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Green synthesis of Brassica
carinata microgreen silver
nanoparticles, characterization,
safety assessment, and
antimicrobial activities
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Nanotechnology has been a central focus of scientific investigation over the past decades owing

to its versatile applications. The synthesis of silver nanoparticles (AgNPs) through plant secondary
metabolites is a cost-effective and eco-friendly approach. The present study employed Brassica
carinata microgreen extracts (BCME) to promote the reduction of silver nitrate (AgNO,) salt into
Brassica carinata microgreen silver nanoparticles (BCM-AgNPs). The physicochemical properties of
the biosynthesized AgNPs were characterized through both spectroscopy and microscopy techniques.
Furthermore, the antimicrobial property of the biosynthesized AgNPs was assessed against six
selected pathogenic microorganisms, and finally, their safety was evaluated on a normal Vero cell

line through an MTT cytotoxicity assay. The UV-visible spectrum revealed that BCM-AgNPs exhibited
an absorption peak at 420 nm. The potential functional groups involved in the biosynthesis of

AgNPs were identified by Fourier transform infrared (FTIR) analysis. Scanning electron microscopy
(SEM) revealed a spherical nature of the biosynthesized AgNPs. Transmission electron microscopy
(TEM) analysis revealed the crystallinity of the AgNPs, averaging 34.68 nm in size. X-ray diffraction
(XRD) investigation further confirmed the crystalline structure of the AgNPs. The zeta potential
exhibited a significant value of —22.5 + 1.16 mV. Regarding the antimicrobial potential, BCM-AgNPs
exhibited promising antimicrobial activity against the tested pathogens, with a minimum inhibitory
concentration (MIC) of 62.5 pg/mL observed in Pseudomonas aeruginosa. Further cytotoxicity
assessment of BCM-AgNPs conducted on Vero cells demonstrated their safety. This study presents a
novel approach to synthesizing AgNPs using a nutraceutical microgreen, offering a biocompatible and
promising alternative for combating multi-drug resistance.

Keywords Silver nanoparticles, Green synthesis, Brassica carinata microgreen, Antimicrobial property,
Safety assessment

Nanoscience focuses on investigating and managing materials at the nanometer scale, where their properties
differ from those of bulk materials due to quantum effects and a significant surface area-to-volume ratio!=.
Nanotechnology, the application of nanoscience, has experienced rapid growth worldwide and has applications
in biomedicine, agriculture, and environmental remediation'?. The combination of biotechnology and
nanotechnology has given rise to nanobiotechnology, which enables eco-friendly product manufacturing and
advances in biosynthetic technology for the synthesis of nanomaterials. Nanoparticles are atoms organized
within a size range of 1 to 100 nanometers*.
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Metallic nanoparticles are receiving significant attention in the medical field due to their distinctive
electrical, chemical, optical, and catalytic properties. These properties make them highly valuable as potential
agents for transportation, diagnosis, therapy, and drug delivery>~’. Metallic nanoparticles consist of various
types, namely gold, copper, zinc, and AgNPs, among others. AgNPs have gained prominence among metallic
nanoparticles because they are versatile and possess excellent physical, chemical, and biological properties
mainly attributed to their size, shape, composition, crystallinity, and structure?. Moreover, AgNPs are known
to have high antimicrobial, antiviral, and anticancer activity among the most commonly used nanoparticles.
Several approaches exist for synthesizing nanoparticles, including chemical, physical, and biological methods®®.
However, employing plant extracts to synthesize AgNPs offers numerous benefits over other methods!*!!. The
use of plant extracts eliminates the need for dangerous reducing and capping chemicals!'"'2, excessive heat,
radiation, and expensive microbial growth media and strains in the process of nanoparticle synthesis'>!4.
Furthermore, plant-mediated synthesis is a rapid, reliable, safe, cost-effective, eco-friendly, and straightforward
method?. On the other hand, green synthesis of nanoparticles through plant extract leads to nanoparticles that are
biocompatible and biodegradable, ensuring their safety in numerous applications, especially bioapplication!*15.
The synthesis of AgNPs from plant extracts has gained significant attention due to the aforementioned benefits
and promising applications. Scientists have explored the application of photosynthesized AgNPs in biomedical
diagnostics, namely as antibacterial, anti-inflammatory, and anticancer substances®'¢. The biomolecules found
in plant extracts, such as amino acids, proteins, enzymes, and vitamins, act as reducing, stabilizing, and capping
agents in the nanoparticle synthesis process by facilitating the reduction of silver ions (Ag*) to silver atoms
(Ag®)!718. The shape and size of AgNPs significantly influence their electronic and optical properties, which in
turn affects their bioactivity*!-2!. AgNPs with identical surface areas but different shapes exhibit varying levels
of bactericidal activity?»?3. This difference is due to the variations in effective surface areas and active facets of
the AgNPs. Therefore, it is essential to control these parameters as well as the surrounding medium during the
synthesis of AgNPs?%.

The global incidence of infectious diseases has significantly increased due to the widespread and improper
utilization of drugs, resulting in the emergence of antibiotic-resistant microorganisms, also referred to as multi-
resistant pathogens®>2°. These multi-resistant pathogens are responsible for the resurgence of a myriad of health
issues along with their associated economic damages. In 2022, approximately five million deaths were associated
with drug-resistant infections. This figure is expected to rise to ten million per year by 2050%”.

There is a crucial need to develop new antibacterial agents in order to address antibiotic resistance and
effectively manage diseases. AgNPs play a significant role in therapeutic applications as remarkable anticancer,
antidiabetic, antioxidant, and antimicrobial agents®?%-3. Biosynthesized AgNPs have demonstrated remarkable
antimicrobial properties attributed to the phytoconstituents on their surface from green synthesis®!. These AgNPs
can damage bacterial cell membranes, making them excellent agents against antibiotic-resistant bacteria and a
cornerstone in the fight against multidrug-resistant pathogens®. Plants such as Azadirachta indica, Brassica
oleracea, and Citrullus colocynthis have been successfully employed to biosynthesize AgNPs*>*%. In addition,
AgNPs synthesized from extracts of Datura stramonium, Ocimum sanctum, and Pyrostegia venusta leaves have
shown a broad spectrum of antimicrobial activity>.

Microgreens are one of the trending foods used as nutraceuticals. These are young, edible plants harvested
after the first true leaves emerge, typically within 7 to 21 days of seeding®>*¢. Microgreens are becoming more
popular due to their growing prominence as functional foods with both medicinal and nutritional benefits
(nutraceuticals)37’38. Brassicaceae, Asteraceae, Apiaceae, Cucurbitaceae, Fabaceae, and Lamiaceae are the leading
families that contribute to microgreens”.

Brassica carinata (commonly referred to as Ethiopian kale) belongs to the African Indigenous Vegetables
(ALVs), a group of plants widely cultivated and eaten in eastern and southern Africa®®*. This plant, belonging
to the Brassicaceae family, along with other species, has attracted significant interest as nutraceuticals
and microgreens®’. Scientific interest in these plants stems from their copious amounts of phytochemical
compounds, making them valuable for both nutrition and medicine*!. Prior studies on the mature plant®¢4?
as well as microgreens4 have revealed its potent antioxidant, antibacterial, anti-diabetic, and anticancer
properties. Additionally, the leaves and seeds of Brassica carinata are rich in nutrients, with high concentrations
of glucosinolates, which confer significant therapeutic properties®®. Economically, Brassica carinata serves as a
nutritious food source, oilseed crop, and potential biofuel, contributing to sustainable agriculture and enhancing
food security in various regions®.

