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Abstract

The utilization of renewable plant-based nanotechnology in the production of
nanomaterials is becoming increasingly important; it is a low-cost approach that allows for the
development of nanostructures with distinctive functional properties. This thesis examines the
application of an aqueous Cynoglossum creticum leaf extract (Ccl-extract) in the synthesis of
silver nanoparticles (Ccl-AgNPs) and silver/polyaniline nanocomposites (Ag/PANI NCs) for
biopharmaceutical and analytical purposes. The first section of the study evaluates the effects
of extraction conditions and synthesis parameters on nanoparticle formation and characterizes
the resulting Ccl-AgNPs using spectroscopic and microscopic techniques. Furthermore, the
biological properties of the green Ccl-AgNPs were investigated, revealing promising
antioxidant activities and a good inhibitory effect on bacterial growth, particularly against
Pseudomonas aeruginosa. Analytically, Ccl-AgNPs demonstrated SPR-based colorimetric
sensing capabilities for the selective detection of neomycin sulfate in complex matrices. The
second part focuses on the green synthesis of polyaniline nanotubes (PANI-NT) via a soft-
template self-assembly process and the subsequent deposition of silver nanoparticles onto these
nanotubes using Ccl-extract as reducing and stabilizing agents. The producing Ag/PANI
nanocomposites (containing different masses of PANI ranging from 50 to 250 mg) were
characterized and assessed for biological performance. Incorporation of silver nanoparticles
enhanced the antioxidant and antibacterial activities of PANI-NT, attributed to synergistic
interactions and improved surface area.

Keywords: Cynoglossum  creticum, Silver nanoparticles, polyaniline nanotubes,

nanocomposites, biological activities, Colorimetric sensing.



Résumé

L'utilisation de la nanotechnologie végétale renouvelable pour la production de
nanomatériaux revét une importance croissante ; cette approche économique permet le
développement de nanostructures aux propriétés fonctionnelles distinctives. Cette thése
examine l'application d'un extrait aqueux de feuilles de Cynoglossum creticum (Ccl-extract) a
la synthése de nanoparticules d'argent (Ccl-AgNPs) et de nanocomposites argent/polyaniline
(Ag/PANI NCs) a des fins biopharmaceutiques et analytiques. La premiére partie de 1'étude
évalue l'influence des conditions d'extraction et des parameétres de synthése sur la formation des
nanoparticules et caractérise les Ccl-AgNPs obtenues par des techniques spectroscopiques et
microscopiques. De plus, les propriétés biologiques des Ccl-AgNPs ont été étudiées, révélant
des activités antioxydantes prometteuses et un bon effet inhibiteur sur la croissance bactérienne,
notamment contre Pseudomonas aeruginosa. Sur le plan analytique, les Ccl-AgNPs ont
démontré des capacités de détection colorimétrique par résonance plasmonique de surface
(SPR) pour la détection sélective du sulfate de néomycine dans des matrices complexes. La
seconde partie porte sur la synthése verte de nanotubes de polyaniline (PANI-NT) par un
procédé d'auto-assemblage sur matrice souple et le dépdt subséquent de nanoparticules d'argent
sur ces nanotubes, en utilisant un extrait de Ccl-extract comme agent réducteur et stabilisant.
Les nanocomposites Ag/PANI obtenus (contenant différentes masses de PANI, de 50 a 250 mg)
ont ¢ét¢ caractérisés et leurs performances biologiques évaluées. L'incorporation de
nanoparticules d'argent a amélioré les activités antioxydantes et antibactériennes des PANI-NT,
ce qui est attribué a des interactions synergiques et a une surface spécifique accrue.

Mots-clés : Cynoglossum creticum, nanoparticules d'argent, nanotubes de polyaniline,

nanocomposites, activités biologiques, détection colorimétrique.
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PANI : Polyaniline

PANI-NS: Polyaniline
nanostructure

PANI-NT: Polyaniline nanotubes
PAs : Pyrrolizidine alkaloids

PL: Photoluminescence

ROS : Reactive oxidative stress
SPR: surface plasmon resonance
TFC: Total flavonoid content
TGA: Thermogravimetric analysis
TPC: Total polyphenol content
UV-Vis : Ultraviolet-visible
spectroscopy

