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Abstract

The continuous evolution and significance of green resources-based nanomaterials have spurred the exploration of
sustainable sources for nanoparticle production. Green synthesis routes offer eco-friendly methodologies, ensuring
nanoparticle stability and monodispersity, enhancing their efficiency for various applications. Notably, the thick biologi-
cal corona layer surrounding nanoparticles (NPs) synthesized through green routes contributes to their unique proper-
ties. Consequently, there has been a surge in the development of NPs synthesis methods utilizing medicinal plants and
diverse agricultural and waste resources. This study highlights the sustainable potential of barley grains for the synthesis
of gold nanoparticles (Barley-AuNPs) and silver nanoparticles (Barley-AgNPs) as an environmentally friendly alternative,
followed by NPs characterizations and their application against pathogenic bacteria: Escherichia coli UTI 89 and Pseu-
domonas aeruginosa PAO1.The rapid synthesis of Barley-AuNPs within 20 min and Barley-AgNPs within 30 min at 90 °C
underscores the efficiency of barley as a green precursor. Characterization through advanced techniques, including SEM,
TEM, EDS, AFM, DLS, FT-IR, MALDI-TOF, and sp-ICPMS, reveals the 20-25 nm size for Barley-AuNPs, while Barley-AgNPs
demonstrate 2-10 nm size with spherical monodispersity. A notable contribution lies in the stability of these NPs over
extended periods, attributed to a thick biological corona layer. This corona layer, which enhances stability, also influences
the antimicrobial activity of Barley-AgNPs, presenting an intriguing trade-off. The antimicrobial investigations highlight
the significant potential of Barley-AgNPs, with distinct minimum bactericidal concentrations (MBC) against P. aeruginosa
and E. coli at 8 ug/mL. Overall, this research pioneers the use of barley grains for nanoparticle synthesis and unveils these
nanoparticles’ unique characteristics and potential antibacterial applications, contributing to the evolving landscape of
sustainable nanotechnology.
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1 Introduction

In the relentless pursuit of generating biocompatible nanoparticles, exploring innovative technologies and resources
has become paramount. Various physio-chemical methods have been reported, which lead to the quick generation
of nanoparticles. Still, most are expensive, resulting in hazardous byproducts and waste generation [1]. One effective
avenue is utilizing biological sources, such as microorganisms and plants, for nanoparticle synthesis, providing an eco-
friendly alternative to traditional methods [2]. While microbial synthesis has demonstrated efficiency, it has drawbacks,
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including the need for specific growth conditions, energy-intensive incubators, and complex purification processes [3, 4].
To overcome these limitations, the focus has shifted towards green synthesis using plants [5], which offers a rapid, facile,
and energy-efficient method for nanoparticle production [6]. Unlike microbial synthesis, plant-mediated nanoparticle
production occurs within seconds to minutes, resulting in stable, biocompatible, and monodisperse NPs [7-9]. Medicinal
plants, in particular, have garnered attention for their ability to imbue NPs with medicinal components, enhancing their
efficacy for various applications [10]. Furthermore, exploring waste products from plants, such as onion peels or plants’
fallen leaves, fruits, and barks for nanoparticle synthesis, highlights the potential for generating valuable products while
repurposing agricultural by-products [11-13]. In this context, the study delves into synthesizing gold and silver NPs using
barley grains. Barley grains, renowned for their versatility and widespread cultivation, present a unique opportunity for
nanoparticle synthesis owing to their numerous benefits and sustainable attributes. Barley grains are readily available
on a large scale, making them a cost-effective resource for nanoparticle production. Their abundance ensures a consist-
ent and reliable supply, reducing dependency on fluctuating market conditions or seasonal variations. Moreover, the
cultivation of barley is relatively sustainable, requiring minimal inputs such as water and fertilizers compared to other
crops, thus aligning with eco-friendly practices.