The efficacy of many medicinal plant species relies on the intake of their active compounds into the body.
Nonetheless, when administered as raw extracts, the bioavailability of these active compounds in plant-based
medicinal products is notably diminished**-*. This challenge can be solved by combining herbal therapy
with nanotechnologies because nanosystems can effectively transport bioactive compounds at adequate
concentrations over the treatment period, guiding them to specific sites of action, thereby enhancing the potency
of the compounds*’. The present study aimed to synthesize and characterize BCM-AgNPs, to study their
potential bioapplications and safety.

Materials and methods

Growth and preparation of microgreens

Microgreens were grown in a locally fabricated growth chamber at Jomo Kenyatta University of Agriculture
and Technology (JKUAT), Nairobi, Kenya (1.0912° S, 37.0117° E). Brassica carinata seeds were procured from
the local market in Ruiru, Kenya. Authentication of the species (microgreens) was done by comparison to a
reference specimen, Ref: JMW/JKUAT/BOT/HO001, archived during a study conducted on the phytochemical
profile and the safety of Brassica carinata microgreens®®. Microgreens were grown using an innovative capillary
wick irrigation system that used non-woven polyester material to facilitate water movement from the Styrofoam
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boxes to the plant support medium, which was cocopeat™®. This innovative system reduces watering frequency
while maintaining standard water requirements for the microgreens®. Seeds weighing approximately 25 g were
sown per box. The microgreens were harvested after the emergence of the first two true leaves, which occurred
two weeks post-sowing (Fig. 1A). They were subsequently packaged in sterile polyethylene bags (Fig. 1B), then
placed in cooler ice boxes (25x 18X 18 cm in dimensions) and afterward transported to the Molecular Biology
and Biotechnology Laboratory at Pan African University Institute for Basic Sciences, Technology, and Innovation
(PAUSTI), where they were freeze-dried at — 60 °C for 72 h (Fig. 1C), ground into a fine powder using a blender
(Fig. 1D), and stored in sterile sealed bags (Fig. 1E) at 4 °C for further analysis.

Sample extraction

Aqueous extracts of Brassica carinata microgreens were obtained following the procedure outlined by*® with a
few modifications as follows. So, fifty (50 g) of fine powder of B. carinata microgreens was soaked in distilled
water in a ratio of 1:10 (w/v) (Fig. 1F). The soaked plant material was shaken for 30 min at room temperature.
Afterward, the resulting mixture was removed from the shaker and heated in a water bath at 60 °C for 60 min.
After 60 min, the mixture was cooled at room temperature and filtered through muslin cloth and Whatman No.1
filter paper. The collected filtrates (Fig. 1G) were stored at 4 °C for subsequent investigations.

Chemicals and reagents

All chemicals and reagents were procured from accredited suppliers and complied with the highest analytical
standards. Silver Nitrate was procured from Thermo Fisher Scientific, and Eagle’s Minimum Essential Medium
(EMEM) was purchased from Gibco BRL (Germany). Doxorubicin, MTT, and dimethyl sulfoxide (DMSO)
were purchased from Solarbio Life Sciences Company, Beijing, China. Standard antibiotics and antifungals
(Ciprofloxacin and Nystatin) were obtained from a Pharmaceutical Company in Nairobi, Kenya. Plates and
flasks were procured from Legacy Lab Africa LTD, Nairobi, Kenya.

Pathogenic microbial strains and cell lines

Aspergillus flavus was sourced from JKUAT Laboratory of Food Sciences. While Pseudomonas aeruginosa ATCC
27,853, Staphylococcus aureus ATCC 43,300 (MRSA), Escherichia coli ATCC 25,922, Klebsiella pneumoniae ATCC
700,603, and Candida albicans ATCC 64,124 were provided by PAUSTI Molecular Biology and Biotechnology
Laboratory. The KEMRI cell bank provided a kidney epithelial cell line derived from African green monkeys
(ATCC Vero CCL-81).

Fig. 1. An illustration of plant sample collection, drying, and extraction process. (A) Microgreens ready

to be harvested, (B) The microgreens were harvested and stored in a sterile bag for transport to the lab, (C)
Microgreens freeze-dried process utilizing a freeze dryer, (D) Microgreens grinding using a grinder, (E)
Microgreen powder, (F) Microgreen powder soaked in water for extraction, (G) Microgreen aqueous extract.
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Isolation and identification of aspergillus flavus from maize samples

Aspergillus flavus was isolated using a direct plating method as previously described, with slight modifications®.
Briefly, one gram of each maize sample was washed with distilled water, then sterilized using a sodium hypochlorite
solution, and subsequently inoculated onto PDA plates supplemented with 0.1 mg of chloramphenicol to prevent
bacterial contamination. The plates were kept at 28 °C for seven days, with daily monitoring. After seven days,
the fungal colonies were subcultured onto fresh PDA and incubated for another seven days in order to obtain
pure colonies. The morphological identification was performed through microscopic observation of the pure
colonies, then further confirmed by the reverse coloration of the colonies; thus, the pure colonies were cultivated
on AFPA (Aspergillus flavus and Parasiticus Agar; Hardy Diagnostics, USA) and incubated at 28 °C for 2 to 3
days®.

Green synthesis of silver nanoparticles

The biosynthesis of AgNPs followed this approach. Briefly, 50 mL of BCME concentrated at 0.1 g/mL were mixed
with 450 mL of 1 mM AgNO, solution in a 500 mL flask shielded with aluminium foil to protect the solution
from sunlight. The resulting mixture was then heated at 70 °C and stirred for 1 h. After 1 h, the mixture was left
at room temperature for 24 h with continuous stirring to allow the bioreduction process to complete. After 24 h,
the colour change of the mixture from colourless to dark brown was the visual confirmation of the formation
of AgNPs or the reduction of silver ions to AgNPs (Ag* to Ag®) due to the excitation of the surface plasmon
vibration?. The biosynthesized AgNPs were further aliquoted in 50 mL Falcon tubes and then centrifuged at
12,000 rpm for 15 min usinga HERMLE Z 446 K (Germany) centrifuge. The supernatant was discarded, and the
pellet was washed twice with distilled water, freeze-dried at —60 °C, and kept at 4 °C for subsequent use.

Characterization of the synthesized AgNPs

The stability, the distribution within biological systems, the safety, and the efficacy of the nanoparticles are
significantly influenced by their physicochemical properties. Therefore, in this study, the biosynthesized AgNPs
were characterized using various techniques, including UV-visible spectroscopy, X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Transmission Electron
Microscopy (TEM), and Dynamic Light Scattering (DLS) Analysis.

UV-visible spectroscopy analysis

UV-Visible spectroscopy is the most relevant and straightforward method to confirm the formation of
nanoparticles. Thus, the synthesis of AgNPs from the BCME was confirmed by monitoring the surface plasmonic
resonance peak in a Shimadzu UV-1800 UV-Vis spectrophotometer (Shimadzu, Japan) in the range of 300 to
800°%5!. Distilled water was used as a blank.

Fourier transform infrared spectroscopy analysis

FTIR analysis was performed to elucidate functional groups that are involved in the biosynthesis, the
stabilization, and the capping processes of AgNPs. The spectral data were acquired using an IRAffinity-1 S FTIR
spectrophotometer (Shimadzu Corp., 03191) equipped with an ATR. The instrument was set up to perform a
total of 20 scans with 4 cm™! spectral resolution for both background and sample spectra, recorded rapidly in the
range between 4000 and 400 cm™. About 1 mg of the sample was loaded onto the crystal and scanned using a
laser. The FTIR analysis was performed for both microgreen crude extract and synthesized BCM-AgNPs.

