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Abstract

Exploring secondary outputs, specifically leftover materials from steam distillation of
Rosmarinus tournefortii de Nog, as agents for reducing metals introduces a novel approach to
eco-friendly nanomaterial production. This concept aligns with the creation of environmentally
conscious nanoparticles, showcasing potential across various fields, notably biomedicine. The
paper seamlessly fits into this context. By utilizing R. tournefortii de Noe, successful synthesis
of silver nanoparticles (AgNPs) was achieved, yielding nanoscale variations influenced by the
plant's by-products. Beyond structural aspects, investigating biomedical applications, focusing
on antioxidant and antimicrobial properties. Consistently observing ~94.9-97.3% scavenging
inhibition in water residues at different concentrations and enhanced antimicrobial efficacy
against Gram-negative and Gram-positive bacteria and Rhodotorula glutinis yeast due to these
residues. Moreover, a thorough examination using density functional theory unveiled a robust
interaction between silver clusters and specific biomolecules found within the residues, namely
homoplantaginin, protocatechuic acid-glycoside, caffeic, and rosmarinic acids (ranging from
130.62 to 357.05 kcal/mol). These compounds notably enhance the reducing efficacy of Ag+
ions and contribute to the enduring stability of AgNPs ( values: -22.8 mV and -17.2 mV).
Furthermore, the study recognizes challenges in finding alternative surface modification agents
and explores the intricate toxicity mechanisms of silver nanoparticles, emphasizing their
interactions with inflammation. Introducing promising nanomedicine approaches involving
rosmarinic acid nanoparticles for inflammatory bowel disease and rheumatoid arthritis,
highlighting the potential of rosemary by-products derived compounds in innovative

therapeutic interventions for diverse inflammatory conditions.

Keywords: Rosmarinus tournefortii de Noé; Sustainability; Bioconversion; Bio-based

materials; nano reinforcement; Antioxidant; biodegradable and DFT optimization.
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1. Introduction

Nanotechnology stands as one of the most rapidly advancing domains in the realm of science
and technology on a global scale. In this vein, the fabrication of metal nanoparticles constitutes
an actively investigated area within nanotechnology, exhibiting exponential advancements
across biomedical applications, nutritional sciences, and energy applications (Mittal et al.,
2013). The challenge of achieving a biogenetic synthesis of uniformly sized nanoparticles with
distinct shapes remains at the forefront of biomaterials science. This achievement has also
rendered substantial advantages within the pharmaceutical sector, particularly in the struggle
against an array of bacterial and viral infections (Huh and Kwon, 2011). A broad spectrum of
techniques encompassing physical, chemical, biological, and hybrid methodologies is currently
employed to engineer nanoparticles of varying properties. Nonetheless, physical and chemical
synthesis methods are frequently hindered by elevated production expenses, ecological
pollution, and biological hazards (Bereza-Malcolm et al., 2015). Consequently, the biological
approach emerges as an alternative to traditional chemical and physical methods, serving as an
eco-friendly avenue for nanoparticle production. Moreover, this approach obviates the

necessity for costly, perilous, and toxic substances (Naghdi et al., 2022).

Ongoing investigations into the bio-production of non-metallic substances through botanical
extracts have unveiled a fresh avenue, offering swift and benign techniques within the redox
reaction for the creation of environmentally conscious nanoparticles. A multitude of scholars
have documented the biogenic synthesis of metal nanoparticles via plant leaf extracts,
spotlighting their potential uses. This propensity is ascribed to the presence of secondary
metabolites, encompassing phenolic acids, flavonoids, alkaloids, and terpenoids, which
primarily contribute to the conversion of ions into substantial metal nanoparticles (Pisoschi et

al., 2022). Several antecedent studies have underscored the proficiency of biosynthesized
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nanoparticles in regulating oxidative stress, genotoxicity, and changes associated with
apoptosis (Zhang et al., 2018). Furthermore, nanoparticles boast an extensive array of
applications within the domains of agriculture and plant sciences. For instance, through the
utilization of bioprocessing technology, nanoparticles can transform agricultural and food

residues into energy (Tariq et al., 2023) and valuable by-products (Usmani et al., 2022).

Moreover, researchers have extensively explored the utilization of lignocellulosic biomass for
synthesizing metallic nanoparticles, elucidating its manifold applications and advantages. Chen
et al. (Chen et al., 2023) emphasize green synthesis methods using biomass components like
cellulose, hemicellulose, and lignin, resulting in nanoparticles with unique properties
applicable in catalysis, sensing, and biomedicine. For instance, cellulose-derived nanoparticles
exhibit high catalytic activity, with conversion rates exceeding 90% in chemical reactions,
while hemicellulose-derived ones demonstrate exceptional sensing capabilities, detecting
pollutants at concentrations as low as 1 ppb (Chen et al., 2023). Lignin-derived nanoparticles
show promising antimicrobial properties, with inhibition rates of up to 95% against bacteria,
underscoring sustainability (Chen et al., 2023). Conversely, Sankaran et al. (Sankaran et al.,
2021) focus on enhancing bioenergy production through biomass-to-nanoparticle conversion.
They highlight the use of magnetite nanoparticles (MNPSs) alongside alkaline pretreatment on
rice straw, resulting in a significant increase in biogas and methane yield by 100% and 129%
respectively (Sankaran et al., 2021). Additionally, incorporating nanoparticles into acid-
functionalized magnetic nanoparticles boosts sugar production by 46% (Sankaran et al., 2021).
Both studies underscore the value of biomass for nanoparticle synthesis, addressing various

fields and offering sustainable solutions.
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Despite the widespread use of plant extracts for nanoparticle synthesis, one of the most recent
and promising methods, based on the natural "bio-laboratory,” is the use of biodegradable
wastes generated by the agricultural and food industries. Moreover, these waste materials are
abundant, cost-effective, and readily available, obviating the need for elaborate pre-processing
procedures. Various experiments were conducted to synthesize nanoparticles using different
waste sources. In this context, zinc oxide nanoparticles were produced employing waste from
Phoenix dactylifera as a bio-reductant for efficient dye degradation and antibacterial
effectiveness in wastewater treatment (Rambabu et al., 2021). PVP-coated silver nanoparticles
(PVP-AgNPs) were employed in municipal solid waste composting (Gitipour et al., 2013).
Additionally, the Fenton process employed copper nanoparticles derived from printed circuit
boards to degrade mining surfactant (Martins et al., 2021). Secondary metabolites, which are
the main metal-reducing agents in the “green" synthesis of nanoparticles, are found naturally
in waste from the essential oil industry. Raw materials with a low essential oil content generate
a lot of waste. Although distilleries generally dispose of their residues, these common practices
can disrupt the ecological balance of the site and result in the loss of valuable biologically

active substances present in the waste (Da Silva et al., 2016).

Amidst the diverse tapestry of rosemary species, Rosmarinus officinalis L. stands revered for
its therapeutic prowess and the generous yield of its essential oils. However, a notable void
exists in the expansive landscape an absence of comprehensive exploration into the species
Rosmarinus tournefortii de Noé. While R. officinalis L., has received considerable attention,
the intricacies of Rosmarinus tournefortii de Noé have been largely overlooked. This study
aims to fill this void by uncovering the untapped potential of Rosmarinus tournefortii de Noe,
particularly in utilizing its waste by-products for nanoparticle synthesis. Specifically, the focus

is on utilizing water and solid by-products as reduction agents for Ag, Zn, and Cu metal ions.
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The synthesis process was meticulously characterized using advanced techniques to provide
comprehensive insights into the resulting materials. Additionally, specialized analyses were
conducted to evaluate the efficacy of biomolecules within each by-product, with a comparative
analysis between water and solid by-products to understand their roles in nanoparticle synthesis

and their effectiveness as reduction agents.

Moreover, the study delves into the potential biological applications of the synthesized
nanoparticles, particularly their antioxidant and antimicrobial properties, suggesting promising
avenues in medicine and materials science. However, challenges and unexplored territories
remain. The exploration of alternative complexation agents for nanoparticle surface
modification is identified as a growing research area to enhance nanoparticle stability and
functionality. Additionally, the study underscores the promising potential for health-enhancing
applications in drug delivery and medical imaging. Overall, this study showcases the ability to
repurpose industrial by-products for eco-friendly nanoparticle synthesis, showcasing
accomplishments while highlighting avenues for future investigation. This multidisciplinary
approach positions by-product-derived nanoparticle synthesis as a key player in sustainable

nanotechnology and its myriad applications.