The physiological properties of NPs, notably their shape and size, are fundamental determinants significantly influenc-
ing their behavior and application potential [14]. Their distinctive characteristics contribute to various properties, includ-
ing optical, electronic, and catalytic functionalities, making them highly adaptable across multiple domains. These NPs
possess unique attributes that render them indispensable tools for advancing medical technologies and tackling various
healthcare challenges. Our study centered on the synthesis and application potential of gold and silver NPs, recognizing
their versatility and significant promise, particularly within the biomedical field. AuNPs exhibit diverse diagnostics, sensor
development, photo imaging, and photothermal therapy applications [15, 16]. Their unique optical properties, finely
tunable through size and shape control, underscore their versatility and excellent biocompatibility, positioning them as
pivotal components in various medical technologies. Notably, AUNPs play a pivotal role in targeted drug delivery systems
and cancer treatment, capitalizing on their selective accumulation in specific tissues and cells [17, 18]. Conversely, AQNPs
demonstrate remarkable antimicrobial properties against numerous multi-drug-resistant pathogens, extending their
relevance beyond biomedicine [19, 20]. They are widely employed in applications such as antimicrobial, anticancer, and
anti-inflammatory agents, with their efficacy linked to size and shape-dependent properties [21-23]. This versatility has
led to their utilization in textiles, packaging, medical devices, and cosmetics, addressing the critical need for effective
infection control in healthcare settings [10, 21]. The tailored manipulation of NPs properties is imperative for optimizing
their performance in specific applications as nanotechnology advances, facilitating innovative developments in diag-
nostics, therapeutics, and materials science [24]. Here, in particular, we tried to explore the barley-AgNPs against human
pathogens P. aeruginosa and E. coli.

Thus, in this study, we harness the potential of barley plants for the green synthesis of gold and silver NPs. By utilizing
barley, an abundant and often overlooked resource, we seek to produce highly demanded NPs sustainably. Through
comprehensive analytical characterizations, we aim to elucidate the unique properties of the synthesized NPs. Further-
more, the study investigates the antimicrobial potential of Barley-AgNPs against Gram-negative pathogens, specifically
P. aeruginosa and E. coli. This research contributes to the evolving landscape of green nanotechnology, emphasizing the
importance of sustainable resources in nanoparticle synthesis and their potential applications in diverse fields.

2 Materials and methods
2.1 Materials

We obtained high-purity gold(lll) chloride trihydrate (HAuCl,-3H,0) and silver nitrate (AgNO;) from Sigma-Aldrich
Chemicals (St Louis, MO, USA). Dried barley grains were carefully cleaned by washing them twice with distilled water to
remove impurities. After air-drying overnight, 10 g of grains were mixed with 90 mL of distilled water in a sterile flask and
autoclaved at 100 °C for 20 min [3, 4. Following autoclaving, the mixture underwent filtration to remove any remaining
particulates, and additional purification was achieved through centrifugation at 8000 rpm for 3 min to eliminate fine
suspended residues. The resulting liquid, considered a stock solution, was then used for nanoparticle production in vari-
ous dilutions. The aqueous extract was further adjusted by diluting it with different distilled water ratios, forming what
we refer to as a synthesis medium (SM) [3].
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2.2 Green synthesis of Barley-AuNPs and Barley-AgNPs

In synthesizing NPs, we employed an concentration of 1 mM of HAuCl,-:3H,0 and AgNO;, carefully added to an SM sepa-
rately [13]. The SM underwent incubation at specific time and temperature conditions to facilitate nanoparticle formation.
The initiation of nanoparticle synthesis was initially gauged by observing color changes in the SM, followed by spectral
analysis. Upon successful nanoparticle formation, optimization studies for salt concentration (AuNPs 0.5-2.5 mM) and
(AgNPs 1-12 mM), temperature 60-90 °C, and 1-30 min were explored for both the NP types. Purification was undertaken
through a two-step centrifugation process. Initially, centrifugation at 2000 rpm for 5 min facilitated the removal of larger
particulates, followed by subsequent centrifugation at 14,000 rpm for 10 min to collect the fine NPs [25]. Furthermore,
the NPs underwent a triple wash with distilled water to eliminate residual metal ions or other constituents. The finalized
NPs were then gathered into a pellet and suspended in distilled water, serving as the medium for subsequent analytical
characterization and application studies [26, 27]. For detailed analyses such as thermogravimetric analysis (TGA) and
Fourier Transform-Infrared Spectroscopy (FT-IR), the NPs were air-dried to form a pellet, ensuring optimal conditions for
accurate characterization [3].

2.3 Analytical characterization of Barley-AuNPs and Barley-AgNPs

The analytical characterization of Barley-AuNPs and Barley-AgNPs involved various advanced techniques and instru-
ments to unravel their structural, morphological, and chemical properties. Visible inspection and UV-Vis spectroscopy
were employed to monitor the reduction of gold and silver ions using the JENWAY 6705 UV-Vis spectrophotometer. This
instrument facilitated the scanning of the SM within the 300-700 nm range, with visible and UV-Vis spectrum analyses
pivotal for optimizing the production of Barley-AuNPs and Barley-AgNPs [26].