Scanning electron microscopy (SEM) and EDX analysis

The morphological analysis of AgNPs was performed using SEM according to the method outlined by®2 The
Tescan Vega 3 LMH instrument with a 20 kV accelerating voltage, a secondary electron detector (SED), and
energy dispersive spectroscopy (EDS) were employed for the analysis. In order to improve conductivity, the
samples were first of all coated with carbon using Agar’s Turbo Carbon Coater before measurement.

Transmission electron microscopy (TEM) analysis

TEM analysis was carried out following the method described by>? in order to characterize the size, shape,
and morphology of synthesized AgNPs. The samples were analysed through the Jeol JEM-2100 F transmission
electron microscope, which operated at 200 kV and equipped with a LaB6 source and a charge-coupled device
(CCD) digital camera. Prior to performing TEM analysis, a small quantity of synthesized AgNPs was dispersed
onto the TEM grid (200 mesh size Cu-grid) and subsequently coated with a thin film made of lacy carbon
material®%,

Crystalline size determination using XRD

Powder XRD analysis was conducted to determine the average crystalline size of the synthesized AgNPs. The
Rigaku Miniflex XRD (X-ray scientific) was used for the analysis. The Goniometer was of Bragg-Brentan
geometry with a 150 mm radius and had a measurement range (20) of 2° - 145°. The X-ray source is a copper
anode (A Cu Ka=1.5418 A), I=15 mA (fixed), U=30 kV (fixed). Measurement speed ranged from 0.01 to 100
°/min. The samples were analysed following the manufacturer’s protocol. Briefly, one to two grams of powdered
synthesized AgNPs were weighed into the sample holder, and with the use of a glass slide, the sample was
compacted to create an even surface area. The sample holder was then placed on the XRD multi-sample holder
chamber. The machine was then calibrated (SET) accordingly to begin the analysis. The nanoparticles’ crystalline
size was computed using Debye Scherrer’s Eq. (1), where D is the average particle size (nm), K is a constant equal
t0 0.94, \ is the wavelength of X-ray radiation, p is full width at half maximum of the peak in radians, and theta
is the diffraction angle (degree).
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Dynamic light scattering (DLS) analysis
The particle size distributions, zeta potential, and polydispersity index (PDI) of biosynthesized AgNPs were
analyzed through the DLS technique, using a particle size analyzer incorporated into a computerized Malvern
Zetasizer Nano system, according to the protocol described by®. The parameters employed for the analysis
included a temperature of 25 °C, a wavelength of 633 nm, a light scattering angle of 173 degrees, a medium
refractive index of 1.33, and a medium viscosity of 0.8872 P>,

Stability study of the synthesized AgNPs

Thermal stability of the synthesized AgNPs

About 15 mL of AgNPs suspension was aliquoted into three 15 mL Falcon tubes, each containing 5 mL of
suspension. These tubes were stored at various temperatures for three months: ambient (ranging between
20 °C and 30 °C during the experiment), minus 20 °C, and minus 80 °C. Following this period, the samples
were transferred from each storage location, thawed at room temperature, and their absorbance spectra were
measured using a UV/Vis spectrophotometer**.

pH stability of the synthesized AgNPs

To evaluate how the stability of the synthesized AgNPs is affected by pH, 5 mL of the synthesized AgNPs solution
were allocated into five test tubes. Subsequently, each test tube containing the AgNPs was subjected to a range
of pH conditions: pH 3, 5, 7, 9, and 12. The pH was adjusted by adding drops of either 1 N NaOH or 1 N HCl
until the desired pH was reached, as indicated by the pH meter®. Following an incubation period, the UV/VIS
spectrophotometer was employed to measure the absorbance spectra of the AgNPs across a scanning range of
300 to 800 nm*4.

Long-term stability of the synthesized AgNPs

The impact of Long-term storage on the stability of the synthesized AgNPs was assessed following the method
described by with a few modifications. Specifically, 0.5 mL of the synthesized AgNPs solution was diluted
with 9.5 mL of distilled deionized water in 15 mL Falcon tubes, which were then stored in the darkness at
—20 °C for 180 days (6 months). UV-Vis spectra were measured using a spectrophotometer as follows: on day
0 (immediately post-synthesis) before storage, 45 days, 90 days, and 180 days of post-synthesis of the AgNPs.

Antimicrobial activity evaluation of BCM-AgNPs

Preparation of standard inocula and media

The Sabouraud Dextrose Agar (SDA), Potato Dextrose Broth (for fungi), Mueller Hinton Agar (MHA), and
Mueller Hinton Broth (for bacteria) media were prepared according to the manufacturer’s instructions, then
sterilized by autoclaving them for 15 min at 121 °C. To obtain actively growing cultures, MHA medium was
used for subculturing bacteria, while SDA medium facilitated the subculturing of fungi®’. Standard inoculum
suspensions were prepared to a turbidity equivalent to the 0.5 McFarland standard and adjusted to achieve a
turbidity of 1.5 % 10° cells or spores/ml, with the turbidity verified by measuring the optical density at 600 nm®.
Samples and standards were prepared following the methods outlined by Mwangi et al.*” with few differences.

Antibacterial activity through the agar disc diffusion assay

The antibacterial properties of BCM-AgNPs against selected Gram-negative pathogens, including E. coli, K.
pneumoniae, and P. aeruginosa, and Gram-positive pathogens, specifically S. aureus, were evaluated using the
Kirby-Bauer disc diffusion susceptibility test as previously described by*® with few modifications. Around 20
mL of sterile Mueller-Hinton agar was poured into each Petri dish to form a 4 mL thick plate®. Following the
medium’s cooling and solidification, the plates were inoculated by gently rubbing sterile cotton swabs that were
drenched in bacterial suspensions across the whole surface®’. To facilitate the diffusion of BCM-AgNPs in the
inoculated media of the plates, sterile paper disks (6 mm in diameter) were loaded with 1 mg/mL of BCM-AgNPs
solution along with negative and positive controls using a micropipette. These loaded disks were then placed
onto the surface of the inoculated plates using flame-sterilized forceps. The positive control contained 1 mg/ml
of ciprofloxacin, while the negative control contained 0.5% DMSO. The plates were labelled and allowed a pre-
diffusion of 30 min before incubating them for 24 h at 37 °C. After incubation, the zones of inhibition around the
disks, corresponding to the antibacterial activities of the tested BCM-AgNPs, were measured in mm®’.

Antifungal activity using the agar disc diffusion assay

Antifungal activity was investigated using two fungal species, namely Candida albicans and Aspergillus flavus on
a Sabouraud Dextrose agar medium. The disk diffusion method was employed to study the antifungal activities,
with nystatin as the positive control and 0.5% DMSO as the negative control. The process commenced by
sterilizing the medium, followed by pouring it onto the plates to facilitate solidification. The samples, as well
as positive and negative controls, were applied to the inoculated medium using the loaded disks. Following a
30 min pre-diffusion of the samples, the entire setup was incubated for 48 h at 37 °C*’. Subsequently, the zones
of inhibition were measured and recorded in mm*.
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Evaluation of minimum inhibitory concentration (MIC)

The broth microdilution assay was employed to evaluate the MIC of BCM-AgNPs against the tested
microorganism, following the method described by®>* and in accordance with the guidelines of the Clinical
and Laboratory Standards Institute (CLSI), standard M07-A105. Briefly, 100 uL of sterile PDB (fungi) and MHB
(bacteria) media were transferred into each well of a 96-well plate. Then, the BCM-AgNPs solutions, along with
positive and negative controls, were added to the wells containing the media. Afterward, two-fold serial dilutions
ranging from 1000 pg/mL to 7.81 pg/mL of the test solutions were performed®”¢*. This was followed by the
inoculation in the well containing the BCM-AgNPs as well as positive and negative control, and subsequently,
the plates were incubated at 37 °C for 24 h (bacteria) and 48 h (fungi). After 24 h and 48 h of incubation, 25 pL
of the resazurin (0.15 mg/mL) was added to each well and then re-incubated for 1-2 h. The change from the blue
colour of resazurin to the pink colour of resorufin indicates bacterial growth in the wells where the BCM-AgNPs
could not inhibit growth®®. MIC was established as the smallest concentration of AgNPs at which no observable
bacterial growth was detected®’.

