetallic nanoparticles produced using Vitis
vinifera and Cannabis sativa waste extracts

MBC : MIC ratio (type of effect)

Vitis vinifera Cannabis sativa

P. aeruginosa DBM 3081 1.5 (bactericidal) 0.1 (bactericidal)
P. aeruginosa DBM 3777 1.0 (bactericidal) 5.0 (bacteriostatic)
P. aeruginosa ATCC 10145 5.0 (bacteriostatic) 0.4 (bactericidal)
P. aeruginosa ATCC 15442 3.2 (bactericidal) 1.0 (bactericidal)
PAO1 Not found Not found

33.7 mg L' of silver and 7.4 to 61.5 mg L' of gold. Bimetallic
nanoparticles synthesized using Cannabis sativa extract exhibi-
ted bactericidal activity against all studied strains of P. aerugi-
nosa except PAO1. MBC values were found across a wide
concentration range, specifically 0.2 to 10 mg L™ of silver and
0.3 to 16.8 mg L™ " of gold.

According to a typology proposed by Ayala-Nufiez et al., if the
ratio of MBC to MIC is equal or smaller than 4 the effect is
considered as bactericidal, but if the ratio of MBC to MIC is
greater than 4 then the effect was defined as bacteriostatic.*

Both nanoparticles produced using Vitis vinifera and
Cannabis sativa exhibited bactericidal activity against some
strains (e.g., DBM 3081 and ATCC 15442), while in some cases
they have shown only bacteriostatic effect (see Table 3). PAO1
did not display any of these effects since MBC was not achieved
in the concentration range used.

Bimetallic nanoparticles synthesized using Vitis vinifera
extract demonstrated inhibitory activity against adhering cells
of P. aeruginosa in all studied strains (see Fig. 7). The MBICg,
values ranged from 1.4 to 13.9 mg L™ of silver and 2.5 to
25.3 mg L' of gold. Inhibitory activity of bimetallic nano-
particles produced using Cannabis sativa extract against
adhering cells of P. aeruginosa was also investigated. The
MBICg, values were found in the concentration range of 3.4 to
13.3 mg L of silver and 5.7 to 22.4 mg L™ of gold. These
results show a promising trend. While in antibiotics MBICs can
be at least 500 higher than MICs, nanoparticles in this study
effectively inhibited biofilm formation in concentrations only
3-10 times higher than MIC.

AgAuNPs produced using Cannabis sativa consistently
exhibited strong inhibition against planktonic cells at lower
concentrations. While the extract alone does not inhibit Gram
negative bacteria, according to both our experiments (data not
shown) and literature, it was effective in combination with other
agents (e.g., antibiotics).” Some potentiating effect of the
combined action of AgAuNPs and Cannabis sativa extract could
be possible.

Bimetallic alloy nanoparticles are relatively rare in the liter-
ature, and although some studies examining their antimicro-
bial effects can be found, this study is one of the few exploring
a range of pharmacodynamic parameters of antimicrobial
activity (MIC, MBC, MBIC).** When investigating the antibac-
terial effect of bimetallic nanoparticles produced using an
extract from Ziziphus spina-christi leaves, the MIC was found to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Metabolic activity of P. aeruginosa in response to bimetallic
nanoparticles. This figure presents the results of MBIC testing for P.
aeruginosa (strains DBM 3081, DBM 3777, ATCC 10145, ATCC 15442
and PAO1) exposed to bimetallic nanoparticles synthesized using two
different plant extracts. Graphs (A—E) show the metabolic activity of P.
aeruginosa at different concentrations of nanoparticles produced
using Vitis vinifera extract, with MBICgg values ranging from 1.4 to
13.9 mg L™t of silver and 2.5 to 25.3 mg L™* of gold. Graphs (F-J)
display the metabolic activity at varying concentrations of nano-
particles synthesized using Cannabis sativa extract, where the MBICgq
values were found in the concentration range of 3.4 to 13.3 mg L™ of
silver and 5.7 to 22.4 mg L™ of gold. The graphs provide a visual
representation of the inhibitory activity of these nanoparticles against
both planktonic and adhering cells.

be 61 mg L', and the MBC was 93.3 mg L™ ". In another study,
where bimetallic nanoparticles were created using quercetin,
the MIC and MBC values were determined as 5 and 10 mg L™,
respectively.***” AgAuNPs in our study exhibited strong anti-
bacterial activity at relatively low range, even when compared to
studies where silver nanoparticles were used.***° These results
show promise especially considering silver nanoparticles are
characterized by higher toxicity for mammalian cells compared

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

to gold nanoparticles. Therefore, it can be expected the toxicity
of AgAuNPs in this study is lowered while the antibacterial
activity is preserved.**

Regarding the comparison of AgAuNPs in our study, the
enhanced antimicrobial activity of nanoparticles synthesized
using Cannabis sativa extract compared to those from Vitis vinifera
can be attributed to several distinct characteristics. Firstly,
nanoparticles from Cannabis sativa exhibited smaller sizes (1-7
nm), increasing their surface area-to-volume ratio for more effi-
cient microbial interaction. Secondly, surface chemistry analysis
revealed different functional groups on these nanoparticles,
influencing their interaction with the bacterial cell. Lastly, the
synergy between metallic components and Cannabis sativa
phytochemicals might enhance antimicrobial efficacy.”*>* These
factors collectively contribute to the superior inhibitory effect of
nanoparticles produced with Cannabis sativa.

Conclusions

This study demonstrates the successful synthesis of bimetallic
nanoparticles using waste extracts from Vitis vinifera and
Cannabis sativa. These nanoparticles exhibited remarkable
antimicrobial activity against P. aeruginosa, a common path-
ogen responsible for nosocomial infections and a major
contributor to antibiotic resistance, while promising lower
toxicity against mammalian cells than silver nanoparticles.

The utilization of agricultural waste for nanoparticle produc-
tion presents a sustainable and cost-effective approach. The
development of nanoparticle coatings derived from such waste
sources holds great potential for combating nosocomial infec-
tions, addressing antibiotic resistance, and offering affordable
solutions for infection control in healthcare settings. Further
investigations should focus on optimizing the synthesis process
and evaluating the nanoparticles’ efficacy in real-world
applications.
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