XRD : X-ray diffraction analysis
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With the onset of the third millennium, the rapid evolution of advanced technologies has
profoundly transformed traditional scientific paradigms, fostering unprecedented
breakthroughs that have reshaped numerous industrial sectors and, more broadly, the dynamics
of human life!. Among these transformative developments, nanotechnology has emerged as
one of the most interdisciplinary and revolutionary scientific domains. It encompasses the study,
manipulation, and engineering of systems and matter at the nanometer scale*. The unique
properties and phenomena at this level, such as quantum effects and tunable electronic behavior,
have spurred the creation of innovative fabrication techniques and next-generation materials,
collectively known as nanomaterials, capable of enhancing performance and addressing
pressing global challenges in energy, health, and environmental sustainability>°. From a diverse
range of nanomaterials, silver nanoparticles (AgNPs) and polyaniline nanostructured (PANI-
NS) have emerged as highly promising candidates. These materials, representing inorganic and
organic nanomaterials respectively, combine superior biological and physicochemical
properties that have increasingly attracted the attention of the scientific community as potential
substances for research projects aimed at developing high-performance and sustainable

technologies for the 21st century’?®,

Like noble nanomaterials, AgNPs are characterized by high ionization potential,
excellent charge and surface area, strong light absorption, and surface plasmon resonance (SPR)
effects, as well as potent antimicrobial and anticancer properties. These features account for
their extensive use in biosensing, gene delivery, diagnostics, drug therapy, photo and chemical
catalysis, and energy harvesting®!'!. Global production, estimated at around 550 metric tons
annually, primarily relies on chemical and physical synthesis strategies'?. However, these
methods often involve health and ecological risks such as environmental toxicity, cytotoxicity,
genotoxicity, and carcinogenesis, as well as high cost limitations in terms of specialized
equipment, energy, and time. Therefore, new research aims to develop reliable, more
economical, less toxic, and more environmentally friendly methods for producing AgNPs.
Green nanobiotechnology, which integrates biotechnology, nanotechnology, and green
chemistry, and utilizes natural biological resources, offers a sustainable alternative's!4,
Biotechnology concerns the manipulation, modification, and exploitation of biological agents
and living organisms to create useful products; nanotechnology explores materials at the
nanoscale!’; and green chemistry, or sustainable chemistry, represents a philosophical and

methodological shift toward minimizing the environmental risks of chemical production.
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Guided by the Twelve Principles developed by Paul Anastas and John Warner, this approach
encourages the design, manufacture, and management of chemical processes that minimize
waste, toxicity, and energy consumption'¢. By integrating these disciplines, bio-nanotechnology
seeks to establish a comprehensive and ethically responsible model for the synthesis of

nanomaterials.

Plant biomass and its extracts represent the most significant natural resource for
bionanotechnology-based synthesis, offering a cost-effective, efficient, and environmentally
compliant approach that aligns with all twelve principles of green chemistry!’. Extracts provide
bioactive phytochemicals like polyphenols, flavonoids, tannins, alkaloids, polysaccharides,
and glycosides, which function as reducing, stabilizing and coating agents during AgNP
formation, enabling controlled particle size, diverse morphologies, dispersibility, and high
colloidal stability'®. Beyond their role in nanoparticle synthesis, these phytochemicals possess
intrinsic therapeutic activities. Consequently, plant-derived AgNPs often exhibit enhanced
biocompatibility, reduced bioavailability, and superior biological performance compared with
chemically synthesized counterparts. This improvement is largely attributed to the synergistic

interaction between silver and bioactive constituents'®.

Among the common herbaceous species of the Mediterranean basin, particularly
northeastern Algeria, Cynoglossum creticum (blue dog tongue) is notable. This biennial species,
to the Boraginaceae family, thrives mainly along open habitats, field and forest edges, and
roadsides. Although C. creticum is considered a poisonous herb for grazing animals due to its
high concentrations of hepatotoxic pyrrolizidine alkaloids (PAs), it has long held a place in

traditional Mediterranean medicine2?-2!

. Reports have confirmed its therapeutic potential
stemming from its rich phytochemical composition of active secondary metabolites,
particularly in its aerial parts, specifically the leaves?>?*. Despite its abundant phytochemical
profile and documented biomedicinally potential, C. creticum has not yet been thoroughly
investigated or exploited in green nanobiotechnology, leaving its ability to mediate

nanomaterials synthesis a promising avenue for research.