Determination of the minimum bactericidal (MBC) and fungicidal (MFC) concentrations

The MBC or MFC was determined using the method previously described with slight modifications®>*® and in
accordance with the CLSI guidelines. A volume of 100 pL of the bacterial and fungal suspension, which showed
no bacterial or fungal growth in the MIC test, was inoculated onto MHA and SDA media and incubated at
37 °C for 24 h and 48 h, respectively, for bacteria and fungi. MBC and MFC values were defined as the lowest
concentration of AgNPs at which no colony growth was observed®”.

63,68

Mode of action of AgNPs

The mechanism of action of AgNPs was identified through the MBC/MIC or MFC/MIC ratio. Antimicrobial
agents with an MBC/MIC or MFC/MIC ratio < 4 are regarded as bactericidal or fungicidal, while those with an
MBC/MIC or MFC/MIC ratio >4 are termed bacteriostatic or fungistatic agents*.

Evaluation of the safety of BCM-AgNPs

Cell culture conditions

The Vero CCL-81 cell line was obtained from the KEMRI cell bank and was grown in Eagle’s Minimum Essential
Medium (EMEM) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% L-glutamine, and 1% HEPES.
Cells were cultured in T75 cell culture flasks and incubated at 37 °C in 5% CO,. The medium was changed every
48 h to allow cells to get 80% confluent.

Assessment of the safety of BCM-AgNPs using MTT cytotoxicity assay

The safety of BCM-AgNPs was assessed on Vero CCL-81 cells through 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. MTT assay determines the metabolic activity of the mitochondria
of the viable cells by measuring their ability to reduce MTT to formazan using the succinate-tetrazolium
reductase system®. Vero CCL-81 cells at 80-90% confluence were subjected to two rounds of washing with 8
mL of phosphate-buffered saline (PBS). Subsequently, 1 mL of 0.25% trypsin-EDTA was used to detach the cells,
followed by an incubation period of 3-4 min. Afterward, the cells were counted using a hemocytometer, and
after staining them with 0.4% trypan blue, the resulting suspended cells were then seeded into 96-well plates at
a concentration of 1x 10* cells in 100 pL of growth medium per well. The plates were then incubated at 37 °C
with 5% CO, for 24 h to facilitate the cell attachment. Following the 24 h period of incubation, the initial seeding
medium was removed from the well, and 100 uL of a new medium containing various working concentrations of
AgNPs (500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 ug/mL, and 31.25 ug/mL, 15.62 ug/mL, 7.81 pg/mL) was added.
Dimethyl sulphoxide (0.2% DMSO) was used as a negative control and doxorubicin as positive control. The cells
subjected to treatment were then incubated under the previously mentioned conditions for 24 h”°. After that, the
medium with AgNPs was removed and was added 100 uL medium with 10 uL of freshly prepared MTT solution
(at a concentration of 5 mg/mL) in each well, and the plates were further incubated for 4 h. Subsequently, the
MTT solution was removed, and 100 mL of 100% DMSO was added to dissolve the formazan crystals. The
absorbance at 570 nm was then measured using an ELISA plate reader (an Infinite M1000 by Tecan). Each
experiment was conducted in triplicate. The percentage of cell viability was computed using the formula (2)71.

(Abs of treated cell — Abs blank)
(Abs of untreated cells — Abs blank)

(% ) Cell viability = x 100 (2)

Statistical analysis

All experiments were carried out in triplicate, and data were analysed as the mean + SD. Statistical significance
was assessed through Origin Lab Pro (2024) using one-way ANOVA followed by Turkey’s test, and a P-value
of <0.05 was considered statistically significant. IC50 values were computed, and all analyses of cell culture
data were conducted using GraphPad Prism 8. The XRD analysis was performed using Origin Lab Pro (2024)
software.

Ethical statement
The use of this plant species for experimental purposes does not require any special permit. All methods used in
this study comply with relevant institutional, national, and international guidelines and regulations.
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Results

Characterization of synthesized AgNPs

When BCME was mixed with AgNO, (Fig. 2), the colour changed from colourless to dark brown, was a visual
indicative of the formation of BCM-AgNPs (Fig. 2).

UV-visible spectroscopy analysis

The spectrum depicted in (Fig. 3) exhibited a maximum absorption peak of BCM-AgNPs at a wavelength of
420 nm, which falls within the range of surface plasmon resonance (SPR) for AgNPs, reported to range from
400 to 450 nm*4,

Fourier transform infrared spectroscopy (FTIR)

Figure 4 compares the FTIR pattern of BCME and BCM-AgNPs obtained using an FTIR spectrometer within
the range of 400-4000 cm™!. Various vibrational frequencies were identified, indicating the existence of diverse
biological functional groups involved in the reduction and stabilization process during the biosynthesis of AgNPs.
The IR pattern of BCME revealed the presence of several peaks at 3267, 3027, 1745, 1582, 1375, 1080, and 522 cm
~! while the IR pattern of BCM-AgNPs displayed prominent picks at 3254, 3020, 1739, 1576, 1360 cm™'. The
peaks at 3267 and 3027 cm™" are assigned to the O-H stretching vibration of carboxylic acid groups, illustrating
the existence of phenols and flavonoids’>7>. Peaks at 1739 and 1576 cm™! in the IR spectra are attributed to the
carbonyl stretch of the amide-I bond and the -N-H stretch vibrations of the amide-II bond, confirming the
occurrence of proteins’®. The peak at 1375 cm™ is due to C-H asymmetrical stretching of alkanes. The peak
at 1080 cm™! is caused by carboxylic acid C-OH stretching, whereas peaks at 522 cm™! show phenol group
O-H stretching’®. The comparison between the FT-IR spectra of BCME and those of AgNPs revealed notable
differences. Indeed, some peaks were displaced, while the intensity of other peaks decreased or increased. For
instance, the peaks at 3267, 3027, 1745, 1582, and 1375 assigned to O-H and N-H stretching vibrations cm!
observed in the IR of BCME were moved to 3254, 3020, 1739, 1576, and 1360 cm™}, respectively, in the IR of
BCM-AgNPs. This may be owing to electrostatic interactions among AgNPs and capping agents contained in
the extract’”.

Scanning electron microscopy and EDX analysis

Figure 5A shows the nearly spherical form and smooth, even texture of the synthesized AgNPs, while (Fig. 5B)
displays the EDX spectra, indicating the presence of elements such as Ag, Cl, C, O, and S. Moreover, the
quantitative EDX analysis revealed a 72% predominance of the Ag element in AgNPs derived from Brassica
carinata microgreen.

Transmission electron microscopy analysis

Figure 6A-C displays TEM micrographs of the biosynthesized AgNPs taken at different levels of resolution,
while (Fig. 6D) presents the size distribution histogram of BCM-AgNPs. The TEM micrographs unveiled a well-
distributed, crystalline structure and roughly spherical shape of biosynthesized AgNPs. The particle size analysis
conducted using Image] software indicated that the size of the AgNPs ranged from 22.36 to 48.55 nm, with an
average size of 34.68 nm (Fig. 6D).