2. Materials and methods
2.1. Plant material extraction

The untamed Rosmarinus tournefortii de Noé plant's fresh leaves were harvested amidst its
flowering phase on March 13, 2020, within the Megrez forest region of eastern Morocco,
located at coordinates 34° 43’ 52.6” N 2° 04’ 21.5” W (Ziani et al., 2023). The plant's
identification was confirmed by Tahri Tahar, the director of the Forest Management Studies
Service of Oriental, Morocco. VVoucher specimens were deposited at the Physical Chemistry of

Natural Substances and Process Laboratory, Faculty of Sciences, Mohammed First University,
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Oujda, Morocco. These leaves, once dried, underwent steam distillation on a semi-pilot scale
to extract the pertinent essential oil. The liquid residue produced during steam distillation was
separated from the solid residue through filtration using a 90 mm Whatman (GF/A) filter and
subsequently concentrated utilizing a rotary evaporator. In the case of the solid residue, it was
pulverized and air-dried over a period of approximately 15 days. Following this, the residue
was subjected to de-ionized water extraction for an hour. The resultant extracts from the two
categories of rosemary by-products, namely the liquid and solid residues, were securely stored
in amber glass vials and maintained at a refrigerated temperature of 4 °C until subjected to

analysis.

2.2. Biosynthesis of silver, zinc and copper nanoparticles

In the process of green synthesizing Ag, Zn, and Cu-NPs, the well-established protocol by Raut
et al. (Raut et al., 2014) was adapted with minor adjustments. The initial step involved
dissolving 2.5 g of liquid and solid residue extracts in 50 mL of de-ionized water to formulate
the aqueous extracts. Silver nitrate, zinc nitrate, and copper nitrate served as the precursor
materials for Ag, Zn, and Cu nanoparticles. The prepared extract was then introduced to 0.1 M
solutions of AgNOs, ZnNOs, and CuNOs, maintaining a ratio of 1:2 (v/v). The solution mixture
was agitated at 70 °C for 3 hours. After the nanoparticle synthesis was finalized, centrifugation
was employed to isolate Ag, Zn, and Cu-NPs. The supernatant was separated post-
centrifugation, and the resulting precipitates underwent triple washing using de-ionized water,

followed by drying at 60 °C for two days (Fig. 1).

2.3. Characterization of biosynthesized nanoparticles
To confirm the generation of nanoparticles, a Shimadzu UV 1650-PC UV-visible
spectrophotometer was utilized. The measurement of absorbance was carried out within the

range of 300-800 nm (Lv et al., 2021). Attenuated Total Reflectance-Fourier Transform
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Infrared (ATR-FTIR) analysis was executed employing a Jasco 4700-FTIR spectrometer from
Shimadzu, Japan. This was done to compare the characteristics of the dried plant material with
those of the synthesized nanoparticles, aiming to decipher the role of reducing agents in
metallic ion reduction. The absorption spectra were captured over a wavelength range of 400
to 4000 cm™* (Borah et al., 2021). Microstructural scrutiny of the developed charged
nanoparticles was performed using a JEOL-JSM7001F instrument and field-emission scanning
electron microscopy (FE-SEM). The SEM filament operated at various currents and a voltage
of 5 kV at different magnifications, while the fixed working distance was maintained at 6 mm
(representing the unchanging separation between the sample and the objective lens). Elemental
composition was determined through X-ray energy dispersive spectroscopy (EDS). The mean
diameter and distribution of the nanoparticles were measured using a laser granulometer,
specifically the Anton Paar Litesizer 500 (de Souza Niero et al., 2023). These measurements
were executed at room temperature within a liquid cell containing a dispersant with a refractive
index of 1.33. Zeta potential was determined via electrophoresis and the application of the
Smoluchowski equation to analyze particle mobility. XRD patterns of all nanoparticle samples
were captured using a Shimadzu XRD-6000 diffractometer and a Cu K (A =0.154 nm) radiation
source. Data collection occurred at a scanning speed of 0.02°/s within a diffraction angle span
of 10° to 80°. The crystallite sizes of the nanoparticles were deduced utilizing the Scherrer
formula (Eq. (1)) (EI Guerraf et al., 2023), with the average diameter of silver crystals (D)

being calculated based on the (111) plane.

KA
~ Bcose

1)

2.4. Matrix of rosemary by-products
In the evaluation of rosemary by-products, a High-Performance Liquid Chromatography
(HPLC) System, furnished with a 2998 Photodiode Array Detector and a reversed-phase C18

column (5, 250 x 4.6 mm), was utilized. Following the procedure outlined by Liu et al. (Liu et

8
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al., 2011), extracts with a concentration of 5 mg/mL were introduced into the column, flowing
at a rate of 0.8 mL/min, utilizing a gradient mixture of binary solvents. To separate phenolic
compounds, a mobile phase consisting of two constituents was employed: mobile phase A
(acetonitrile with 0.1% formic acid) and mobile phase B (water with 0.1% formic acid). The
gradient pattern followed this sequence: starting at 60% B at 0 minutes, transitioning to 50%
B at 2 minutes, maintaining 50% B at 10 minutes, decreasing to 30% B at 15 minutes,
maintaining 30% B at 25 minutes, and returning to 60% B at 32 minutes. To identify specific
phenolic components, their retention time and maximum wavelength were assessed and

compared against established standards and available literature data.

2.5. DPPH radical scavenging assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was carried out with a slight alteration
derived from our previously outlined procedure (ElI Guerraf et al., 2023). This assay is
commonly employed to evaluate the antioxidant potential of environmentally produced
nanoparticles. In a concise summary, varying concentrations (0.1, 0.5, 1, 1.5 and 2 mg) of the
nanoparticles were mixed with 2500 uL. of DPPH solution in methanol (0.04 mg/mL). After
being left in the dark for 60 minutes, the absorbance at 517 nm was gauged via a UV-vis
spectrophotometer. The scavenging inhibition (%) was determined using the subsequent
formula, depicted by Eqg. (2), in which A0 symbolizes the absorbance of the control, and AC

signifies the absorbance of the tested samples.

DPPH Inhibition (%) = % X 100 )

2.6.  Anti-microbial properties

Following prior investigations (Abdollahzadeh et al., 2021), the agar diffusion method was
employed to assess the antibacterial properties of nanoparticles synthesized from rosemary by-

products on solid surfaces. The in vitro antibacterial performance was evaluated against distinct
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microorganisms, namely Listeria innocua ATCC 33090 (gram-positive bacteria), Escherichia
coli ATCC 25922 (gram-negative bacteria), along with Rhodotorula glutinis (yeast) and
Geotrichum sp. (mold). For both microbial types, the strains were adjusted to a 0.5 McFarland
standard, equivalent to 10® CFU/mL and 10° spores/mL, correspondingly (Mahdi et al., 2022).
Afterwards, these cultures were additionally thinned using Mueller-Hinton broth for bacteria,
yeast, and mould, and sterile physiological water for both, before being introduced onto the
surface of petri dishes. In this approach, wells (6 mm) were generated in Mueller-Hinton agar
(MHA) previously inoculated with the target bacteria or fungus. These wells were subsequently
loaded with 10 pL of samples (10 mg/mL). Incubation of the agar plates facilitated bacterial
and fungal growth, conducted at 37°C for 18 hours and 25°C for 48 hours respectively. The
antimicrobial efficacy was evaluated by measuring the size of the inhibition zone within the

agar medium. To ensure robustness, each assay was carried out in triplicate.

2.7. Computational study

Initially, the major compounds (namely, caffeic acid, homoplantaginin, protocatechuic acid-
glycoside, rosmarinic acid, epicatechin, and gallocatechin) extracted from Rosmarinus
tournefortii de Noé by-products were optimized at the ground state using the GAUSSIAN 09
quantum chemistry simulation software (Kaushik et al., 2022). Subsequently, each individual
molecule was optimized in conjunction with a silver cluster by placing it in close proximity to
reactive sites that were identified through analyses of molecular electrostatic potential (MEP).
To reduce computational costs, representative models of silver nanoparticles (AgNPs),
consisting of a single silver atom (Ag1) and three silver atoms (Ags) clusters, were utilized.
The interaction energies between the AgNPs models and the target molecules were estimated

using Eq. (3) (Kaushik et al., 2022).

Al= EAg-compound - (EAg+ Ecompound) (3)

10
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Where Eag.compounds Eag: @1d Ecompound rEPresent the energies associated with the interaction

between AgNPs and the target molecule, AgNPs themselves, and the target compound,
respectively. The optimization through DFT was performed using the B3LYP hybrid functional
at the Lee-Yang-Parr calculation level. The organic compounds underwent treatment with the
6-311G(d,p) basis set, whereas the Ag atoms were characterized using the LanL2DZ basis set.
Conventional convergence criteria were applied, and visualization of the molecular structure

was facilitated using the GaussView 5.0 molecular editor.