To quantify the concentration of the NPs, single-particle inductively coupled plasma-mass spectrometry (sp-ICP-MS)
was utilized. The NexION 350D by PerkinElmer Inc. offered exceptional sensitivity for measuring individual NPs, which
is crucial in stability assessments under varying conditions [4]. Thermogravimetric Analysis (TGA), conducted using the
TA Instruments instrument, allowed for an evaluation of the temperature stability of the NPs. Dried pellets of NPs under-
went temperature ramping from 20 to 700 °C at 10 °C/min. Scanning Electron Microscopy with Energy Dispersive X-ray
(SEM-EDX), coupled with the Quanta FEG 200 ESEM microscope, provided insights into the morphology and elemental
composition of Barley-AuNPs and Barley-AgNPs. This high-resolution imaging technique facilitated elemental analysis
through EDX. Transmission Electron Microscopy (TEM) using FEI Tecnai T20 G2 delivered detailed structural morphol-
ogy and crystallographic information. Operating at an acceleration voltage of 200 kV, this instrument enabled a close
examination of Barley-AuNPs and Barley-AgNPs. Atomic force microscopy (AFM) investigations were conducted employ-
ing intermittent contact mode on a Park NX20 instrument obtained from www.parkafm.com. The utilized probes were
standard single-crystal highly doped silicon probes featuring a radius of curvature below 30 nm (SuperSharpSiliconTM
Non-Contact AFM probes sourced from Nanosensors). The standard uncertainty (u(d)) associated with the determined
diameters is constrained to be less than 5% of the measured values, expressed as u(d) < 0.05 d [26].

Dynamic Light Scattering (DLS) measurements were performed using the Zetasizer Nano ZS, Chuo-ku Kobe-shi,
Japan, offering valuable information about the size distribution and zeta potential of the NPs. Autocorrelation functions
were analyzed using the Contin algorithm. FT-IR analysis, conducted with the Nicolet iS50 by ThermoFisher Scientific,
identified biomolecules and functional groups responsible for the reduction, capping, and stabilization of Barley-AuNPs
and Barley-AgNPs. The instrument scanned the purified pellet of NPs and freeze-dried barley grains aqueous extract.
MALDI-TOF Mass Spectrometry, performed with the Ultraflex Il by Bruker-Daltonics, involved loading purified NPs onto
an AnchorChipTM target plate. This technique provided detailed mass distribution information for Barley-AuNPs and
Barley-AgNPs, with spectra processed and calibrated using Flex Analysis v3.0 and protein standards [28].

2.4 Antibacterial activity of Barley-AgNPs against human pathogens

In investigating the antibacterial activity of Barley-AgNPs, the focus was directed towards their effects on Gram-negative
pathogens, specifically Escherichia coli UTI 89 and Pseudomonas aeruginosa PAO1. The cultures of these bacterial strains
were grown overnight in LB medium at 37 °C. Then the optical density (OD550) of the cultures was adjusted to 1-2x 10°
colony forming units (CFU)/mL by appropriate dilution. Barley-AgNPs were introduced at concentrations ranging from
1 to 8 pg/mL, and the mixture was incubated for 24 h at 37 °C with constant shaking. Optical density (OD) at 550 nm was
measured after the incubation period to assess the impact of Barley-AgNPs. The Minimum Bactericidal Concentration
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(MBC) value, indicative of the lowest concentration of Barley-AgNPs required for bacterial elimination, was determined
by spreading 100 uL of the culture on agar plates and subsequent CFU counting. Live/Dead staining was employed using
the Live/Dead BacLight Viability kit to visualize the viability of bacterial cells. Both control and treated cells underwent
staining with a mixture of 6.0 uM SYTO 9 and 30 uM Kl for 20 min. Fluorescence microscopic imaging using a LEICA DM
4000 B revealed the differential staining pattern, distinguishing between live and dead cells. Furthermore, scanning
electron microscopy (SEM) analysis was conducted to delve into the structural effects of Barley-AgNPs on individual
bacterial cells after fixing the cells with 3% glutaraldehyde overnight at 4 °C, a dehydration process involving graded
ethanol concentrations (40, 50, 60, 70, 80, and 90%) for 15 min and with absolute ethanol for 20 min as carried out. The
dehydrated samples were placed on SEM carbon tape, air-dried, and coated with gold before imaging. In addition to
SEM imaging, EDX analysis and elemental mapping were performed to confirm that the observed antibacterial effects
were attributed to the action of Barley-AgNPs [13].