/ | AgNoO,

BCME + AgNO;

Fig. 2. Evidence of colour change during biosynthesis of AgNPs.
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Crystalline size determination using XRD

Figure 7 shows the XRD pattern of biosynthesized AgNPs mediated by BCME. Characteristic diffraction peaks
were detected at the angles of 28.1°, 32.49°, 38.3°,46.45°, 55°, and 57.8°. The presence of diffraction peaks centred
at angles 20 of 38.3°, 46.45° and 55° corresponding to the (111), (200), and (220) reflection planes, respectively,
indicates the face-centred spherical structure of silver. The average size of the AgNPs generated by bioreduction
was computed using the Scherrer Eq. (1), and approximately 22.88 nm was found to be the average diameter of
the biosynthesized AgNPs.

Dynamic light scattering analysis

Figure 8 exhibits the DLS analysis, indicating that the average size of AgNPs particles is 196.4+2.12 nm and
their polydispersity index is 0.13 +0.02. Meanwhile, Fig. 9 illustrates the zeta potential of AgNPs, estimated at
-22.5+1.16 mV.

Stability study of the synthesized AgNPs

Thermal stability of the synthesized AgNPs

Figure 10 shows that the AgNPs remained stable throughout all tested temperatures, with a characteristic
absorption peak ranging from about 420 nm to 430 nm, which is well within the range of AgNPs.

PH stability of the synthesized AgNPs
Figure 11 indicates that the AgNPs remained stable under all tested pH values, with a typical absorption peak
between about 420 nm and 450 nm, which falls within the range of AgNPs.
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Fig. 5. (A) SEM micrograph showing the morphology of BCM-AgNPs. (B) EDX spectra showing the amounts
of different elements present in the biosynthesized BCM-AgNPs.
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Fig. 6. (A-C) TEM micrographs of the BCM-AgNPs at different resolutions. (D) Shows particle size
distribution histogram of BCM-AgNPs.

Storage stability of the synthesized AgNPs
Figure 12A-D depicts the stability of biosynthesized AgNPs over long-term storage. The result demonstrated

that the combination of darkness and low temperature has a crucial influence on the stability of AgNPs, thereby
ensuring their better long-term stability.

Antimicrobial activity evaluation of BCM-AgNPs

Inhibitory activity of BCM-AgNPs

Figure 13A-F shows the results of the antimicrobial activity of BCM-AgNPs, along with the negative and positive
controls, against six selected pathogens. The results are presented as zones of inhibition.

In this study, the antimicrobial potential of BCM-AgNPs was evident through remarkable zones of inhibition
observed against the microorganism under investigation, as depicted in (Fig. 13) and detailed in Table 1.
The susceptibility of microorganisms to BCM-AgNPs was classified as follows: lack of activity, represented
by zones of inhibition 0-7 mm; moderate activity, indicated by zones of inhibition 8-12 mm; and promising
activity, observed in zones of inhibition 12 mm and above®. Based on this classification, it is evident that BCM-
AgNPs showed potent antimicrobial activity against all the pathogen strains tested. A. flavus, S. aureus, and K.
pneumoniae exhibited the highest sensitivity to BCM-AgNPs, with IZD of 28.33, 21.53, and 20.14, respectively.
On the other hand, E. coli, P. aeruginosa, and C. albicans have demonstrated good sensitivity to BCM-AgNPs,
with IZD of 16.23, 17.20, and 18.43, respectively. The finding revealed a significant difference in the zones of
inhibition values for the standards and the BCM-AgNPs (P < 0.05).
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Fig. 7. X-ray diffractogram of biosynthesized BCM-AgNPs.

Evaluation of minimum inhibitory concentration (MIC) of BCM-AgNPs

Table 2 shows the minimum inhibitory concentration (MIC) values of BCM-AgNPs against tested pathogens.
The lowest MIC value was observed in P. aeruginosa (62.5 pg/mL), followed by those observed in A. flavus
(125 pg/mL), E. coli (125 pg/mL), and S. aureus (250 ug/mL), indicating that BCM-AgNPS exhibits antimicrobial
properties at low concentrations. The percentage of spectrum activity measures the effectiveness of an
antimicrobial agent against a range of microorganisms. It is computed by dividing the number of sensitive
strains by the total number of strains tested and multiplying by 100. This percentage reflects the breadth of the
antimicrobial’s effectiveness, with a higher percentage indicating a broader spectrum of activity against various
pathogens®”. BCM-AgNPs exhibited a 100% antimicrobial activity spectrum against all tested microbial strains at
concentrations ranging from 1000 pg/mL to 250 pug/mL and a 50% activity spectrum at 125 pug/mL. Our findings
indicate that AgNPs have the potential to be antibacterial agents against a broad spectrum of pathogenic strains,
with antimicrobial effectiveness dependent on AgNPs concentration, and are in line with those of previous
studies®’”. The percentage of spectrum activity was computed using the formula below:

(Number of pathogens inhibited)
(Total Number of pathogens tested)

(% ) spectrum activity = x 100 (3)

Determination of minimum bactericidal or fungicidal concentration (MBC or MFC) of BCM-AgNPs

Table 3 depicts the MBC and MFC of BCM-AgNPs. The MBC value for P. aeruginosa and the MFC value for
A. flavus were both 125 pg/mL. The MBC was 250 pg/mL for S. aureus, and E. coli. It was 500 pg/mL for K.
pneumoniae; on the other hand, C. Albicans had an MFC of 500 pug/mL. The findings indicate that BMC-AgNPs
have 100% antimicrobial spectrum activity at concentrations of 1000 pg/mL and 500 pug/mL. The activity
spectrum was 66.66% and 33.33% at concentrations of 250 pug/mL and 125 pg/mL, respectively. Nevertheless,
the antibacterial activity spectrum was null at 62.5-7.81 pug/mL.

Mode of action of BCM-AgNPs
The mechanism by which BCM-AgNPs act against the tested pathogenic strains is detailed in Table 4. The
results revealed that BCM-AgNPs exhibited both bactericidal and fungicidal effects, with MBC/MIC or MFC/
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MIC ratios < 4 for all pathogenic strains assessed®. Thus, the biosynthesized BCM-AgNPs act bactericidally and
fungicidally on both Gram-positive and Gram-negative bacteria as well as fungi.

Assessment of the safety of BCM-AgNPs using MTT cytotoxicity assay

Figure 14 depicts the viability percentage of Vero normal cells at various concentrations of BCM-AgNPs. The
results indicate that the viability of Vero cells decreased as the concentration of BCM-AgNPs increased. On the
other hand, the half-maximal inhibitory concentration (IC50) was found to be 152.4 pug/mL, highlighting its
safety.

Figure 15 shows the results of the Cytotoxicity of BCM-AgNPs on Vero cell line. Well 1-11 from row
A-G contained Vero cells. Well 1-4 from row A-G, contained 500 pg/mL, 250 ug/ mL, 125 ug/ mL, 62.5 pg/
mL,31.25 pg/ mL, 15.62 pg/ mL, 7.81 ug/ mL of BCM-AgNPs solution respectively. Well 5-7 from row A-G
contained a negative control (DMSO 0.2%). Well 8-11 from row A-G contained a positive control (Doxorubicin).
Row H and column 12 contained the blank.