Neomycin sulfate (NEO) is an important aminoglycoside antibiotic in veterinary
medicine and serves as a key therapeutic agent for controlling a broad spectrum of bacterial
infections in cattle and other livestock?*. In addition to its clinical applications, NEO is
commonly incorporated into feed formulations and milk replacers as a growth promoter
additive and prophylactic agent®>. However, improper dosing, excessive feed supplementation,

and inadequate disposal practices can result in drug contamination. NEO can leach into nearby
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water systems and animal products as drug residues. Ecosystems exposure to neomycin
promotes genomic mutations and increases the development of antibiotic-resistant bacteria®.
Neomycin can also pose a risk of ingestion and accumulation in the human body through
animal-derived food products, causing serious side effects such as nephrotoxicity, neurotoxicity,

cardiotoxicity, and irreversible ototoxicity?”2%,

In addition to these environmental and public health concerns, analytical detection of
NEO is also challenging due to the absence of inherent chromophores or fluorophores in its
structure. Standard methods such as high-performance liquid chromatography and mass
spectrometry (HPLC-MS) therefore require labor-intensive and costly derivatization steps
using chromogenic reagents, limiting their suitability for routine or in-situ analysis?>**. The
creation of precise analytical methods for qualitative and quantitative sensing in complex
systems is of substantial practical importance. Advances in nanotechnology provide promising
alternatives, especially for detecting trace NEO contaminants in heterogeneous environmental
and biological systems3!-*2. In particular, colorimetric sensing platforms based on the surface
plasmon resonance (SPR) properties of silver nanoparticles offer a rapid, low-cost, and user-

friendly method with high accuracy for analytes detection?3-4,

Recently, polyaniline nanostructures (PANI-NS), the second significant intrinsically
conducting polymer (ICP), have emerged as innovative organic conjugate nanomaterials,
characterized by exceptional electronic conductivity, high pseudocapacitance, and remarkable
thermal, chemical, and environmental stability®>*. In addition, PANI exhibits intelligent
chromogenic behavior, making it valuable for applications in smart sensors platforms and
energy storage and transmission devices. Nanostructured forms of PANI such as nanofibers and
nanotubes have also overcome the poor processability of bulk PANI, thereby expanding
opportunities for biopharmaceutical and biomedical applications. However, these structural
improvements have not consistently translated into enhanced biological performance; although
antibacterial and antioxidant activities have increased, intensified cellular interactions have
raised concerns regarding uptake, bioaccumulation, potential toxicity, and long-term biological
safety’’. Integrating silver nanoparticles with PANI nanostructures has yielded hybrid organic-
inorganic composites with synergistic enhanced functional performance of both components.
Ag/PANI nanohybrid demonstrate improved biological properties, including stronger
antibacterial activity and more robust redox behavior, making them attractive for environmental
monitoring, antimicrobial coatings, and biomedical applications®*°. Nevertheless, to date

green bionanotechnology strategies using plant extracts have yet to be applied to integrate
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AgNPs into the PANI-NS, despite their promise for improving biocompatibility, enhancing

antimicrobial and antioxidant efficacy, and reducing associated toxic concerns.

This work primarily aims to value and utilize the plant matter of a toxic herbaceous
species, which poses a threat to livestock and is widespread in northern Algeria in
nanotechnology applications. This was achieved by employing an aqueous extract of
Cynoglossum creticum leaves to synthesize green silver nanoparticles (Ccl-AgNPs) and
develop silver/polyaniline nanocomposites (Ag/PANI NCs). The study further examines the
potential applications of the synthesized Ccl-AgNPs, with particular emphasis on
biopharmaceutical and analytical fields. This was done through antioxidant and antimicrobial
tests and colorimetric sensing of neomycin sulfate. Within this framework, the effects of AgNPs
bio-incorporation and deposition on green polyaniline nanotube (PANI-NT) were also explored,
focusing on enhancing the biological performance of Ag/PANI NCs. The thesis is structured
and organized into four main chapters encompassing the theoretical foundations, experimental

approach and results, and discussion pertinent to these research objectives.

e Chapter I presents a comprehensive theoretical framework for nanotechnology,
covering classification of nanomaterials, silver nanoparticles, polyaniline
nanostructures, and key strategies for synthesizing silver-polyaniline nanocomposites.

e Chapter II explores the potential of C. criticum leaves as a green platform for the
synthesis of AgNPs. It emphasizes on optimizing hydro-extraction and nanoparticle
synthesis processes discusses a comprehensive physicochemical characterization of the
resulting Ccl-AgNPs.

e Chapter III examines the pharmaceutical potential of Ccl-AgNPs by evaluating their
antioxidant and antimicrobial activities, as well as their performance as a colorimetric
sensor for detecting neomycin sulfate in real environmental, biological, and veterinary
samples.

e Chapter IV addresses the synthesis and characterization of green PANI nanotubes and
Ag/PANI nanocomposites, and investigates their potential biological functionalities.