3 Results

The synthesis of Barley-AuNPs and Barley-AgNPs was a dynamic process, meticulously observed through visible changes
and UV-Vis spectroscopy. With its inherent reducing properties, Barley extract effectively facilitated the reduction of gold
and silver salts, forming Barley-AuNPs and Barley-AgNPs, respectively. A distinct color change in the SM visually marked
the reduction process. Barley-AuNPs presented as a dark purple color (Fig. 1A, B), while Barley-AgNPs displayed a brown
color (Fig. 1F, G), in stark contrast to the light yellow color of the barley extract. This visual transformation was indica-
tive of the surface plasmon resonance (SPR) property of the formed NPs. Subsequent UV-Vis spectrum analysis within
300 to 700 nm confirmed the synthesis success. Barley-AuNPs exhibited a clear peak in the 500-600 nm region, while
Barley-AgNPs showcased a prominent and broad peak in the 400-500 nm region [20]. The stability of the NPs in solution
was affirmed through purified samples, subjected to three cycles of centrifugation after DI water washing, retaining a
high-intensity peak in the UV-Vis spectrum [29].
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Fig. 1 Optimization studies for Barley-AuNPs and Barley-AgNPs production. For Barley-AuNPs: A UV-Vis spectrum of unpurified NPs, B vis-
ible picture and UV-Vis spectrum of purified NPs, C temperature optimization, D gold salt concentration optimization; E synthesis time opti-
mization. For Barley-AgNPs: F UV-Vis spectrum of unpurified NPs, G visible picture and UV-Vis spectrum of purified NPs, H temperature
optimization, I silver salt concentration optimization; J synthesis time optimization
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Optimization studies were crucial in tailoring the synthesis conditions for Barley-AuNPs and Barley-AgNPs. Careful
consideration of the gold and silver salt concentrations, temperature, salt concentration, and other reaction parameters
allowed the identification of optimal conditions. For Barley-AuNPs, the optimal conditions were determined as a reaction
temperature of 90 °C, 1.5 mM gold salt concentration, and a reaction time of 20 min at room temperature (Fig. 1C-E).
In contrast, Barley-AgNPs optimization included a reaction temperature of 90 °C, 5 mM silver salt concentration, and a
synthesis time of 30 min (Fig. TH-J).

Characterization of Barley-AuNPs and Barley-AgNPs involved comprehensively exploring their morphological features
through SEM, EDX, elemental mapping, TEM, and SAED [20]. SEM and TEM images revealed a diverse population of spheri-
cal shape Barley-AuNPs, contributing to monodispersity (Fig. 2). TEM analysis provided insight into the shapes and the
presence of an organic layer derived from the extract covering the NPs. EDX and elemental mapping of SEM-scanned
images confirmed the distribution of gold elements in Barley-AuNPs [12]. Additionally, TEM images demonstrated the
spherical shape of Barley-AuNPs with a core diameter of 20-30 nm with few polydispersities. AFM analysis also appears
to be in a similar line with 20-25 nm height.

Similarly, Barley-AgNPs SEM and TEM results predominantly exhibited spherical morphology with a size of 2-20 nm
(Fig. 3) [30]. The SAED patterns indicated the polycrystalline nature of both the NP types [31]. Furthermore, the AFM
investigation unveiled a consistent size distribution within the 2-10 nm Barley-AgNPs range. This observation suggests
a homogeneity in the dimensions of the analyzed entities [3].

DLS analysis provided information on the hydrodynamic diameter and zeta potential values. Barley-AuNPs exhib-
ited a size of 1565 nm with a polydispersity index (PDI) of 0.9 (Fig. 4A), while Barley-AgNPs (Fig. 4B) displayed a size of
4989 nm with a PDI of 0.7 [32]. The zeta potential values indicated highly negative surface charges for both Barley-AuNPs
(=4.73 mV) (Fig. 4C) and Barley-AgNPs (— 1.41 mV) (Fig. 4D), highlighting their negative surface charge. The DLS size
is extremely different from TEM and AFM size information, which is attributed to the hydrodynamic diameter of NPs.
This information also highlights the presence of a thick corona layer around the NPs, which makes 20-30 nm AuNPs
to 1565 nm and 2-20 nm AgNPs to 4989 nm. The AgNPs resemble thicker and more complex surrounding layers than
those AuNPs formed here. FT-IR analysis was employed to identify possible functional groups on the NPs’ surface [33].
The FT-IR spectrum of Barley extract revealed the presence of various active groups, including hydroxyl groups, amine

Spum

Fig.2 Structural analysis of Barley-AuNPs. A, B SEM images of NPs at different scales; C-F Elemental mapping showing scanned image of
NPs with gold element distribution (yellow color) and respective EDX spectrum of the elemental mapped region showing sharp peak for
gold element; G, H AFM analysis of NPs showing size distribution; I, J TEM images at different scales; K, L SAED pattern of NPs
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Fig. 3 Structural analysis of Barley-AgNPs. A, B SEM images of NPs at different scales, C-F Elemental mapping showing scanned image of
NPs with silver element distribution (green color), and respective EDX spectrum of the elemental mapped region showing sharp peak for
silver element. G, H AFM analysis of NPs showing size distribution, I, J TEM images at different scale, K, L SAED pattern of NPs