Discussion

Drug resistance has increased dramatically in recent decades, posing a serious threat to global public health.
Most antibiotics have become ineffective due to microbial resistance’®. Therefore, finding new alternatives
has become vital to addressing this significant issue. The use of plant secondary metabolites for synthesizing
AgNPs appears to offer a more promising solution”’. In this study, BCME was employed to synthesize BCM-
AgNPs. Various analyses were conducted in order to assess the successful synthesis of the BCM-AgNPs. These
encompassed observing colour changes visually and scrutinizing the physical and chemical properties attributed
to the biosynthesized AgNPs through spectroscopy and microscopy techniques.

In solution, the AgNPs exhibit a dark brown colour owing to the excitation of their surface plasmon resonance
(SPR)*+78. This study validated the formation of AgNPs by observing the change in colour of the mixture from
colourless to dark brown. The findings align with earlier research®’3.

UV-Vis spectroscopy is essential for detecting the synthesis of AgNPs by observing their electronic
structures and optical properties. When AgNPs form, electron clouds oscillate on their surface, absorbing
specific frequencies of electromagnetic waves. This phenomenon, called surface plasmon resonance (SPR), is
characteristic of AgNPs and is detected using a UV-Vis spectrophotometer’*-8!. AgNPs biosynthesized mediated
by BCME exhibited a UV/VIS absorption spectrum at 420 nm (Fig. 3), in alignment with the surface plasmon
resonance of AgNPs®2. This finding is consistent with previous studies on the synthesis of AgNPs using plant
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extracts®. Several studies have shown the synthesis of AgNPs exhibiting UV/VIS absorption peaks at 413 nm?!,
at 420 nm®2%, at 435 nm>>%4, and others at 450 nm®. The results demonstrate the potential for easy and eco-
friendly synthesis of AgNPs using BCME.

To investigate the process of AgNO, reduction by BCME in the biosynthesis of AgNPs, FTIR analysis was
performed to elucidate the potential interactions between silver salts and the phytochemicals involved in the
reduction of Ag* ions to Ag® and the stabilization of synthesized AgNPs. Figure 4 depicts the IR spectra of BCME
and the synthesized BCM-AgNPs. The characteristic peaks from FTIR analysis were identified by comparing
them with the FT-IR data from other studies on the synthesis of AgNPs using green methods”®. The comparative
analysis of the FTIR spectra of BCME and BCM-AgNPs indicated that the biomolecules present in the BCME
have fundamentally contributed to the formation of BCM-AgNPs. The heightened intensity of the peak at
1745 cm™ observed in the FT-IR spectrum of the BCM-AgNPs, associated with carbonyl vibrations, implies
that the reduction of silver ions is a result of the conversion of hydroxyl groups to carbonyl groups within the
plant extract”>. In addition, the decrease in the intensity of the peaks at 3254 and 3020 cm™! in the IR spectrum
of AgNPs indicates the crucial role of O-H and N-H groups in the reduction process and bond formation
mechanism throughout AgNPs biosynthesis®. The presence of specific absorption peaks indicated the existence
of phytochemicals, such as amino acids, carbohydrates, phenols, flavonoids, and alkaloids, on the surface of
nanoparticles that were responsible for capping and stabilizing AgNPs. This helped to prevent the particles from
aggregating. The biomolecules involved in this process played a crucial role in ensuring the efficient stabilization
of AgNPs”>%7. Our results align with prior studies conducted on AgNPs biosynthesis”*5.

SEM analysis (Fig. 5A) revealed the spherical shape and smooth texture of the synthesized AgNPs. These
findings are consistent with the UV-visible spectrum, which showed maximum absorption at 420 nm**82,
Previous studies have reported various forms of AgNPs, including the spherical form®-°1. The spherical AgNPs
obtained in this study are thus compatible with the expected silver nanoparticle morphologies.

EDX spectra (Fig. 5B) revealed the presence of various elements in the biosynthesized AgNPs, with silver
(Ag) being the most abundant element, accounting for 72%, as evidenced by the presence of a prominent peak
in the spectra. These findings suggest a high level of purity in the biosynthesized AgNPs and align with previous
studies™. The other minor peaks indicate the presence of contaminants at low concentrations, likely due to
environmental factors during synthesis and pre-experimental procedures, such as gold coating and the use
of glass slides. Additionally, residual phytochemicals from the plant extract used in the synthesis process may
also contribute to the observed contaminants®>~°. The crystalline and spherical nature of the well-distributed
AgNPs were further confirmed by TEM analysis (Fig. 6A-C). The average particle size was found to be 34.68 nm
(Fig. 6D), which is consistent with the size obtained by XRD analysis. These findings align with those reported
in previous studies®®®’.
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XRD analysis confirmed the crystalline nature of the AgNPs, as evidenced by the presence of diffraction
peaks centred at 20 angles of 38.3°, 46.45°, and 55° (Fig. 7) corresponding to the (111), (200), and (220) reflection
planes, respectively, indicating the face-centred spherical structure of silver, as indexed in Joint Committee on
Powder Diffraction Standards (JCPDS) file no. 84-0713 and 04-0783 and reported by previous studies®>~1%.
However, the additional peaks observed at 28.1°, 32.49°, and 57.8° correspond to AgCl (111), (200), and (202)
planes, respectively, which could be due to the presence of chloride ions in the aqueous extracts, leading to the
formation of both AgCl and Ag!%"1%2, Pure AgNPs are inherently unstable in environmental conditions and tend
to react with inorganic ligands, such as sulphide and chloride, when silver is oxidized. The plant extracts used in
the synthesis of AgNPs contain chloride ions, which are among the most prevalent monovalent ions in natural
aqueous systems®>1%. Therefore, during the synthesis of AgNPs using these extracts, a reaction between chloride
ions and silver ions occurs, leading to the simultaneous formation of AgCl and AgNPs, thereby accounting for
their presence in the XRD profile®. Moreover, the Peak at 28 value 32.49° has recorded the highest intensity,
which is consistent with findings from prior research. Actually, the peak at 32.49° appears whenever there is a
large amount of silver oxide nanoparticles; this sharp distinct peak shows that silver is a primary component in
the synthesis!?*1%, The XRD findings revealed that the biosynthesis process generated AgNPs with an average
size estimated at 22.88 nm. TEM analyses provided further evidence of the crystalline nature and spherical
morphology of these AgNPs. Furthermore, the average particle size determined by TEM was approximately
34.68 nm, which was relatively close to that obtained by XRD (22.88 nm).

The DLS method relies on light interacting with particles and is used to analyse size distributions of small
particles ranging from 2 to 500 nm'%¢1%7. DLS analysis revealed larger AgNPs sizes (196.4 nm) (Fig. 8) compared
to those reported by XRD (22.88 nm) and TEM (34.68 nm). This significant difference between the DLS values
and those from TEM and XRD has been reported in previous studies*4, and could be attributed to the fact that the
size measured by DLS is a combination of the particles and the hydrodynamic radius, which does not represent
the actual size of the AgNPs due to the presence of a hydration layer around the AgNPs and coatings*108:10%,
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The polydispersity index (PDI) measures the heterogeneity of a sample based on size. A smaller PDI
indicates greater homogeneity!''’. Nanoparticles with a PDI of less than 0.3 are considered suitable for drug
delivery!® 111112 The synthesized AgNPs had an average PDI of 0.13 +0.02, emphasizing their high uniformity
and indicating their potential effectiveness across various fields, particularly in the medical field*.