The thesis concludes by summarizing the principal research findings and emphasizing

the potential of purposing unwanted plant biomass for applications in nanotechnology.
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I.1.Introduction

A quarter century into the twenty-first millennium, it is possible to affirm B. Clinton's
vision of a century defined by science, supported by knowledge, and shaped by technology with
bolder exploratory ideas'. Today, cognitive advancements are driving global awareness and
societies toward a new cultural paradigm that prioritizes sustainable development and the
protection of natural resources through cleaner, safer, and cost-effective production
technologies. Nanotechnology meets these expectations transformatively, enabling the
reduction of industrial costs, reducing reliance on heavy machinery and fossil fuels, and
improving functional efficiency and product longevity>3. Nanotechnology defines modern
innovation and radical exploration, integrating the dynamics of many different fields and
disciplines. Its transformative impact is particularly evident in the development and application
of nanomaterials, which serve as the foundational elements of this technology. These materials
have demonstrated significant potential in various sectors, particularly in healthcare and

environmental science.

This chapter will offer a comprehensive theoretical overview of nanotechnology,
nanomaterials, silver nanoparticles, polyaniline nanostructures, and their nanocomposites. It
begins by outlining the current status of nanotechnology within the global market, then traces
the historical evidence that proves the chronological development of the concept of
nanotechnology. A systematic classification of nanomaterials will be presented, based on
critical parameters such as size, morphology, chemical composition, origin, toxicity, and other
distinctive features. Special attention will be paid to silver nanoparticles and nanopolyaniline,
including the role of their physicochemical and biological properties on their functions and
application performance, and the various approaches to synthesizing these materials.
Furthermore, the chapter will explore the key strategies reported in the literature for the design,
integration, and functionalization of silver polyaniline nanocomposites. The chapter will
conclude by synthesizing the main insights presented, establishing a foundation for the

subsequent discussion of experimental methodologies.
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I.2. Nanotechnology

Nanotechnology has recently achieved rapid expansion with tremendous leaps in
technical and applied processes, contributing to stimulating economic growth, improving the
quality of life, and changing modern social dynamics #° . Nanotechnology is a major focus of
science and technology research; it is an innovative and multidisciplinary field that deals
specifically with phenomena, systems, and materials at the nanometer scale, where at least one
dimension is in this range. This field focuses on the characterization, design, synthesis, and
manufacturing of nanostructured materials with distinct shapes and sizes for purposes and
applications in various sectors, such as the food, medical, pharmaceutical, renewable energy,

and electronics industries, and even to reduce environmental problems and challenges.

Nanotechnology is gradually dominating various industrial and service sectors across
the globe, as the worldwide market value of nanotechnology jumped from roughly $16 billion
in 2010 to $27 billion in 2015 and reached approximately $76 billion in 2020 °. It is also
anticipated that its global market value will reach $170 billion and $288 billion by 2026 and
2030, respectively’. The growing global market for nanotechnology-based products and
services is due to several factors, such as the need to miniaturize devices resulting from
technological advances as well as government and private sector expenditures and investments
in nanotechnology, especially in developed countries such as the United States, China, and the
European Union. An estimated $250 billion has been invested in nanotechnology worldwide,

and in 2016, several national nanotechnology initiatives were started in over 60 nations®°.
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FIGURE.I.1. Projected changes in the global nanotechnology market value over the last two
decades 710,

I.2.1. Historical development of nanotechnology

In truth, although nanotechnology is considered the groundbreaking discovery of the
second half of the 20th century, as well as one of the fastest-developing fields in recent decades,
affecting all aspects of life'!. However, there were early ideas and uses of nanotechnology;
numerous historical evidences, such as the unique colors of Chinese silk, Egyptian cosmetics,
and colored bottles, indicate the exploitation of materials at the nanoscale by ancient artists and

craftsmen despite their lack of awareness of nano concepts and technologies'>!3.

The use of natural asbestos nanofibers in strengthening ceramic matrices since before
2500 BC is one of the oldest discovered examples that proves the antiquity of human
exploitation of nanotechnology'4. The ancient Egyptians also used many lead-based cosmetic
formulations more than 4000 years ago, and the Greeks and Romans followed them in
developing black hair dyes based on paste of calcium hydroxide and lead oxide that were
applied to gray hair (Figure.l.2.(a)). Sulfur from the keratin proteins in hair interacts with the
paste blend, forming layers of lead sulfide nanocrystals (PbSNPs)!*15, Additionally, Egyptian
blue (CaCuSi4O10), one of the first synthetic dyes, was created by the Egyptians by forming a
complex sintered mixture of nanosized glass and quartz in the early third millennium BC

(Figure. 1.2(b)). Archaeological excavations indicate that Egyptian blue was used in jewelry,
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glass, and pictorial effects!®!7. Celtic red enamels made between 400 and 100 BC have been

reported to contain nanoparticles of copper and cuprous oxide'® (Figure. 1 .2(c)).