N-H/O-H stretching vibrations, methyl groups, flavonoids, terpenoids, proteins, and amino acids. The FT-IR spectra of
Barley-AuNPs and Barley-AgNPs exhibited overlapping peaks in similar regions, indicating the presence of multiple active
surface groups derived from the barley extract (Table 1) (Fig. 5A-C). MALDI-TOF analysis provided insights into the protein
content on the surface of Barley-AuNPs and Barley-AgNPs (Fig. 6A, B). Mass spectra showed intense peaks assigned to
gold and silver ions, further confirming the proteinaceous nature of the NPs [28]. sp-ICPMS analysis provided insights
into the concentration, yield, and stability of Barley-AuNPs (Fig. 7A, B) and Barley-AgNPs (Fig. 7C, D) over different time
intervals. Concentrations were measured as 0.66 mg/L for Barley-AuNPs and 0.04 mg/L for Barley-AgNPs. Stability tests
conducted over two weeks indicated consistent concentration levels, demonstrating the exceptional stability of the NPs.
UV-Vis spectrum analysis supported these findings, showing overlapping peaks over two weeks for both Barley-AuNPs
and Barley-AgNPs (Fig. 7E, F). Stability tests in different media and aqueous solutions (Fig. 7G, H), as well as temperature
stability analysis (Fig. 71, J), reinforced the remarkable stability of Barley-AuNPs and Barley-AgNPs [27].

The antimicrobial potential of the Barley-AgNPs synthesized in this study was systematically investigated against two
Gram-negative bacterial strains, namely P. aeruginosa and E. coli. Notably, the findings revealed a profound antibacterial
effect (Table 2), with AgNPs exhibiting complete eradication of P. aeruginosa cells (Fig. 8A-D) and E. coli cells at 8 ug/mL,
as illustrated in Fig. 8E-H [34]. Live and dead staining techniques were employed to gain further insights into the viability
of bacterial cells. Microscopic examination of P. aeruginosa cells treated with varying concentrations of Barley-AgNPs
demonstrated a transition from predominantly green, viable cells at lower concentrations (8 pg/mL) to a dominance
of red, non-viable cells at higher concentrations, affirming the toxic impact of AGNPs on P. aeruginosa (Fig. 8I-N). A con-
centration of 8 ug/mL led to complete cell death [35]. Similarly, for E. coli cells (Fig. 80-T), a concentration of 8 ug/mL
resulted in an entire region of red, indicative of extensive cell death. To further characterize the morphological impact
of Barley-AgNPs on bacterial cells, SEM was employed. P. aeruginosa cells treated with AgNPs at concentrations of 2
and 4 ug/mL exhibited a notable coverage of NPs, leading to open membranes and structural damage (Fig. 9A-F, K-P).
Elemental mapping corroborated these observations, indicating comprehensive coverage of damaged cells by AgNPs
(Fig. 9G-J, Q-T). The presence of distinct peaks for silver in the EDX analysis further confirmed the purity of AQNPs within
the damaged cells. Similar effects were observed for E. coli cells treated with Barley-AgNPs, with concentrations of 4
and 8 ug/mL resulting in substantial coverage of cells by silver elements (Fig. 10A-F, K-P). Elemental mapping and EDX
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Fig.4 DLS analysis of Barley-AuNPs and Barley-AgNPs. A Barley-AuNPs distribution concerning size and intensity. B Barley-AgNPs distribu-
tion concerning size and intensity. C Zeta potential of Barley-AuNPs and D Barley-AgNPs, representing highly negative surface charge

Table 1 FT-IR spectra of barley extract, Barley-AuNPs and Barley-AgNPs

Type of bond Barley extract wavenum-  AuNPs wavenumber (cm™) AgNPs wavenumber (cm™)
ber (cm™)
O-H strech 3282.08 327717 3279.51
C-H strech 2924.74 2928.55 2926.42,2113.33
C=C strech, COOH strech 1634.09 1637.84, 1534.66 1636.95, 1517.30,
CH;, CH,, asymmetric deformation 1372.01 1363.55,1148.47 1365.38, 1148.62, 1076.59
C-O strech 1017.38 1076.13, 996.55, 860.49 999.57,856.27
A Barley Extract B Barley-AuNPs [o4 Barley-AgNPs
£ = e
1017.38
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™') Wavenumber (cm™) Wavenumber (cm™')