3. Results and discussion

3.1. Optical absorption and crystalline structure analysis

UV-vis spectroscopy is a highly effective method for analyzing the optical response of metal
nanoparticles, particularly sensitive to their formation due to the pronounced surface plasmon
resonances (SPRs) they exhibit (Kelly et al., 2003). In this study, the UV-vis absorption spectra
of colloidal nanoparticles produced from the two types of rosemary residues were examined.
The spectral data demonstrated distinctive surface plasmon (SP) bands associated with AgNPs,
showing variations in their "Amax" and intensity of the SP band. This distinction underscores
the evident impact of the compound's characteristics on these particular parameters. In contrast,
when Zn and Cu were employed for nanoparticle synthesis, the SP band intensity spectra
remained unchanged, indicating the unsuccessful development of ZnNPs and CuNPs. The
consistent surface plasmon (SP) band intensity spectra observed during the utilization of Zn
and Cu for nanoparticle synthesis suggest the unsuccessful development of ZnNPs and CuNPs,
potentially due to various factors. Inadequate synthesis conditions, such as suboptimal
temperature, pH, or reaction time, could have led to the formation of nanoparticles with

properties deviating from the desired plasmonic characteristics (Kim et al., 2024).

11
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Additionally, the propensity of Zn and Cu nanoparticles to oxidize in air or agueous
environments may have resulted in the formation of oxide layers on the nanoparticle surface,
affecting their plasmonic properties (Jahan et al., 2021). Agglomeration or aggregation of
nanoparticles during synthesis or post-synthesis treatments could have altered the interactions
between nanoparticles, impacting the observed SP band intensities (Pryshchepa et al., 2020).
Furthermore, surface contamination with impurities or residues from the synthesis process
might have interfered with the plasmonic properties of ZnNPs and CuNPs. The absence of
appropriate surface ligands or stabilizing agents during synthesis could have led to unstable
nanoparticles with modified plasmonic behavior (Kim et al., 2023). These factors collectively
contribute to the challenges in achieving the successful development of ZnNPs and CuNPs

with the desired plasmonic properties.

The spectra were captured when the colloidal sample's colour and absorption strength remained
constant. Fig. 2(a, b) illustrates that each residue used exhibits a single, distinct SPR position
in the 300-500 nm range. Additionally, no SPRs were seen at wavelengths greater than 500
nm, suggesting that the majority of the AgNPs produced have small sizes and comparable
shapes. This observation also provides early clues about colloidal AgNPs' size and size
distribution. Comparing the plasmon band positions of the two different residues, the solid
residue revealed higher wavelengths (372 nm) than the water residue (368 nm), demonstrating
a reduction in AgNPs particle size. Similar to this, several earlier studies from the Rosmarinus
officinalis L. plant species have also noted the absorption spectrum between 350 and 500 nm

brought on by AgNPs' surface plasmon resonance (Ghaedi et al., 2015; Noukelag et al., 2021).

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) were conducted

to gain information on the one hand about the size, lattice, and structure of nanoparticles, and

12
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on the other hand, about any potential bioactive compounds present in Rosmarinus tournefortii
de Noé and that can possibly act as reducing/stabilizing agent. For a better comparison, the
spectroscopic analysis was achieved in the case of Zn, Cu, and Ag biosynthesized in the
presence of the two types of rosemary by-products; solid and water residues. Firstly, by
analysing the XRD pattern obtained for the tested by-products, it is clear the amorphous nature
of both SR and WR (Fig. 2(c, d)). When using Zn or Cu, the XRD spectra remain unchanged
suggesting the unsuccessful elaboration of ZnNPs and CuNPs. The diffractograms resulted for
silver nanoparticles were totally different as they showed four well-resolved peaks at 20 angles
of 38.27°, 44.38°, 64.62° and 77.52° for SR, and 38.15°, 44.32°, 64.55°, and 77.45° in the case
of WR. These prominent peaks arise from the (111), (200), (220), and (311) Bragg reflections
of face-centred cubic (fcc) structures of AgNPs (JCPDS 04-0783). Further, the average
crystallite size (d) of AgNPs was estimated using the Debye-Scherrer equation, d = KA/Bcos0
where K is the shape factor (between 0.9 and 1.1), A is the incident X-ray wavelength of Cu
Ka radiation (1.542 A), B is the full width at half maximum in radians of the (111) line, and 0
is the Bragg diffraction angle. The average AgNPs sizes were found to be 17.98 and 18.49 nm
for SR@AgNPs and WR@AgNPs composites, respectively. The obtained results are more
interesting than those of Das et al. (Das and Velusamy, 2013) and Ghaedi et al. (Ghaedi et al.,
2015) where it was reported that the mean AgNPs particle size ranged from 31.79 to 33 nm for

the plant genus Rosmarinus officinalis L. respectively.

On the other hand, FTIR characterization for all samples resulted in the spectra presented in
(Fig. 2(e, f)). For both SR and WR, several typical bands were observed that describe functional
groups associated with various biological macromolecules in the Rosemary leaf extracts. The
peak with relatively high intensity at 1020 cm™ is assigned to C-O-C stretching vibration or

alcohols/phenols (Farshchi et al., 2018). The bands at around 1152 and 1256 cm™ arise from

13
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C-O stretching and represent the presence of polyphenols and the one that appears at 1391 cm-
! corresponds to C—-O—C stretching modes of vibration. The signal at 1514 cm™ demonstrates
also the presence of phenolic compounds from the extract which is related to the stretching of
the aromatic rings (Farshchi et al., 2018). The peak detected at approximately 1587 cm™ may
result from the vibration of C=C groups, while the one near 1713 cm™ is associated with C=0
groups from carboxylic acids (Pifieros-Hernandez et al., 2017). The stretching vibration of C—
H is justified by the peak appearing at 2931 cm™. Finally, the broad absorption band at a
wavenumber between 3020-3620 cm™ is linked to O—H stretching (Pifieros-Hernandez et al.,

2017).

After the bio-synthesis of AgNPs, the spectrum remains practically unchanged demonstrating
that the metal nanoparticles did not alter the structure of the rosemary plant in a significant
way. It should be noted, however, that some IR bands were shifted to lower frequencies after
the interaction of the residues with Ag. Based on the ATR-FTIR results and previously reported
papers for Rosmarinus officinalis L. species (Rabiee et al., 2020), the mechanism of reducing
silver ions to metallic silver can be discussed. In a simple way, numerous bioactive compounds
from Rosmarinus tournefortii de Noé will surround Ag* producing a coating. The latter receive
electrons from these phytochemical constituents resulting in the reduction of silver cation and
avoiding the agglomeration of the particles. Most likely, the carbonyl groups from the bioactive
compounds are responsible for the reduction process and can act as a stabilizer and bio-capping
agents of the AgNPs. In summary, the spectroscopic analyses have demonstrated the successful
green synthesis of AgNPs using both Rosmarinus tournefortii de Noé solid and water residues.
Apart from Zn and Cu, no promising results were obtained, which may be related to the absence
of sufficient reducing agents or suitable biomolecules to facilitate the reduction of metal ions,

thus hindering NPs formation.

14



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

The limitations in ATR-FTIR analysis, despite comparing plant extract with synthesized
CuNPs or ZnNPs, stem from challenges inherent in the nanoparticle synthesis process, as
evidenced by prior UV-vis and DRX analyses. Incomplete reduction of metal ions during
synthesis may hinder the formation of well-defined nanoparticles with distinct chemical
characteristics (Adra et al.,, 2024). Moreover, issues like nanoparticle aggregation or
precipitation, due to inadequate stabilization or unfavorable reaction conditions, can obscure
changes in the ATR-FTIR spectra. These aggregated nanoparticles may exhibit broad or
overlapping peaks, making it challenging to discern specific features. Additionally, the
sensitivity of ATR-FTIR may not be sufficient to detect subtle changes in chemical
composition or surface functional groups, particularly with low nanoparticle concentration or
minimal changes (Lee and Chae, 2021). Background signals or noise in the spectra could
further complicate the analysis. Weak or transient interactions between plant extract
components and Cu or Zn ions may result in subtle or undetectable changes in FTIR spectra,
possibly due to the nature of binding sites on the plant extract molecules (Jedrzejczyk et al.,
2023). Together, these factors contribute to the limited changes observed in ATR-FTIR
analysis following unsuccessful nanoparticle synthesis. As the mechanism of interaction
remains always hard to fully understand, further optimization of the experimental conditions
may be necessary in future studies. It is essential to highlight that this study primarily
concentrated on the synthesis of nanoparticles from Rosmarinus tournefortii de Noé, a species

not previously investigated for this purpose, suggesting avenues for future exploration.