The zeta potential is the potential difference between the surface of suspended nanoparticles and the
surrounding liquid. This parameter reflects the particle charge, indicating the potential stability of the colloidal
system!1>114, The zeta potential of the biosynthesized BCM-AgNPs was found to be —22.5+1.16 mV (Fig. 9).
The AgNPs synthesized using BCME are, therefore, stable due to significant zeta potential, which prevents the
flocculation of AgNPs!13115,

The stability of a substance under various conditions has a significant impact on its relevance and applicability.
We investigated the stability of biosynthesized AgNPs under different temperatures, pH levels, and long-term
storage. Figure 10 shows that the AgNPs remained stable throughout all tested temperatures, with a characteristic
absorption peak ranging from about 420 nm to 430 nm, which is well within the range of AgNPs>>#116_ This
indicates that the AgNPs remain effective under different temperatures®*. Regarding pH stability, the results
reveal that the AgNPs remained stable under all pH values tested, with a characteristic absorption maximum
between 420 nm and 450 nm (Fig. 11), which falls within the range of AgNPs>>3%116, This stability is vital as it
demonstrates that AgNPs can maintain their effectiveness in varying pH conditions, such as those found in the
gastrointestinal tract. This property is essential for ensuring the efficacy of AgNPs. It helps to prevent a common
issue encountered with many plant extracts, which often lose their effectiveness in vivo due to pH variations*.
Figure 12A-D presents the results of the stability test of biosynthesized AgNPs under long-term storage. The
biosynthesized BCM-AgNPs exhibited the characteristic SPR peak ranging from 416 to 430 nm, which is within
the range of AgNPs!!”. This suggests that the AgNPs remained stable even after six months of storage, as they
maintained their characteristic SPR peaks, indicating that they preserved their inherent properties as AgNPs.
This stability is highly favourable and practical for nanoparticle synthesis. Moreover, the sustained stability of
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Fig. 12. UV/VIS spectra indicating the storage stability of synthesized AgNPs.

the AgNPs suggests that their application is both potent and long-lasting!!8. Additionally, the findings indicate
that BCM-AgNPs stored in darkness and at low temperatures maintain their stability after six months, which is
consistent with previous studies'!?. The increase in the absorption peak of BCM-AgNPs from 416 nm on day 0 to
430 nm on day 180 could be attributed to slight aggregation during storage as the duration increases. However,
these aggregations are negligible, as they did not result in the loss of the intrinsic properties of AgNPs, which is
their characteristic absorption peak between 400 and 450 nm. Further instruments, such as SEM, DLS, TEM,
and XRD, are necessary for a more precise and relevant evaluation of the future BCM-AgNPs’ stability.

Many studies have highlighted the antimicrobial potency of biosynthesized AgNPs against a broad array
of pathogens, including those resistant to standard antibiotics. This effectiveness is attributed to the unique
mechanism of action of AgNPs, which plays a crucial role in preventing the emergence of antimicrobial
resistance!?121,

This study investigated the antimicrobial activity of biosynthesized AgNPs. The findings demonstrate the
potent antimicrobial activity of biosynthesized BCM-AgNPs against a wide range of microbial pathogens,
including fungi and both gram-positive and gram-negative bacteria, as shown in (Table 1). These results concur
with the findings of the previous studies that have proven both the antifungal efficacy and antibacterial properties
of biosynthesized AgNPs!21-124,

The susceptibility of microorganisms to BCM-AgNPs was categorized as follows: no activity (0-7 mm zone of
inhibition), moderate activity (8—12 mm), and strong activity (> 12 mm). According to this classification, BCM-
AgNPs exhibited promising antimicrobial activity against all tested pathogen strains. A. flavus, S. aureus, and
K. pneumoniae have exhibited the highest sensitivity to BCM-AgNPs, with IZD of 28.33, 21.53, and 20.14 mm,
respectively. On the other hand, E. coli, P. aeruginosa, and C. albicans have shown good sensitivity to BCM-
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Fig. 13. Antimicrobial potential of biosynthesized BCM-AgNPs against selected pathogens. (A) S. aureus, (B)
P, aeruginosa, (C) E. coli, (D) C. albicans, (E) K. pneumonia, and (F) A. flavus.

Gram positive bacterium

S. aureus ‘ 26.66+0.57 ‘21.534;0.506l
Gram negative bacteria

E. coli 25.96+0.05° 16.23+0.68¢
K. pneumoniae | 28.26+0.64° 20.14+0.80%
P aeruginosa 20.83+0.28¢ 17.20+0.80'8
Fungi

C. albicans 30.20+0.72* 18.43+0.51¢
A. flavus 30.60+0.52* 28.33+0.61°

Table 1. Presents inhibition zone diameter (IZD) of BCM-AgNPs against selected pathogenic microorganisms.
Positive control: ciprofloxacin and nystatin for bacteria and fungi, respectively. mm millimeter, SD (+)
standard deviation, # =3, mean values in the same column and across the rows that don’t share the same
superscript are significantly different (P < 0.05). However, those that share the same superscript are not
significantly different (P > 0.05); One-way ANOVA (Tukey’s test at 5% level).

AgNPs, with IZD values of 16.23, 17.20, and 18.43 mm, respectively. These results could be explained by the
physiological and biological differences among microorganisms, such as differences in the composition of cell
walls, distinct metabolic pathways between fungi and bacteria, as well as microorganism surface charge affecting
nanoparticle interactions, which would influence the susceptibility of each microorganism to BCM-AgNPs
compared to others'?>. Moreover, other studies have reported I1ZD higher than those found in our study. Amr
et al.%” have reported the IZD for biosynthesized AgNPs of 25, 28, and 48 mm against E. coli, S. aureus, and P
aeruginosa, respectively. These discrepancies may be attributed to variations in the bacterial strains, culture
media, experimental conditions, and methodologies used®>12°.
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MIC (ug/mL) of AgNPs

Microorganism | 1000 | 500 | 250 | 125 | 62.5 | 31.25 | 15.62 | 7.81
S. aureus - - - + + + + +
E. coli + + +
K. pneumoniae | - - - + + + + +

P. aeruginosa + + +
C. albicans - - - + |+ + + +
A. flavus - - - - + + + +
Spectrum 6/6 6/6 | 6/6 |3/6 |1/6 |0/6 0/6 0/6
activity (%) 100 | 100 | 100 |50 | 167 |0 0 0

Table 2. Shows the MIC of BCM-AgNPs against selected pathogenic microorganisms. (-) no growth, (+)
growth.

MBC (ug/mL) of AgNPs

Microorganism | 1000 | 500 | 250 125 62.5 | 31.25 | 15.62 | 7.81
S. aureus - - - + + + + +
E. coli + + + +
K. pneumoniae | - - + + + + + +

P. aeruginosa + + + +
C. albicans - - + + + + + +
A. flavus + + + +
Spectrum 6/6 6/6 | 4/6 2/6 0/6 | 0/6 0/6 0/6
activity (%) 100 | 100 | 6667 |33.33 [0 |0 0 0

Table 3. Shows the MBC of BCM-AgNPs against selected pathogenic microorganisms. (-) no growth, (+)
growth.

MBC/MIC

Microorganism | MIC (ug/mL) | MBC or MFC (ug/mL) | MFC/MIC | Mode of action
S. aureus 250 250 1 Bactericidal

E. coli 125 250 2 Bactericidal

K. pneumoniae | 250 500 2 Bactericidal

P. aeruginosa 62.5 125 2 Bactericidal

C. albicans 250 500 2 Fungicidal

A. flavus 125 125 1 Fungicidal

Table 4. Shows the MIC, MBC, MFC, and mode of action of BCM-AgNPs. MIC: minimum inhibition
concentration, MBC: minimum bactericidal concentration, MFC: minimum fungicidal concentration,
Bactericidal effect: MBC/MIC or MFC/MIC < 4.