Fig. 5 FTIR spectrum of A freeze-dried aqueous extract of barley powder and B Barley-AuNPs, and C Barley-AgNPs, which demonstrate the
active surface groups for respective samples
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Fig.7 sp-ICPMS and stability analysis of Barley-AuNPs and Barley-AgNPs. ICPMS histogram of Barley-AuNPs at different time intervals A
fresh Barley-AuNPs, B after two weeks. ICPMS histogram of Barley-AgNPs at different time intervals, C fresh Barley-AgNPs, D after two weeks.
UV-Vis spectrum representing the stability analysis of Barley-AuNPs and Barley-AgNPs. Barley-AuNPs: E before and after two weeks of incu-
bation at RT, G in a different medium, and I at the temperature range from 20 to 700 °C measured by the TGA instrument. Barley-AgNPs: F
before and after two weeks of incubation at RT for, H in a different medium, J at the temperature range from 20 to 700 °C measured by TGA
instrument

Table 2 Mihimum inhibitory Bacterial strain MIC (ug/mL) MBC
concentration (MIC) and (ug/
minimum bactericidal mL)
concentration (MBC) of Barley-
AgNPs against P. aeruginosa P. aeruginosa 2 8
and E. coli .

E. coli 2 8

analysis provided additional evidence of the antibacterial action of Barley-AgNPs, highlighting the predominant pres-
ence of silver within the damaged cells (Fig. 10G-J, Q-T). The findings collectively underscore the antibacterial efficacy
of Barley-AgNPs, signifying their potential application in combating Gram-negative bacterial infections [36].
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Fig. 8 Cell viability test at different concentrations range from 1 to 8 ug/mL of Barley-AgNPs for A-D P. aeruginosa and E-H E. coli. The blue
background shows the MBC values of Barley-AgNPs against respective pathogens with complete growth inhibition. Live and dead staining
of I-N P. aeruginosa and O-T E. coli cells, after treatment with Barley-AgNPs at different concentrations

4 Discussion

Barley, a semi-evergreen and deciduous shrub found in Europe, North Africa, and Asia, termed Hordeum vulgare,
has emerged as a valuable resource, readily available in large quantities. By utilizing barley grains for nanoparticle
synthesis, this study promotes the valorization of agricultural by-products. Barley grains are commonly used in food,
brewing, and animal feed industries, generating significant quantities of waste materials such as spent barley grains.
The study contributes to the circular economy concept by repurposing these by-products for nanoparticle synthe-
sis, minimizing waste generation, and maximizing resource efficiency. Here, we explore this abundant plant for the
sustainable synthesis of gold and silver NPs. The study demonstrates that this green resource offers an eco-friendly
alternative by producing gold and silver NPs at 90 °C within 20-30 min without adding any chemicals to support
the reduction or stabilization of formed NPs. This dual functionality simplifies the synthesis process, aligning with
principles of simplicity and sustainability by eliminating the need for additional agents. This process circumvents envi-
ronmental concerns associated with conventional physicochemical methods, which generate hazardous byproducts
and consume substantial energy resources [37, 38]. The green synthesis, visibly marked by distinct color changes in
the SM, dark purple for Barley-AuNPs, and deep brown for Barley-AgNPs, indicates the successful reduction of gold
and silver salts, as corroborated by UV-Vis spectrum analysis [39]. Optimization studies have revealed barley extract’s
effectiveness in synthesizing NPs as both a reducing and stabilizing agent.

The distinctive morphology of the synthesized NPs was thoroughly investigated using a range of characterization
techniques, including SEM, EDX, elemental mapping, TEM, AFM, and DLS. These analyses provided valuable insights
into the shape and size distribution of the generated NPs. Particularly noteworthy were the differences observed
between the core diameter of NPs as observed with TEM and AFM, compared to the hydrodynamic size measured by
DLS. Specifically, 20-30 nm AuNPs appeared to be 1565 nm, and 2-20 nm AgNPs measured up to 4989 nm in hydro-
dynamic size. Interestingly, the AgNPs exhibited thicker and more complex surrounding layers than the AuNPs. This
disparity suggests the presence of a thick corona layer surrounding the NPs, resulting in an apparent increase in size.
Importantly, barley grains offer inherent advantages because of their composition, which includes a complex matrix
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A 2.5um