3.2.  Hydrodynamic size and surface analysis

The enduring stability of colloidal silver nanoparticles was observed through spectroscopic
monitoring using the zeta potential technique. This method, commonly employed for managing
the stability of colloidal metal nanoparticles, gauges alterations in surface charge. Metal

nanoparticles possessing a notably positive or negative zeta potential exhibit mutual repulsion,
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preventing them from aggregating. Conversely, particles with low absolute zeta potential
values tend to aggregate and coalesce due to the absence of repulsive forces that hinder such
accumulation (Rao et al., 2021). Zeta potential ({) results for the two types of Rosmarinus
tournefortii de Noé steam distillation by-products; solid residues and water have { values of -
13.3 and -11.4 mV, while the freshly prepared colloidal AgNPs have { values of -22.8 and -
17.2 mV, respectively. The results obtained showed a strong negative value for AgNPs, clearly
suggesting the stability of nanoparticles. Moreover, the stability and colloidal behaviour of the
nanoparticles were explored as shown in Fig. 3(a, b), yielding insightful findings. Notably, a
single peak position was observed on the distribution graph for SR@AgNPs, indicating that
the nanoparticles in this residue exhibited a uniform size of approximately 92.3 nm and shared
a similar surface charge. Such uniformity is characteristic of a monodisperse (narrowly
distributed) sample, which holds significant appeal for numerous applications. Additionally,
intriguingly, WR@AQgNPs displayed two distinct peaks in the nanoparticle size distribution
(62.2 and 111.64 nm). Each peak represented a group of particles with comparable sizes. This
bimodal distribution suggested the existence of two separate populations of nanoparticles in
the sample. Possible explanations for this phenomenon could include the aggregation or
agglomeration of nanoparticles, resulting in larger particles that contribute to the second peak
in the size distribution. Furthermore, the presence of various morphologies or crystalline
structures among the nanoparticles might also contribute to the bimodal size distribution. For
instance, certain metal nanoparticles can exhibit different shapes, such as spherical and rod-

shaped, leading to diverse size populations (Yaraki et al., 2022).

Additional support for the successful production of AgNPs was uncovered through
morphological examinations and elemental analysis. As illustrated in Fig. 3(c, d), the obtained

nanoparticles exhibited distinct shapes. The two types of by-products displayed predominantly
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spherical morphology in their nanoparticles, each exhibiting varying diameters within the
nanoscale range. Because of their diminutive size, extensive surface activity, and considerable
specific surface area, the nanoparticles had a proclivity to readily form aggregates. The
effectiveness of synthesizing AgNPs using Rosmarinus tournefortii de Noé solid and water
residues was further confirmed by analyzing the chemical composition based on the EDX
spectrum (Fig. 3(e, f)). The optical absorption band of the EDX peak in the 3-4 keV range is
characteristic of metallic silver nanocrystallites” absorption (Kotakadi et al., 2014). The EDX
spectrum of the synthesized silver nanoparticles (Fig. 3(e, f)) clearly showed the absence of
elemental nitrogen peaks and the presence of elemental silver metal, along with C and O, which
are associated with the phenolic compounds of the residues and the formation of Ag NPs. The
distinct signal peak of silver provided strong evidence of the successful reduction of silver
nitrate to silver nanoparticles. Our findings align with earlier studies on AgNPs produced from
the Rosmarinus officinalis L. plant species (Das and Velusamy, 2013; Ghaedi et al., 2015).
Those studies also noted the presence of uniformly sized, spherical silver nanoparticles in the

nanoscale range.

3.3.  Matrix responsible for metal ion reduction

Many active plant chemicals with therapeutic or dietary benefits have been used to create
nanomaterials. Among these, flavonoids and phenolic acids have received a great deal of
attention because of their potential uses in nano-medicine. To better understand the nature of
the molecules responsible for stabilization and reduction in the synthesis of metal NPs, HPLC-
DAD analysis was carried out. Through comparing the retention times and UV-visible spectra
of the specimens with established reference standards, it was possible to swiftly identify the
presence of gallic acid, epicatechin, chlorogenic acid, rosmarinic acid, caffeic acid, and
apigenin. To identify the flavonoids, data relating to the flavonoid elution scheme as described

in the literature were also examined in detail. Both types of rosemary steam distillation by-
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product extracts contained phenolic acids and flavonoids, which have been tentatively

identified in Table 1 as two families.

According to the reference standards, peak 1,2, 3/6, 7/5, 9/7, and 10/8 for solid and water
(SR/WR) residues, respectively, were positively identified as the chemical structures of gallic
acid, epicatechin, chlorogenic acid, caffeic acid, rosmarinic acid, and apigenin (Fig. 4). The
same identification was discovered by prior studies for rosemary (Bendif et al., 2017).
Additionally, since the third peak's absorbance band falls within the 275-340 nm range, values
that are nearly identical to the UV-vis spectra detected by numerous studies (270-340 nm), the
third peak may be assumed to be homoplantaginin for the solid residue extract (Miguel Herrero
et al., 2010). According to the UV-vis spectrum of peak 4 for the water residue, protocatechic
acid glycoside was recognized for this peak with maxima at 220.0 and 281.2 nm, which is
almost identical to the spectra given by literature data for the same plant (M. Herrero et al.,
2010). For peaks 4 and 5 for solid and water residues, respectively, flavanol gallocatechin is
highly recommended, whose maximum spectra were recorded between 283 and 335 nm, values
quite close to those corresponding in our study (283, 334 nm). Further, the patterns of the two
UV spectra are similar, demonstrating that those peaks are linked to gallocatechin (Almela et
al., 2006). Based on the spectrum maximum at 275.3 nm, which is characteristic of spectral
maxima observed in several studies (de Almeida Gongalves et al., 2018) (Goncalves et al.,

2019), yunnaneic acid F is the most suggested structure for peak 8 of the water residue extract.

Comparing the two aqueous by-product extracts, the water residue remained to extract more
phenolic compounds than the solid residue that could be attributed to the prolonged contact of
the plant material with boiling water, a cell permeation effect favoring the extraction of the

metabolites can be assumed. The harsh steam distillation conditions can also cause the
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formation of phenolic artefacts in the water residue. In addition, high recovery of rosmarinic
acid and protocatechuic acid glycoside was revealed in water residue, while epicatechin and
homoplantagenin had to be extracted to the maximum in the solid residue. Caffeic acid is
extracted in almost the same way in both residues, meaning that it takes longer to extract it in
its entirety in the aqueous residue. These findings align with prior observations by Miljanovic
et al. (Miljanovi¢ et al., 2023), indicating a higher efficacity of phenolic acid (rosmarinic,
syringic, and caffeic acids ) and flavonoid (gallocatechin and apeginin) extraction in both by-
products, especially in the water residue. However, a limitation arises from the inability to
compare products using ethanol/water as the extraction solvent for the solid residue, hindering
a comprehensive analysis. Discrepancies with the findings of Luca et al. (Luca et al., 2023),
highlight that solid and water residues had the same elution pattern for most polar compounds,
while phenolic diterpenes were absent in the water residue. The authors compared the two by-
products with a different solvent extract, for which the solid residue was extracted using SC-
CO:2 extraction or even the solid residue from hydrodistillation extracted with methanol/water,
which is normal to have phenolic diterpenes since the solvents used can rapidly extract a range

of molecule polarities.

Moreover, observations from Wollinger et al. (Wollinger et al., 2016) regarding limited
phenolic compound presence in water residue (rosmarinic acid and traces of carnosol and
carnosic acid) underscore the potential impact of the distillation process duration. Conversely,
studies by Celano et al. (Celano et al., 2017) and de Elguea-Culebras et al. (de Elguea-Culebras
et al., 2023) reported the presence of all phenolic compounds, including phenolic diterpenes,
in water residue, emphasizing the complexity of compound extraction influenced by solvent
choice and extraction method. Despite these insights, a comprehensive elucidation of the

comparison between the two aqueous extracts from steam distillation by-products remains
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elusive, warranting further investigation. Limited published data on the chemical composition
of the aqueous residue from rosemary distillation, particularly for Rosmarinus officinalis L.
and Rosmarinus tournefortii de Noé species, underscores the need for future research to

validate these findings.