The MIC and the MBC results of BCM-AgNPs on the tested pathogens are presented in Tables 2 and 3,
respectively. BCM-AgNPs exhibited a lower MIC (lowest concentration of AgNPs at which no colony growth
was observed) against P. aeruginosa (62.5 ug/mL), a two-fold higher MIC against E. coli and A. flavus (125 pg/
mL), and a three-fold higher MIC against S. aureus and C. albicans (250 ug/mL). The findings demonstrated
that BCM-AgNPs exhibited bactericidal and fungicidal effects against the tested bacteria and fungi at the
respective MIC (Table 4), thereby validating their reported antimicrobial efficacy®”-'2>!?’. The MBC was found
to be consistent across various bacterial and fungal species, measuring 125 ug/mL for P. aeruginosa and A.
flavus, 250 pg/mL for E. coli and S. aureus, and 500 pg/mL for K. pneumoniae and C. albicans. The plate images
corroborate all the MIC results, which indicate the absence of microbial growth at the MIC values, as shown in
(Supplementary Figs. S1, S2, and S3).

P, aeruginosa has shown the highest sensitivity to BCM-AgNPs, with MIC and MBC values of 62.5 pg/mL and
125 pg/mL, respectively, compared to the other pathogens tested. Our findings align with external studies in this
regard!?>128, Studies have reported that the higher sensitivity exhibited by P. aeruginosa towards AgNPS could be
attributed to the structure of the bacterial cell wall in gram-negative bacteria, which has a thinner peptidoglycan
layer compared to gram-positive bacteria, making it easier for AgNPs to penetrate?>!?. Moreover, the excellent
efficacy of BCM-AgNPs against all tested microbial strains in this study could most likely be explained by the
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Fig. 14. Effect of BCM-AgNPs on Vero normal cell line viability. NC: negative control, *p > 0.05, **p <0.001,
*06p <0.0001 and ***p < 0.0000.

silver ion released by the AgNPs, which would damage the cell walls!**!3!. Furthermore, the antimicrobial
properties of secondary metabolites adsorbed on the AgNPs have been reported by numerous studies®.

The antimicrobial properties of BCM-AgNPs stem from various mechanisms of action that encompass
diverse ways in which they inhibit or kill microorganisms. One of the mechanisms of action of BCM-AgNPs
could be attributed to the overall positive charge of AgNPs, which plays a crucial role in their interaction with
the negatively charged bacterial cell wall. This interaction leads to the alterations in the morphology of the cell
wall and an increase in cell permeability, resulting in the leakage of cellular contents and, ultimately, cell death®”.
The presence of BCM-AgNPs reduces the transport of nutrients through the membrane, which relies entirely on
its permeability. Furthermore, it inactivates proteins, ultimately leading to the death of bacterial cells'*?. In some
cases, AgNPs disrupt bacterial enzymatic activities, affecting all metabolic processes (cell division, respiration,
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Fig. 15. Plate showing the MTT assay on Vero normal cell line.

survival of the cell)!*"133. Moreover, studies have reported that AgNPs exhibit antimicrobial activity due to the
presence of silver ions, which interfere with the electron transport chain in microorganisms or damage nucleic
acids by binding to these biomolecules, leading to the death of the bacteria*. However, alternative studies have
indicated that silver ions, when binding with nitrogen and sulphur, can inhibit and disrupt protein structures by
attaching to thiol and amino groups. This process is notable because thiol groups are recognized for their role
in triggering reactive oxygen species (ROS) production, which ultimately leads to the inhibition of respiratory
enzymes and, afterward, the death of bacteria. On the other hand, BCM-AgNPs could release silver ions that
hinder bacterial DNA replication by interacting with protein sulthydryl groups*.

Several studies have revealed that AgNPs produced from plants have strong anti-fungal activities against
various types of fungi®’. BCM-AgNPs effectively damage the fungal cell wall and destroy surface proteins and
nucleic acids'>*1%. In addition, AgNPs can accumulate reactive oxygen species in fungal cells and impede proton
pumps'*#1%°. On the other hand, AgNPs assist in the buildup of silver ions, which induce respiratory blockage
and subsequent damage to the electron transport system, ultimately leading to apoptosis'>®. Finally, AgNPs
disrupt DNA replication and can interact with substrates through competitive inhibition, deactivating enzymes,
and preventing the production of essential cellular products'*.

The safety of BCM-AgNPs was assessed in vitro using an MTT cytotoxicity assay on the Vero cell line, as
depicted in Fig. 15. The results of Vero cells treated with BCM-AgNPs at different concentrations (7.81 pug/mL
to 500 pg/mL) after 24 h of incubation are shown in Fig. 14. Assessing the cytotoxicity of any product intended
for human use is vital to ensure product safety!*”!3. The findings indicate that the cells’ viability decreased as
the concentration of AgNPs increased®”:1*°. Our results align with previous studies, which reported that high
concentrations of AgNPs could increase cell membrane damage, thereby increasing mitochondrial membrane
permeability and exposure to silver ions'®!4!. The cell viability in this study was recorded as 92. 66%, 62.12%,
and 48.86%, with toxicity percentages of 7.33%, 39.88%, and 51.14% at 7.81 ug/mL, 62.5 ug/mL, and 500 ug/mL
of AgNPs concentration, respectively. On the other hand, the IC50 was found to be 152.4 pg/mL, implying that
the AgNPs did not show substantial cytotoxicity at the tested concentrations. Our findings align with previous
studies that also reported an IC50 of 155 pg/mL for biosynthesized AgNPs®’. Further study has reported that
substances are generally categorized as non-cytotoxic if the IC50 value is equal to or greater than 90 pg/mL!2.
Thus, the biosynthesized BCM-AgNPs in this study are safe for use. The study’s findings indicate that BCM-
AgNPs exhibited good biocompatibility, making them suitable for various applications, including antimicrobial
and anticancer agents. The novelty of this study lies in the use for the first time BCME for the green synthesis
of AgNPs, offering an eco-friendly and sustainable method. By combining green chemistry with advanced
antimicrobial applications, the study introduces a new approach to synthesizing biocompatible and effective
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AgNPs, potentially addressing challenges such as antibiotic resistance and drug side effects through green
nanobiotechnology.

Conclusions

Green synthesis of nanoparticles has emerged as a vital branch of nanotechnology due to its numerous benefits
in diverse fields. This eco-friendly approach relies on the unique properties of secondary metabolites present in
plants, which act as both reducing and stabilizing agents during the green synthesis of metallic nanoparticles.
In this study, we employed the secondary metabolite in BCME to synthesize stable, spherical, and crystalline
AgNPs. These BCM-AgNPs exhibited remarkable antimicrobial properties against both Gram-positive and
Gram-negative bacteria, as well as antifungal properties. Moreover, the synthesized BCM-AgNPs exhibited
minimal cytotoxicity against the normal Vero cell line, making them safe and biocompatible. The key findings
of this study suggest that eco-friendly synthesized BCM-AgNPs appear as a promising alternative to tackle the
emergence of multidrug-resistant strains. This study presents a novel approach to synthesizing AgNPs using
a nutraceutical microgreen, offering a biocompatible and promising alternative for combating multi-drug
resistance. Further investigations should focus on assessing the effectiveness of BCM-AgNPs against a wider
array of pathogens, including viruses and more resistant strains. Furthermore, research should explore the
underlying mechanisms of their antimicrobial and antifungal actions to refine their synthesis and improve their
efficacy.
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The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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