Fig.9 SEM analysis of P. aeruginosa cells after treatment with Barley-AgNPs. A—C Control cells and D-F Barley-AgNPs treated cells with 2 pg/
mL at different scales. G Scanned image of treated cells, H EDX spectrum of the chosen area showing peak for silver element I, J elemental
mapping of the selected area showing silver element in the treated cells. K-M Control cells and N-P Barley-AgNPs treated cells with 4 pg/
mL at different scales. Q Scanned image of treated cells, R EDX spectrum of the chosen area showing peak for silver element S, T elemental
mapping of the selected area showing silver element in the treated cells. Damaged cells are highlighted with green circles

of proteins, carbohydrates, and phytochemicals, which can serve as reducing agents, stabilizers, or capping agents
during nanoparticle formation [40]. This multifaceted composition contributes to the stability and biocompatibility
of the synthesized nanoparticles, enhancing their suitability for various applications [41]. This discrepancy under-
scores the importance of considering the corona layer in nanoparticle characterization and its potential influence
on nanoparticle properties and behavior, which could also have implications for their antibacterial activity [34, 42].

The significance of the biological corona surrounding NPs has been extensively studied and documented in the lit-
erature [42, 43]. This corona layer forms around NPs during synthesis, often originating from the biological components
present in the synthesis medium. Beyond merely stabilizing NPs, the corona profoundly influences their properties and
activities, including antibacterial efficacy, catalytic performance, and cellular interactions. The composition and structure
of the corona are intricately linked to the surrounding biological environment, resulting in dynamic and context-depend-
ent effects on nanoparticle behavior. Understanding the role of the biological corona is crucial for tailoring nanoparticle
properties and optimizing their performance in various applications [44, 45]. In the current study, the formed corona
is assumed to be composed of biological components from barley, as evidenced by FTIR and MALDI-TOF results, which
appear to align with barley extract. The controlled formation of this corona layer demonstrates the intricate interaction
between barley components and metal ions during synthesis. The distinctive peaks observed in the FTIR spectra une-
quivocally indicate the participation of various bioactive compounds in the synthesis of NPs [46]. Notably, the presence
of flavanones, evident from characteristic absorption bands, suggests their potential role as reducing or stabilizing agents
during the formation of NPs (Table 1). Flavanones, known for their antioxidant properties, may contribute to the overall
stability and biocompatibility of the NPs. Proteins and amino acids, integral components of barley, exhibit discernible
peaks in the FTIR spectra, pointing towards their active involvement in the synthesis process. These biomolecules can
further act as capping agents, facilitating the stabilization of NPs and influencing their size and morphology [47]. The
interplay between proteins and metal ions is crucial in governing the nucleation and growth of NPs, contributing to the
overall efficacy of the synthesis. Polyphenols, another significant component identified through FT-IR peaks, add another
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Control
Control

2 pg/mL

Fig. 10 SEM analysis of E. coli cells after treatment with Barley-AgNPs. A-C Control cells and D-F Barley-AgNPs treated cells with 2 ug/mL at
different scales. G Scanned image of treated cells, H EDX spectrum of the chosen area showing peak for silver element I, J elemental map-
ping of the selected area showing silver element in the treated cells. K-M Control cells and N-P Barley-AgNPs treated cells with 4 pg/mL at
different scales. Q Scanned image of treated cells, R EDX spectrum of the chosen area showing peak for silver element S, T elemental map-
ping of the selected area showing silver element in the treated cells. Damaged cells are highlighted with green circles

layer of complexity to the synthesis mechanism [31]. Polyphenols, recognized for their antioxidant and antibacterial
properties, may impart enhanced functionalities to the NPs, potentially influencing their antimicrobial applications.
Moreover, cellulose, a major structural component in barley, manifests its presence through characteristic FT-IR peaks,
suggesting its potential role in shaping the nanoparticle morphology. The interaction between cellulose and metal ions
during synthesis could impact the overall structure and stability of the NPs. In essence, the FT-IR analysis unveils the
diverse bioactive compounds within barley and provides a roadmap for understanding their orchestrated involvement
in the synthesis of NPs. The synergistic action of flavanones, proteins, amino acids, polyphenols, and cellulose creates a
complex yet finely tuned environment, shaping the physicochemical properties of the resulting NPs [30].

Stability assessments conducted over two weeks, utilizing techniques such as ICPMS and UV-Vis analyses, confirm
the enduring stability of Barley-AuNPs and Barley-AgNPs, which correspond to the thick corona layer and its stable
nature. Negative zeta potential values further support stability, indicating electrostatic repulsion and steric hindrance
as stabilizing forces. Understanding the thermal dynamics is crucial for predicting how barley NPs perform in different
environmental conditions [7]. Thermal analysis through TGA provides insights into the NPs’ degradability at higher tem-
peratures. The gradual depletion of the corona layer observed in TGA indicates controlled thermal behavior [48]. The
combined insights from stability assessments, zeta potential measurements, and other analytical techniques affirm that
Barley-AuNPs and Barley-AgNPs possess enduring stability and characteristics conducive to diverse practical applications.
These NPs, with stability mechanisms rooted in electrostatic repulsion and steric hindrance, hold promise for sustained
performance and adaptability in various conditions [49].