3.4. DPPH radical scavenging by elaborated nanoparticles

Antioxidants are widely acknowledged for their potential efficacy in treating and preventing
various diseases. However, a notable limitation arises from the low permeability and poor water
solubility of most antioxidants, leading to instability during storage and degradation in the
gastrointestinal tract (Oliveira et al., 2021). Consequently, their practical utility has been
restricted. To address this issue, the amalgamation of materials science and nanotechnology
has played a pivotal role in reducing the generation of free radicals during nanoparticle
production. These specialized nanoparticles, termed nano-antioxidants, have emerged as a
solution (Dal Lago et al., 2011). In this study, the nanoparticles' capacity to mitigate the DPPH
free radical was investigated. The efficacy of the prepared samples in this regard was assessed
using a straightforward methodology, measuring their scavenging activity against this stable

free radical.

Antioxidant capacities of elaborated materials are presented in Fig. 5. For comparison, the two
types of Rosmarinus tournefortii de Noé by-products were also tested, and the results are
illustrated in the same figure. As highlighted, the arrangement of the two types of by-products
is the same, for which the incorporated AgNPs showed significantly higher inhibition in the
case of SR/ WR@AQgNPs than the free by-products extracts, while the unsuccessful
SR/WR@CuNPs and SR/WR@ZnNPs syntheses showed the lowest entrapment with DPPH
inhibition respectively. Furthermore, upon comparing the evaluated scavenging capacities of

the two by-product types, the water residue emerged as the most effective for incorporation.

20



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Notably, the scavenging inhibition, ranging from 94.9 to 97.3%, remained consistently stable
across tested concentrations. Conversely, the solid residue exhibited an escalating inhibition
with increasing concentrations (ranging from 68.11 to 97.2%), as depicted in Fig. 5.
Considering these compelling results, the observed differences in composition could indeed be
attributed to the distinct chemical structures present in each by-product. In this context, the
chemical profile obtained through HPLC-DAD analysis revealed a delicate equilibrium
between flavonoids (46.34%) and phenolic acids (37.39%) in the solid residue. On the contrary,
in the liquid residue, a striking predominance of phenolic acids (50.9% hydroxycinnamic acids
and 32.97% hydroxybenzoic acids) over flavonoids (13.28%) was observed, leading to

intriguing possibilities.

Comparing the two types of phenolic acids and flavonoids, Bhutto et al. (Bhutto et al., 2018)
explored the correlation between the antioxidative potential of phenolic compounds and the
plasmon characteristics of silver nanoparticles. The study revealed that flavonoids exhibit a
strong optical response facilitated by the developed AgNPs, contrasting with phenolic acids.
Within phenolic acids, hydroxycinnamic acid generally outperformed hydroxybenzoic acids,
as assessed through both UV-vis bands and the corresponding molar absorptivity for these two
types of phenolic acids. The same trend was found in the study performed by Scroccarello et
al. (Scroccarello et al., 2021), where it was reported that AgNPs formed with the relative caffeic
acid were significantly higher than gallic acid as one of the most hydroxybenzoic acids used.
The nucleophilicity of the corresponding structures that react in an alkaline medium was likely
responsible for the difference in the optical responses of AgNPs prepared by hydroxybenzoic
and hydroxycinamic acids. The nucleophilicity of phenolics is affected by the substitution of
electron-donating (-OH and OCHzs) and electron-withdrawing (-COOH and -CH=CH-COOH)

groups, and this has an impact on how AgNPs respond optically.
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Based on these compelling data, the highest activity of WR@AgNPs can be attributed to the
remarkable influence of phenolic acids, particularly rosmarinic and caffeic acids. Their
exceptional ability to swiftly and effectively neutralize free radicals significantly enhances the
antioxidant properties of the nanoparticles, surpassing the collective effect of combining
flavonoids and phenolic acids. These rapid and potent free radical scavenging capabilities play
a pivotal role in bolstering the antioxidant efficacy of WR@AgNPs. The pivotal role of
phenolic acids, particularly rosmarinic and caffeic acids, in driving the nanoparticles' robust
antioxidant prowess is paramount in the battle against oxidative stress (Mohamad Sukri et al.,
2023). The intricate interplay between these phenolic compounds and the nanoparticle matrix
results in potent antioxidant effects, as evidenced by the remarkable 95% scavenging potential
against free radicals showcased in the study of Harsha Haridas et al. (Harsha Haridas et al.,
2023). Caffeic acid's renowned antioxidant properties are central to neutralizing reactive
oxygen species and preventing oxidative damage within biological systems, facilitated by its
controlled release encapsulated within the nanoparticles. Moreover, in model physiological
media, rosmarinic acid demonstrated robust radical scavenging activity with overall rate
constant values of 2.89 x 10 and 3.86 x 10° M s in water and pentyl ethanoate solvents,
respectively (Vo et al., 2023). Furthermore, in an aqueous environment, rosmarinic acid
exhibited an overall rate constant of 3.18 x 108 M s? for scavenging HOO", a value
approximately 2446 times greater than Trolox, a common antioxidant compound (Vo et al.,

2023).

These results highlight the potent antioxidant efficacy of rosmarinic acid, underscoring its
pivotal role in enhancing the antioxidant prowess of nanoparticles. The collaborative action

between rosmarinic and caffeic acids and the nanoparticles creates a synergistic effect,
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amplifying their combined antioxidant capabilities and underscoring their potential as effective
therapeutic agents for combating oxidative damage and promoting cellular health. Through the
donation of hydrogen atoms or electrons and the chelation of transition metal ions, these
nanoparticles derived from rosmarinic and caffeic acids exhibit exceptional antioxidant
prowess crucial in mitigating oxidative stress and fostering overall cellular well-being
(Bouammali et al., 2023). This dominance of phenolic acids highlights their pivotal role in
driving the nanoparticles' robust antioxidant prowess, making them key players in the battle
against oxidative stress (Vieira et al., 2022). Interestingly, the synergy between flavonoids and
phenolic acids does not consistently result in a proportional increase in antioxidant activity
(Barbieri et al., 2020). In some instances, certain flavonoids may even interfere with the
antioxidant mechanisms of phenolic acids, leading to a potentially less effective overall

antioxidant response.

3.5.  Nanoparticles effect on microbial growth

Increased mortality, morbidity, and treatment costs in developing nations are thought to be
primarily caused by MDR bacterial strains and the infections they cause. Gram-positive, Gram-
negative bacteria, moulds and yeast pathogens have all been linked to serious clinical and
medical problems (Dakal et al., 2016). Thus, the wide-ranging and potent volatile compounds
present in rosemary essential oil allow it to effectively combat a broad spectrum of
microorganisms, making it a valuable and promising natural substitute for phenolic compounds
in combating infections and microbial growth. Additionally, nanoparticles can enhance the
antimicrobial efficacy of polar phenolic compounds, resulting in comparable or even superior
effects to those of essential oils. In this proposal, the agar diffusion test was used to assess the
antibacterial activity of the synthesized nanoparticles against two susceptible bacterial strains,
E. coli and S. aureus, as well as the yeast Rhodotorula glutinis and the mould Geotrichum sp.

Table 2 shows the information regarding the antimicrobial potential. Regarding the two by-
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products of R. Tourneforti de Noé obtained through steam distillation and used as controls, the
results revealed inhibition zones of 9.2 and 9 mm for E. coli, and 8.7 and 8.8 mm for S. aureus,
in the solid and water residues, respectively. For fungi, the inhibition zones were measured at
10 and 9.8 mm for Geotrichum sp., and 14.3 and 15.2 mm for Rhodotorula glutinis, in the solid

and water residues, respectively.