FIGURE.I.2.Archaeological evidence of nanomaterials used in ancient civilizations: a) a
mural of Qenamun, 1550-1292 BC (Egyptian Museum of Barcelona); b) a stela of Ramesses
II, circa 1100 BC (Tomb of Nakhtemune, Egypt); ¢) a rein Guide artifact painted in
champleve enamel, circa 1st century BC (Museum of Wales).

The Middle Ages also witnessed various exploitations and applications of
nanotechnology without scientific understanding, which are evident in glassware, cathedrals,
Arab swords, and even in medical prescriptions'®?°. The Roman Lycurgus Cup, made in the 4th
century and now housed at the British Museum in London, is one of the most famous historical
instances of nanotechnology?!. This glass piece is characterized by a change in its color when
exposed to different light wavelengths (dichroic glass), which is mostly owing to nanoparticles
with a diameter of 50-100 nm in the glass matrix. X-ray diffraction analysis (XRD) of the
Lycurgus Cup revealed that it contains nanoparticles of both silver-gold alloy (Ag-Au NPs)
with a ratio of Ag:Au ~7:3 and copper (CuNPs) with a ratio of 10%2?>?* . Later in the Medieval
Ages, stained glass was produced to embellish numerous churches throughout Europe®* . This
glass is distinguished by its bright yellow and deep red colors, which are mainly due to colloidal
silver and gold nanoparticles formed as a result of the addition of gold chloride and silver nitrate
as coloring agents during the processing of molten glass, which is mainly composed of pure

sand (Si02)>>%,

Nanotechnology also contributed to Islamic war industries during the Middle Ages, as
evidenced by the unique Damascus sword made using alloys of wootz steel imported from Sri

Lanka and India. Physicochemical analyses of the sword produced by the blacksmith Assad
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Ullah showed that it mainly contains carbon nanotubes with exceptional elasticity and tensile
strength?’ . Figure. .3.(a-c) shows surface patterns of Damascus swords and high-resolution
transmission electron microscope images of a specimen, demonstrating the presence of carbon
nanotubes and nanowires with high chemical stability, even in acid. Also of interest are the
early applications of nanotechnology in the field of medicine, particularly in Indian culture?®.
The Ayurvedic Bhasma, developed in the 7th century to treat many chronic illnesses, is a unique
innovation in medical history. Ayurvedic Bhasma is a mineral-based medicinal ash mixed with
herbal extracts manufactured by Putapaka and Kupipakwa procedures?>3°. The Putapaka
method is based on the principle of heating minerals at high temperatures and quenching them
with herbal juices repeatedly, which ensures detoxification of minerals and formation of
bioactive nanomaterials!>3!. While the Kupipakwa method is based on complex processes that
begin with Shodhana, which is the treatment of specific minerals with different medicines to
purify them from physical and chemical impurities. followed by preparation of Kajjali, a fine
black paste made by mixing and grinding the Shodhana product with purified mercury and
sulfur. The Kajjali is stored in a Kachakupi, which is a glass covered with seven layers of cloth
and mud and placed in a sand bath known as Valukayantra. Finally, the medicinal product is

collected in the form of a finely ground powder of nano-dimensions*2.

Despite the pioneering usage of nanotechnology in the Middle Ages, this technology
was not addressed or explored from a scientific point of view until the modern era, specifically
in the 1850s by researcher Michael Faraday. In 1857, he first reported the synthesis of colloidal
gold nanoparticles (AuNPs) by reducing gold salts with a solution of white phosphorus, where
he discovered the effects of quantum size on the optical properties of gold in its colloidal and
bulk form*. Gustav Mie later in 1908 provided a theoretical framework explaining the specific
colors of mineral colloids**. The 1940s marked a shift to industrial applications, as rubber was

reinforced with nano-silicon dioxide as an alternative to carbon black?? .