Antibacterial studies with Barley-AgNPs against P. aeruginosa and E. coli reveal their efficacy, with MBC values of
8 pug/mL, respectively. The plate assay findings indicate a robust bacterial growth observed at a concentration of
2 pug/mL, which undergoes a remarkable reduction upon elevating the concentration to 8 ug/mL for both P. aerugi-
nosa and E. coli (Fig. 8). This trend is consistently validated by live and dead staining, affirming the loss of viability
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(depicted in green fluorescence) at the higher concentration of NPs for both bacterial strains. The implications of
these observations suggest a concentration-dependent antimicrobial effect of Barley-AgNPs against the studied
pathogens. Exploring the structural aspects, SEM unravels noteworthy alterations in the morphology of the treated
microbial cells [35]. Specifically, the cells exhibit conspicuous swelling and an open configuration, characteristic of
membrane damage. This morphological insight aligns with the proposition that the action of Barley-AgNPs involves
perturbation of the bacterial cell membrane. The elemental analysis through EDX and elemental mapping provides
further substantiation by revealing a discernible accumulation of silver elements on the damaged regions of the
bacterial cells. This spatial correlation underscores the role of AgNPs in inducing structural modifications, support-
ing the notion that the observed effects are directly attributable to the presence and action of Barley-AgNPs [34].
Thus, live and dead staining experiments, SEM analysis, and elemental mapping confirm the damage to bacterial
cells, providing insights into potential mechanisms such as internalization, membrane leakage, and reactive oxygen
species (ROS) generation [29]. The multifaceted exploration of these mechanisms provides a nuanced understanding
of how barley-derived AgNPs exert their antimicrobial effects. The preferential deposition of silver on compromised
cellular regions suggests a targeted mode of action, warranting continued exploration of the molecular mechanisms
involved. However, further investigations are imperative to elucidate the specific biochemical pathways involved and
to evaluate the translational potential of these NPs in practical antimicrobial interventions. The sustainable synthesis
of barley-NPs aligns with the growing demand for eco-friendly and biocompatible nanomaterials [50]. For instance,
the thick corona layer observed in barley NPs, while contributing to stability and biocompatibility, might influence
antimicrobial efficacy compared to NPs with thinner coatings. Most importantly, the ability of these AgNPs to maintain
their appearance after killing pathogenic cells raises intriguing questions about their reusability and environmental
impact, warranting further investigation. The multifunctionality of Barley-AgNPs, maintaining stability even after
exerting antimicrobial effects, prompts reflections on potential applications beyond antibacterial properties [14, 21].

Overall, the choice of barley plants as a biological source for synthesizing gold and silver nanoparticles leverages
their abundant availability and sustainable attributes and underscores their inherent biochemical properties that
facilitate efficient and eco-friendly nanoparticle production. Questions regarding the reusability of NPs, considering
their interaction with living organisms and potential corona layer alterations, pose intriguing challenges for future
research. Here, we didn’t attempt to explore the barley-AuNPs for any antibacterial activity because of the inher-
ent differences in antimicrobial activity between gold and silver nanoparticles. While barely-AgNPs exhibit potent
antimicrobial properties, barely-AuNPs generally have lower efficacy, necessitating impractical concentrations for
comparable effects. Instead, barley AuNPs could be explored for alternative applications, such as sensors or anticancer
therapies, where their unique properties can be effectively leveraged.

5 Conclusions

In the face of increasing demand for eco-friendly NPs with enhanced stability and efficacy, our research addressed
the challenge of sustainable synthesis by leveraging the abundant and readily available barley species. Through a
comprehensive exploration of reaction parameters, we aimed to establish a cost-effective method for producing
gold and silver NPs without additional reducing or stabilizing agents. Our findings suggest that utilizing barley
extract offers a promising solution to this problem by producing enormous ability and stability NPs. By systemati-
cally optimizing the synthesis process, we have successfully demonstrated the efficient production of stable NPs with
transparent corona layers, ensuring resilience under ambient conditions. Moreover, the antimicrobial properties of
barley-synthesized AgNPs against severe human pathogens P. aeruginosa and E. coli at 8 ug/mL further highlight the
importance of these NPs. Thus, our study effectively addresses the problem of eco-friendly nanoparticle synthesis
with higher antibacterial potential by harnessing the potential of barley extract, offering a sustainable pathway
toward enhanced stability and efficacy in nanoparticle applications.
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