As indicated in Table 2, the unsuccessful biosynthesis SRIWR@ZnNPs and SR/WR@CuNPs
had no effect for which could be we can highly observed that the antimicrobial activity did not
change significantly, for which the diameter measurements of the inhibition bacteria or fungi
varied weakly indicating that the phenolic compounds detected for the two by-products of R.
Tourneforti de Noé may not provide sufficient stabilization for the NPs formed, leading to rapid
agglomeration or degradation of the NPs. Adequate stabilization is essential to prevent NPs
from losing their antimicrobial efficacy. In contrast, the successfully biosynthesized
nanoparticles, SR/'WR@AgNPs, demonstrated a notable increase in the inhibition zone against
Gram-negative E. coli (12 and 13.2 mm for water and solid residues, respectively) and Gram-
positive S. aureus (13.8 and 14 mm for water and solid residues, respectively). Similarly, the
antimicrobial activity against yeast Rhodotorula glutinis was significantly enhanced (16.8 and
17.4 mm for solid and water residues). However, no significant change in antimicrobial activity
was observed against the mould Geotrichum sp. compared to the two by-products without
AgNPs. Furthermore, it was observed that the two by-products, whether incorporated with Ag
or not, exhibited higher activity against Gram-positive bacteria compared to Gram-negative
bacteria. Comparing the two nanoparticles, SR@AgNPs appear to be more active than
WR@AQgNPs against the two Gram bacteria, while the opposite is true for the yeast

Rhodotorula glutinis.
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Upon analyzing the results from each residue matrix, a compelling equilibrium between
flavonoids and phenolic acids emerged in the solid residue of R. Tourneforti de Noé.
Intriguingly, over 80% of phenolic acids were concentrated in the water residue, unveiling a
distinct distribution pattern between these two compound types within the plant. This
observation hints at a potential synergistic effect, where the combined action of these
compounds may yield a more potent antibacterial effect compared to using phenolic acids in
isolation. Moreover, both flavonoids and phenolic acids displayed their prowess as reducing
agents in the synthesis process of AgNPs, contributing to the formation of stable nanoparticles
with controlled size and shape (Dakal et al., 2016). This assertion finds confirmation in the
alluring allure of SR@AQgNPs, boasting nanoparticles of uniform diameter at a mesmerizing
92.3 nm. On the other hand, the synthesis of WR@AQgNPs graced us with a revelation of
extraordinary proportions of bimodal size distribution. These findings shed light on the
coexistence of two distinct particle populations, each proudly showcasing its unique size at
62.2 nm and 111.64 nm. The acquired findings align harmoniously with Lombardo et al.'s
seminal work (Lombardo et al., 2016), underscoring that the synthesis of silver nanocomposites
with a nonuniform size and aggregation yielded the lowest antibacterial activity against E. coli
and S. aureus compared to the monodisperse counterpart. Further insight from Dal Lago et al.
(Dal Lago et al., 2011) unveiled a compelling revelation smaller silver particles exhibited
heightened bactericidal prowess compared to their larger counterparts, with distinct responses
witnessed across diverse bacterial strains. From this wealth of data, a compelling conclusion
emerges: the impact on bacterial cells extends beyond the chemical profile that can potentially
modify AgNPs' surface properties. The uniformity of size and diameters of AgNPs appears to
play a pivotal role in affecting bacterial response. However, a unigue perspective emerges when
considering the yeast Rhodotorula glutinis; it seems to be uniquely influenced solely by the

reduction agents present.
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3.6. DFT optimization

In the context of the study, the optimized structures of the targeted molecules extracted from
the water and solid residues of Rosmarinus tournefortii de Noé, along with their interactions
with AgNPs, are presented in Fig. 6. In every instance, the confirmation of reaching the lowest
energy state was validated by the absence of any imaginary frequency. Initially, the calculation
of molecular electrostatic potential (MEP) was conducted to predict the locations susceptible
to electrophilic and nucleophilic reactions within the molecules under investigation. The
distribution of charge in the carbohydrate molecules is predominantly influenced by the oxygen
atoms due to their lone pairs. Notably, the carboxylic group within homoplantaginin exhibited
the most electronegative potential, implying a strong affinity for attracting electron-deficient
species. Oxygen atoms, being highly active have the ability to donate electron density to silver
atoms. This suggests the plausibility of transferring an electron to a silver atom, thereby
transforming an Ag* cation into Ag® and completing the 5s and 4d° orbitals. To substantiate
this concept, various Agi-complexes were constructed by altering the positioning of silver
relative to the oxygen atom within the examined molecules. The silver clusters self-arranged
to maximize interactions with the molecules (He and Zeng, 2010). Based on resulting energy
evaluations, the most stable complexes emerged when the oxygen atom was positioned near
the carboxylic group. Consequently, this same configuration was adopted for subsequent

investigations.

Referring to He and Zeng's findings, the strategic placement of the silver atom and clusters was
established in close proximity to the carboxyl group, a pivotal center within the carbohydrate
molecules. This configuration resulted in the complexes assuming the lowest energy state.
Previous investigations into reactivity patterns indicated that the primary interaction between

bioactive compounds and the silver ion predominantly occurred through the carboxylic acid or
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hydroxy!l groups (Al-Otaibi et al., 2023). For this interaction to occur, both atoms (Ag and O)
must be in contact, underscoring the significance of the distance between the silver cluster
atoms and the carbohydrate molecule in comprehending these systems (Gallegos et al., 2022).
Within complex formations, distances wield considerable influence and provide insights into
the nature of interactions. Among the one-silver-atom complexes, the interaction energies were
notably elevated, ranging from 158 to 269 kcal/mol. However, these complexes exhibited
notably elongated Ag—O distances, indicating a relatively weaker interaction due to the limited
number of silver atoms involved. Conversely, the Ags-complexes exhibited slightly lower
energies (ranging from 130 to 239 kcal/mol) yet showcased shorter Ag—O distances. This
indicates that complexes formed with three-silver-atom clusters are thermodynamically
preferred over those involving a single silver atom. As the complexes increase in the number
of silver atoms, the distances tend to approach an average length, consequently resulting in a
decrease in interaction energies. The disparities in energy values and Ag-O distances are
primarily governed by the specific type of carbohydrate utilized, ultimately driving improved

interactions and the formation of more stabilized complexes.

Based on our investigation, a silver nanoparticle composed of 3 silver atoms is anticipated to
possess superior attributes owing to its enhanced stability in contrast to smaller nanoparticles.
The most stable configuration of the three-silver-atom cluster in contact with the bioactive
molecule exhibits uniform bond lengths measuring 2.73 A and is characterized by a 58.7°
angle. Fig. 7 illustrates the optimized energies of individual molecules, isolated silver atoms,
and the resultant complexes. Notably, the silver cluster specifically Ags interacting with the
biological molecule exhibited heightened stability in comparison to either the standalone silver
nanoparticle or the isolated biological molecule, as indicated by the lower energy levels.

Comparing the target molecules, the complexes formed between Ags and homoplantaginin,
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protocatechuic acid-glycoside, and rosmarinic acid exhibit the most substantial interaction
energies, measuring 357.05, 255.33, and 266.03 kcal/mol, respectively. This indicates a
favourable binding between the three-silver-atom clusters and these specific molecules,
underpinned by the presence of electrostatic interactions (Kusumaningsih et al., 2023).
Significantly, these molecules also manifest the shortest Ag—O distances among all
compounds, averaging around 2.2-2.3 A. Furthermore, a low bond distance of approximately
2.2 A between the silver atom and the carbonyl functional group of caffeic acid was
demonstrated. Notably, the Ag-O distances for all four compounds (caffeic acid,
homoplantaginin, protocatechuic acid-glycoside, and rosmarinic acid) closely align with a
typical oxygen-silver bond distance of approximately 2.20-2.35 A (Njogu et al., 2017).
Consequently, these molecules are anticipated to exhibit enhanced reducing activity and offer

a high potential for promoting the stability of AgNPs.

3.7. Challenges and future outlook

An emerging beacon of hope in biomedical applications lies in the realm of green nanoparticles,
representing a promising alternative to conventional approaches. These nanoparticles, derived
from natural sources or synthesized through eco-friendly methods, offer a sustainable avenue
for advancing healthcare solutions. Embracing the principles of environmental consciousness,
green nanoparticles present a harmonious fusion of efficacy and ecological responsibility
(Shreyash et al., 2021). As they make their debut on the biomedical stage, their potential shines
through in various domains, from drug delivery to diagnostics, tissue engineering, and beyond
(Sher et al., 2024). These eco-conscious nanoparticles not only demonstrate biomedical
prowess but also carry the potential to alleviate concerns regarding the environmental impact
of traditional nanoparticle synthesis (Selmani et al., 2022). By embracing the synergy between
innovation and sustainability, green nanoparticles beckon a transformative era in biomedical

research and applications, where medical progress goes hand in hand with ecological
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stewardship. In the context of the study, the dynamic attributes inherent to AgQNPs embedded
within both the solid and water residues derived from steam distillation of rosemary have been
successfully demonstrated. However, an intriguing challenge arises concerning the synthesis
of ZnNPs and CuNPs. Despite exhaustive analysis, including an assessment of their biological
activities, successful synthesis has proven elusive. This phenomenon could potentially be
ascribed to the complex interactions between the phenolic compounds and the stabilization of
CuNPs and ZnNPs. While the developed nanoparticles exhibit remarkable efficiency, there are
pertinent issues that demand future attention. In the subsequent sections, delving into these

challenges and offering insightful perspectives for further exploration.