The invention of the transmission electron microscope (TEM) in 1931 by Max Knoll
and Ernst Ruska (Figure.l.3.(d,e)) at the University of Berlin also revolutionized science in the
modern era®. This microscope shoots a beam of electrons through the material, enabling the
capture of highly detailed images at resolutions of less than 1 nanometer. Manfred von Ardenne
developed the first scanning electron microscope (SEM) in 1938, as illustrated in Figure.l.3(f).
However, its commercialization was delayed until 1965 due to the complexity of the required
technology?®’. The SEM operates on the principle of scanning the surface of a sample with a

focused beam of electrons, which allows for the creation of highly detailed images with a
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resolution of a few nanometers that reveal the morphology and structures of the material's

surface?®.

Nonetheless, it is historically likely that the actual launch of nanotechnology as a
scientific concept was in the famous speech "There's Plenty of Room at the Bottom" delivered
by the American physicist Richard Feynman on December 29, 1959, at the California Institute
of Technology (Caltech), on the sidelines of the American Physical Society meeting®. Although
Richard Feynman did not coin the term "nanotechnology," he referred to the idea of developing
technological capabilities to engineer individual atoms to create small machines at the
molecular level by proposing his hypothesis of encoding the volumes of the Encyclopedia
Britannica on the head of a pin. The first formal introduced of the term nanotechnology was
mentioned in a research paper by the Japanese Prof. Norio Taniguchi published in 19744,
Taniguchi provided a precise definition of nanotechnology, framing it within the context of
advancements in nanoscale semiconductor technologies and emphasizing precision

manufacturing processes at the nanometer scale?!.

Academic Eric Drexler also contributed to the popularization and expansion of
nanotechnology in the 1980s, drawing on Feynman's insights into his ideas known as
"molecular nanotechnology"*? . His well-known book, "Motions of Creation: The Coming Age
of Nanotechnology" (1986), highlights contemporary applied nanotechnology research and
traces the conceptual development of this technology*. This book played a pivotal role in
shaping contemporary nanotechnology research and advancing its recognition as a

multidisciplinary scientific field.

The invention of the scanning tunneling microscope (STM) by Gerd Binnig and
Heinrich Rohrer in 1981 (Figure.l.3.(h)), followed by the development of the atomic force
microscope (AFM) by Gerd Binnig, Calvin Quate, and Christoph Gerber in 1986, marked
transformative milestones in nanosurface science and technology***. These tools allowed for
the imaging and manipulation of material surfaces and their topology at atomic resolution,
enabling unprecedented explorations of nanoscale phenomena and the birth of the science of
clustering with the discovery in 1985 of fullerenes*. They are uckyball-shaped objects
consisting of 60 carbon molecules with distinct molecular properties that bridged the gap
between atomic clusters and bulk materials and inspired research into related nanomaterials®’.
This was followed in 1991 by the discovery of carbon nanotubes by Sumio lijima et al., which
exhibited extraordinary surface area, electrical, and thermo-mechanical features that reshaped

the academic community's view of nanomaterials technology*®.
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FIGURE.L 3. a) Tipu Sultan's sword made of Damascus steel (Ex-Wigington Collection); b)
blade surface of the Mohammad ladder Shamshir sword?’; ¢) HRTEM images of carbon
nanotubes in a Damascus sword showing Multiwalled carbon nanotubes®’; d) the first electron
microscope was made by Ruska and Knoll and produced by Siemens in 1939 (Deutsches
Museum, Munich); e) cross-section of the first two-stage electron microscope, designed by
Ruska in 1934%%; f) image taken from the first scanning transmission electron microscope with
an electron beam diameter of on the target approximately 10 nm, developed in 1938
(Siemens Historical Institute, Munich); g) sextupole corrector of STEM microscope with a
field-emission electron source and a single lens, designed by Crowe et al>’; and h) Scanning
tunneling microscope, made in 1986 (Museum of the History of Science, Geneva).

Recognizing the future potential of nanotechnology as a leading field for driving the
pace of development, the United States established the National Science Foundation
Nanotechnology Program in 1991 and a program called the National Nanotechnology Initiative
(NNI) in 2001, fostering interdisciplinary research and innovation. These efforts have
accelerated the development of nanotechnology as a multidisciplinary field capable of
contributing to significant advances in wide range of industrial activities such as medical,
pharmaceutical, transformational, energy, and electronics, which drive economic and

technological growth’!-32,
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I.3. Nanomaterials (NMS)

Nowadays, it is possible to observe the rapid development of technology based on
nanomaterials compared to its counterpart that uses bulk materials. In reality, nanomaterials are
the backbone of nanotechnology due to their unique features and dimensions that enable
nanotechnology applications to be the most potential solutions to address many contemporary
challenges and problems. The continuous development of nanomaterials is expected to play a
pivotal role in driving technological innovation and improving human life in the future>-4.
Epidemics have historically posed significant threats to humanity, causing widespread mortality
of population groups and deadly famines>. Nanomaterials have been used to diagnose and treat
many epidemic illnesses and limit their spread, such as monkeypox, which has recently
increased suddenly, and the Covid-19 pandemic, which led to a global health and economic
crisis between 2019 and 2022¢%7, Additionally, green technological research based on
nanomaterials works to mitigate environmental risks such as pollution, climate change, and

global warming. Nanomaterials can be described as the last solution to save environmental life.