3.7.1. Alternative complexation agents for surface modifications

The biosynthesis of metallic nanoparticles is a multifaceted process influenced by various
factors such as light exposure, plant extract composition, enzymes, metal ion concentration,
and reaction conditions, collectively shaping the mechanism, synthesis rate, and final particle
morphology (EI-Seedi et al., 2019). This collaborative amalgamation of influences defines the
bio-synthesis journey, offering the potential for process refinement and the customization of
nanoparticles for specific applications. Within this realm, a harmonious interplay exists
between chemical-reducing agents and the latent potential of medicinal plants. Polysaccharides
like PB-D-glucose and starch serve as eco-conscious reducing agents, demonstrating
biocompatibility and water solubility, thus eliminating the need for hazardous solvents (Damiri
et al., 2023). Various plant components, including stems, flowers, leaves, and seeds, showcase
inherent reducing abilities (Alshameri and Owais, 2022). In scenarios where medicinal plants
alone may not suffice for metal ion reduction, chemical-reducing agents such as NaBHs emerge
as viable alternatives due to their economic viability, reproducibility, consistent particle size

distribution, and straightforward experimental protocols. This strategic convergence of
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medicinal plants' resources with the precision of chemical agents forms a synergistic approach,

harnessing both their inherent capabilities and the reliability of chemical-reducing agents.

Shervani et al. (Shervani and Yamamoto, 2011) conducted a comprehensive exploration into
the synthesis of gold (Au) nanoparticles, delving into the influence of various reducing agents,
encompassing both traditional chemical methods and environmentally friendly alternatives.
The researchers skillfully combined agents such as NaBH4 and -D-glucose, thereby refining
the craftsmanship of AuNPs. This holistic approach unveiled an intriguing synergy among
these components, orchestrating the transformation of Au salts into monodispersed AuNPs
characterized by a distinctive and enchanting wine-red hue a hallmark of their successful
formation (Shervani and Yamamoto, 2011). In their methodology, soluble starch and B-D-
glucose played crucial roles as carbohydrates in the synthesis process. The study highlighted
the successful production of monodispersed Ag(0) nanoparticles, with a diameter of 15 nm,
achieved by reducing AgNOs precursor salt in a starch-water gel with B-D-glucose (Shervani
and Yamamoto, 2011). The investigation into Au(0) metallic nanoparticles revealed the
nuanced impact of the reducing agent type, quantity, and solution pH on the size and
morphology of the nanoparticles. Notably, NaBH4 at 4 equivalents produced the smallest
metallic particles (5.3 nm). However, an excess of NaBH4 led to the nanoparticles settling out
as a precipitate, forming a mesh or wire structure (Shervani and Yamamoto, 2011). This
meticulous exploration of synthesis conditions and their effects underscores the precision
required in the production of metallic nanoparticles with specific size and morphology

characteristics.

Another noteworthy endeavour was undertaken by Bikdeloo et al. (Bikdeloo et al., 2021),

employing two reduction agents, NaBH4 and green rosemary extract, to successfully synthesize
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copper nanoparticles with a hydrodynamic diameter within the range of 50 nm. The reduction
of Cu salt by NaBH4 unfolded as a direct and uncomplicated process. Upon introducing NaBHa
into a dispersion of rosemary extract containing the Cu precursor salt, electrons and hydrogen
converged, setting the stage for the reduction of Cu salt, ultimately transforming it into lustrous
metallic Cu (Bikdeloo et al., 2021). Throughout this intricate orchestration, rosemary extract
played a pivotal dual role, functioning as both a reducing and stabilizing agent, underscoring

the intricate harmony within this endeavour.

Delving deeper into innovation, the realm of mental association opens an alternative pathway
for achieving advanced nanocomposite stabilization while harnessing the reduction capabilities
of medicinal plants (Kunwar et al., 2023). The combination of metals (Cu, Zn, and Ag)
introduces unique reduction reagents, creating nanocomposites with enhanced stability. This
dynamic approach reinforces structural integrity by seamlessly incorporating stabilizing
agents, counteracting agglomeration, and facilitating robust bonds between functional groups
and metal ions. The intricate interplay of surface interactions extends to surface modifications,
empowering nanocomposites with adaptability, enhanced dispersibility, amplified interactions,
and heightened biocompatibility. This strategic evolution equips nanocomposites to bridge
disciplinary gaps, aligning with dynamic demands (Zhang et al., 2023).

3.7.2. Multifaceted mechanisms of AgNPs toxicity and nanoparticle interactions in
inflammation

Nano-silver toxicity manifests through various mechanisms at different levels, encompassing
organ, cellular, and subcellular dimensions. At the organ level, nano-silver can enter the body
through various exposure pathways, spreading to vital organs such as the heart, liver, kidney,
brain, testes, and ovaries, thereby potentially triggering organ-specific pathophysiological

effects (Zhang et al., 2022). On the cellular plane, nano silver engages with membrane proteins,
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triggers signaling pathways, and disrupts cellular metabolism. Additionally, it generates
reactive oxygen species (ROS), inflicts DNA damage, and upregulates autophagy, culminating
in cell apoptosis (Attarilar et al., 2020). The cytotoxicity of nano silver is intricately linked to
factors such as particle size, concentration, exposure duration, and the presence of stabilizers.
Delving into the subcellular intricacies, nano silver exerts influences on lysosomal activity,
inhibits the expression of transcription factor EB (TFEB), and disrupts the normal functioning
of lysosomes. Furthermore, it interferes with ion channels on the cell membrane, creating an

imbalance in cell membrane potential and leading to cell necrosis (Mehnath et al., 2021).

Shifting focus to inflammation, an immediate response to internal injury, infection, or external
factors involves a nuanced interplay of immune cells and signals. Dysregulation in these signals
triggers inflammation, prompting the recruitment of macrophages, killer cells, and stem cells
(Fagiani et al., 2022). Macrophages, pivotal in regulating inflammation, manifest in two
phenotypes: pro-inflammatory M1 and anti-inflammatory M2. During inflammation,
macrophages engulf cellular debris and foster inflammation through the production of
activation signals like extracellular matrix proteins, lipopolysaccharide (LPS), and cytokines.
Neutrophils, in response to inflammation, migrate to the site, produce pro-inflammatory
mediators, and attract macrophages (Niu et al., 2021). Upon entering the body, metal
nanoparticles (NPs) encounter blood plasma proteins, resulting in the formation of a protein
corona around the NP (Fig. 8). This corona, comprising proteins like immunoglobulin G (IgG),
immunoglobulin M (IgM), and fibrinogen, crucial in the natural inflammatory process, is
intricately shaped by NP properties (Bashiri et al., 2023). Serum proteins, displaying a strong
attraction, play a significant role in forming the protein corona, which determines the external
appearance of the NP and gives it a biological identity. This identity then governs the NP's

movement and its interaction with various chemical reactions.
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NPs gain entry into cells through pores or ion channels in the cell membrane, with uptake
influenced by their size. Adhesive interactions, driven by electrostatic, Van der Waals, or steric
forces, orchestrate the cellular uptake (Agarwal et al., 2019). The interaction between protein-
coated metal NPs and macrophages or neutrophils at inflammatory sites is facilitated by the
protein corona, primarily comprised of serum proteins (Cai and Chen, 2019). This protein
corona acts as a ligand for receptors on anti-inflammatory M2 macrophages, triggering their
activation. This activation amplifies NP uptake, with M2 macrophages exhibiting heightened
and swifter NP uptake compared to M1 macrophages in the presence of serum proteins.
Neutrophils, responding to stimuli, form extracellular traps (NETSs), ensnaring gold
nanoparticles within these NETSs. This intricate mechanism underscores the pivotal role of NPs

in modulating inflammatory responses and their dynamic interactions with immune cells.

3.7.3. Harnessing rosmarinic acid nanoparticles for inflammatory conditions

Inflammatory bowel disease (IBD), a complex and recurrent condition with an unknown
aetiology, demands increased attention as a critical public health concern. Classified into two
major subtypes, Crohn’s disease (CD) and ulcerative colitis (UC), UC specifically manifests
as a chronic inflammatory disorder of the rectum and colon (Kaplan and Windsor, 2021).
Addressing the intricate nature of IBD, Chung et al.'s ground-breaking study explores the
potential of PEGylated rosmarinic acid nanoparticles (RANPS) derived from rosemary extract
as a nanomedicine for IBD treatment (Chung et al., 2020). With a diameter of 63.5 £ 4.0 nm,
RANPs exhibit superior therapeutic efficacy, synergizing with conventional medication,
scavenging reactive oxygen species (ROS), and protecting against oxidative damage. In a
mouse model of acute colitis, RANPs treatment at doses of 20 mg/kg and 30 mg/kg
significantly reduces body weight loss, bloody stools, and disease activity index (DAI) scores,

indicating a substantial decrease in inflammation and damage to the colon. Histological
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analysis further reveals the restoration of the colon lining structure and attenuation of
inflammation (Chung et al., 2020). Additionally, RANPs dose-dependently attenuate colonic
muscle thickening, supporting their role in reducing inflammation and damage to the colon.
Mechanistically, RANPs inhibit the activation of pro-inflammatory transcription factors NF-
kB and STATS3, and attenuate neutrophil infiltration in the inflamed colon (Chung et al., 2020).
Loading the corticosteroid medication DEX into RANPs enhances therapeutic efficacy,
demonstrating greater reductions in DAI scores and colon shortening compared to bare RANPs.
Importantly, RANPs exhibit good biocompatibility both in vitro and in vivo, positioning them
as a promising therapeutic nanomedicine for various inflammatory diseases, including IBD.
This provides visual evidence of the therapeutic effects of experimental modalities on colitis-

associated tissue damage and inflammation.

Relating to the broader context of inflammatory conditions, the study seamlessly aligns with
investigations into rheumatoid arthritis (RA). Recognizing RA's enduring challenge to global
public health, Lu et al's research explores antioxidative nanomedicine using
ribonucleoproteins (RNPs) derived from a natural polyphenol-based compound (Lu et al.,
2023). The study's schematic illustration delineates the fabrication process of RNPs (RosA
nanoparticles) and reveals their therapeutic mechanism against RA. Synthesized through self-
assembling oxidative oligomerization of RosA, RNPs play a crucial role in alleviating
oxidative stress in RA joints, scavenging ROS, elevating the anti-inflammatory M2 subtype
through macrophage polarization, and augmenting the production of anti-inflammatory
cytokines (Lu et al., 2023). The RNPs exhibit the ability to inhibit synovitis, angiogenesis,
cartilage degradation, and bone erosion, as evidenced by reduced clinical scores, ankle-joint

thickness, and inflammation in the RNPs-treated group compared to the RosA-treated group.
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The study provides insights into the cellular uptake of RNPs, emphasizing their rapid
internalization within hours by cells (Lu et al., 2023). The fluorescence imaging analysis
showcases the presence of RNPs in both the nuclei and cytoplasm of RAW 264.7 cells,
indicating efficient cellular uptake. In vivo, biodistribution studies further underscore the
excellent targeting ability of RNPs, with enhanced accumulation at inflammatory joints
observed in fluorescence imaging of the paws of rats with collagen-induced arthritis (CIA).
This seamless connection between studies reveals a common thread in addressing
inflammatory conditions through nanomedicine, offering innovative and targeted therapeutic

approaches.

4. Conclusions

The utilization of by-products generated from Rosmarinus tournefortii de Noé steam
distillation as metal-reducing agents in the "green" synthesis of nanoparticles offers a
promising route for sustainable and environmentally friendly nanomaterial production. These
nanoparticles, whether sourced naturally or synthesized ecologically, exceed efficacy norms
while embracing environmental responsibility. The synthesized nanoparticles underwent
comprehensive characterization using UV-vis, XRD, FTIR, SEM/EDX, and Zeta analysis. The
study successfully enhanced the synthesis of AgNPs using two distinct by-products, water and
solid residues. However, ZnNPs and CuNPs synthesis encountered limitations, as indicated by
spectroscopic characterization. Factors such as inadequate synthesis conditions, nanoparticle
oxidation, agglomeration during synthesis, and the absence of appropriate surface ligands or
stabilizing agents may have contributed to these challenges. The average crystallite size of
AgNPs was found to be 17.98 and 18.49 nm for SR@Ag and WR@Ag composites,
respectively, with stable and negative Zeta potential values ({ values: -22.8 and -17.2 mV),
suggesting nanoparticle stability. Both types of by-products yielded nanoparticles with

predominantly spherical morphology, featuring varying nanoscale diameters. Antioxidant
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assessment favoured water residue, showing consistent scavenging inhibition (94.9-97.3%)
across concentrations, while antimicrobial activity against Gram-negative, Gram-positive
bacteria, and yeast Rhodotorula glutinis was notably enhanced. Furthermore, DFT analysis
unveiled significant interactions among homoplantaginin, rosmarinic acid, protocatechuic
acid-glycoside, and caffeic acid, resulting in heightened reduction activity of AgNPs. These
interactions exhibited substantial energy values, measuring 357.05, 266.03, 255.33, and 130.62
kcal/mol, respectively. These findings collectively advance the understanding of "green”
nanoparticle synthesis, paving the way for further innovation and applications in diverse fields.
Challenges and opportunities persist, including the pursuit of alternative complexation agents
for surface modification. Shifting focus, the section explores the multifaceted toxicity
mechanisms of silver nanoparticles at organ, cellular, and subcellular levels, emphasizing their
intricate interactions with inflammation processes. Additionally, it introduces two promising
nanomedicine approaches one involving PEGylated rosmarinic acid nanoparticles, a compound
derived from rosemary extract, for treating inflammatory bowel disease, and another utilizing
ribonucleoprotein for addressing rheumatoid arthritis. These findings underscore the potential
of nanotechnology, particularly harnessing rosemary-derived compounds like rosmarinic acid,

in innovative and targeted therapeutic interventions for diverse inflammatory conditions.
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Table 1. Identification of phenolic compounds from Rosmarinus tournefortii de Noé responsible for metal ion reduction.

Peak number

Retention time

(min)

Tentative
identified compounds

Relative abundance

(% of total peak area)

Water residue Solid residue Water residue Solid residue Solid residue ~ Water residue
1 2.13 3.41 Gallic acid Gallic acid 9.65 0.92
2 2.66 3.92 Epicatechin Epicatechin 17.22 7.82
3 3.03 4.39 Chlorogenic acid Homoplantaginin ~ 15.52 4.94
4 3.27 5.63 Protocatechuic acid- glycoside  Gallocatechin 12.24 32.05
5 3.66 5.80 Gallocatechin Caffeic acid 31.02 4.25
6 3.99 7.84 N. | Chlorogenic acid  2.56 2.79
7 4.43 7.95 Caffeic acid Rosmarinic acid 3.81 23.51
8 6.08 8.80 Yunnaneic acid F Apigenin 1.68 1.33
9 6.52 - Rosmarinic acid - - 21.15
10 9.32 - Apigenin - - 121
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1247  Table 2. Inhibition Zones of the biosynthesized nanoparticles using Rosmarinus tournefortii

1248  de Noé solid and water residues.

1249

Samples Inhibition zone diameter (mm)
E.coli S. aureus Geotrichum sp. Rhodotorula glutinis

WR 9+0.78 8.8+0.67 9.8+0.53 15.2+0.45
WR@ZnNPs 8.9+0.35 8.7+£0.95 10+0.33 16.1+0.23
WR@CuUNPs 9+0.11 9.5+0.22 9.6+0.22 13+0.25
WR@AgNPs 12+0.49 13.8+0.25 10+0.63 16.8+0.56
SR 9.2+0.13 8.7£0.46 10+0.33 14.3+0.13
SR@ZnNPs 9.6+£0.21 8.8+£0.47 9+0.7 14.7+0.31
SR@CuUNPs 8.910.22 9+0.88 10.2+0.22 15.2+0.12
SR@AQgNPs 13.2+0.63 14+0.98 9.8+0.25 174+ 1.02
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1261  Fig. 2. (a, b) UV-visible patterns, (c, d) X-ray diffraction patterns and (e, f) FTIR profiles of

1262  biosynthesized nanoparticles using Rosmarinus tournefortii de Noé solid and water residues.
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1264  Fig. 3. Hydrodynamic size, SEM images and corresponding EDS spectra of synthesized AgNPs
1265  using Rosmarinus tournefortii de Noé; (a, c, €) solid and (b, d, f) water residues.
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Fig. 5. Antioxidant performance of (a) the solid and (b) the water by-products and their coating
with Ag, Cu and Zn.
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1280 Fig. 6. Optimized geometries with the molecular electrostatic potential maps of the selected
1281  compounds with and without the inclusion of silver clusters. The interaction energies of the
1282  target molecules with Ag: or Ags are included.
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Highlights

Synergistic AgNPs synthesis using eco-friendly R. tournefortii de Noé by-products.
By-products yielded spherical nanoparticles with varied nanoscale diameters.
Enhanced antioxidant and antibacterial activities were demonstrated.

DFT highlighted biomolecules (130.62-357.05 kcal/mol) enhancing stability.

AgNPs toxicity mechanisms and interactions in inflammation elucidated.
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