Materials with at least one dimension in the range between 1 and 100 nm are called
nanomaterials. At this scale, the dimensions are so small that they fall well below the threshold
of visibility to the naked eye, as the smallest objects discernible under ideal conditions are
approximately 10 pm*®. For comparison, the thickness of a human hair is 50 um, which is
50,000 times larger than 1 nm. Actually, there is no universally standardized definition or
legislation for nanomaterials, but most regulations agree on key criteria: materials with one
dimension in the nano range are nanomaterials, as well as materials with a size fewer than 100
nm, and those exhibiting phenomena that depend on this dimension, i.e., they have different
properties than their counterparts with larger dimensions>*®’. At nanoscale dimensions,
physical, chemical, thermal, optical, and magnetic properties are enhanced, enabling unique

and versatile applications across numerous sectors.

1.3.1. Sources and Classifications of Nanomaterials

The diversity of sources, structural composition, shape, and other biochemical and
physical properties of nanomaterials necessitate the classification and definition of
nanomaterials into a set of categories in order to gain a deeper understanding of their properties
to suit advanced applications. Several methods are used to classify nanomaterials, based on the

adopted philosophy, characteristics, and targeted applications. In general, nanomaterials may
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be organized using six primary criteria: origin, size and dimensions, composition, porosity, and

toxicity.

1. Classification by Origin of NMs
Our cosmic system and terrestrial life are filled with an enormous variety of
nanostructures, which may be divided into four groups based on their origin: natural, bio-

inspired, incidental, and manufactured nanomaterials.

1.1. Natural nanomaterials
Natural nanomaterials encompass all nanoscale forms that are formed naturally, either

through natural mechanical, chemical, or biological processes, without the intervention of any
anthropogenic activities'#. Natural NMs constitute an important component of the terrestrial
ecosystem, as they can be found in all the Earth's spheres. In the hydrosphere, NMs exhibit
unique compositions and functionalities. For instance, magnetite nanoparticles (FesOs-NPs) are
prevalent in both marine and freshwater systems and help magnetotactic bacteria (MTB)
navigate to preferred environments using the Earth's magnetic field®'. Additionally, siliceous
ooze, one of the most important bio-pelagic ocean sediments, originates from silica

nanoparticles (SiO2) produced by marine microorganisms like diatoms algae®?.

The atmosphere, particularly the troposphere, also contains various nanomaterials that
influence cloud formation and atmospheric chemistry. Notably, nano-graphene and fullerenes
contribute to aerosol dynamics and light scattering®>. A wide range of mineral-based
nanomaterials are found in the lithosphere, including silica nanoparticles (Si0O:), titanium
dioxide nanoparticles (TiO:), and aluminum oxide nanoparticles (Al.Os), which contribute to
the structure and acidity of the soil, geochemical cycles, and the availability of nutrients.
Furthermore, nanoclays such as montmorillonite and kaolinite exhibit significant adsorption

capacities for organic pollutants and heavy metals®,

The biosphere also witnesses a remarkable nanodiversity, which is created through
various biological processes. Several microorganisms exist in nanoform, including
foraminifera, viruses, bacteria (nanobes), and actinomycetes®-%¢ . Additionally, plants and fungi
absorb mineral ions from water and soil, subsequently accumulating them into nanoparticles,
such as sulfide quantum dots and metal-based nanoparticles (e.g., silver and gold NPs)®’ . There
are also organic nanostructures like cellulose nanofibers in plants, enzymes and protein

molecules, as well as biocolloidal systems such as blood and milk.
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In the insect world, highly organized nanostructures have naturally developed on wing
surfaces, providing protective functions against environmental pollutants and moisture. The
phenomenon of iridescence in insects arises from the interaction of light with microscopic
nanostructures in their exoskeletons, demonstrating an advanced example of biologically
mediated structural coloration®®® . Figure.I.4 highlights the structural and morphological color
features of some iridescent insects. Furthermore, calcium carbonate (CaCQOs) nanoparticles,
formed through biomineralization, are essential components of seashells, coral reefs, and the

human bone matrix.
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FIGURE.I. 4. Structural Basis of Iridescence Insects. a) Morpho rhetenor butterfly:
photograph, magnified wing section, and corresponding TEM and SEM images revealing
nanostructured scales’®’!; b) SEM images of Pachyrrhynchus congestus pavonius (weevil)
wing scales displaying annular spots with iridescent colors ranging from blue-green to
orange-red’?; ¢) Epi-reflectance microscopy images and reflectance spectra of scale sections
from the golden dust weevil Hypomeces squamosus’>.

1.2. Engineered nanomaterials
Engineered nanomaterials are designed materials that are intentionally produced by

different physicochemical, biological, and hybrid techniques with specific properties to meet
their intended purposes®®. Unlike natural nanomaterials, which exhibit various regular and
irregular morphological structures, synthetic nanomaterials are typically designed with uniform
and specific shapes and high surface area. Historical records indicate that the commercial

production of engineered nanomaterials began in the 1940s with the aerosol-based synthesis of
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fumed silica, and in the 1960s, aqueous solutions were used to manufacture silica nanospheres.
This was followed by rapid advancement in the production of different types of nanomaterials
to meet industrial demands, particularly the manufacturing of metal oxides and polymer-based

nanocomposites !4,

Predicting the future trajectory of engineered nanomaterials remains challenging due to
their vast diversity and widespread applications, particularly in the pharmaceutical and medical
sectors. By 2019, engineering nanoproducts exceeded 22% of the pharmaceutical market, and
the size of the medical nanomarket is projected to surpass $350.8 billion by the end of 202574,
However, concerns are growing about the behavior of manufactured nanomaterials towards
environmental systems, as current scientific understanding remains insufficient for accurate
predictions. Reports have confirmed the release of manufactured nanomaterials into the
environment as industrial waste or with consumer product degradation. Notably, nano-titanium
dioxide and nanosilver are being detected in urban environments due to their emission from

exterior building paints’>76.

1.3. Biomimetic and bioinspired nanomaterials
Biomimetic and bioinspired nanomaterials represent the materials that derive their

design principles from the structures, mechanisms, or characteristics of naturally occurring
biological nanomaterials. However, a critical distinction exists between the concepts of
biomimetic and bioinspired approaches’’. The term biomimetics refers to artificial mimics of
the architecture and functions of natural nanomaterials, as well as biological approaches and
strategies, with the objective of manufacturing similar products. This approach seeks to
replicate nano-nature designs to achieve comparable functionalities’®. Conversely, the term
bioinspired encompasses a broader and more adaptable paradigm, which refers to direct or
indirect mimicry of methods and techniques related to materials and phenomena at the
nanoscale. Bioinspired methodologies extract key design elements and translate them into

innovative nanomaterial systems”.

Researchers have drawn inspiration from nature to create many materials for
pharmaceutical and biomedical purposes and applications. A notable example includes the
mimic protein synthesis for designing unique nanostructures in the shapes of cubes, anemone-
like, and two- and three-dimensional nanomaterials®’. Additionally, targeted therapies
biomimetic nanoparticles have exhibited exceptional biocompatibility.
Biocompartmentalization can be mimicked by encapsulating and functionalizing nanoparticles

with cellular membranes derived from platelets, red blood cells, or cancer cells. This a strategy
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facilitates the loading and entrapment of therapeutic molecules for targeted treatment of
inflammatory diseases®!, as schematically depicted in Figure.l.5(a). Beyond biomedical
applications, biomimetic and bioinspired approaches have also influenced advancements in
material science. The adhesion properties of gecko feet have inspired the development of
superior adhesive products, while the self-cleaning superhydrophobic characteristics of lotus
leaves which attributed to their unique combination of microstructure bumps and valleys
decorated with a nano-waxy particles on their surface (Figure.l.5(b)), have driven the

development of a new generation self-cleaning coatings®?.
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FIGURE.L 5.a) Schematic of drug-loaded nanoparticles encapsulated by an isolated cancer
cell membrane; b) Photographs of lotus leaves soaked in water and SEM images of their
surface at different magnifications®3; and c¢) A model of a floor coated with a transparent, self-
cleaning nano-silicon-based coating developed by Nanoshell Company (Layton, Utah, USA).

1.4 Incidental nanomaterials
Incidental nanomaterials are unintentional by-products generated during anthropogenic

processes or natural events resulting from human intervention. The production and atmospheric
release of incidental nanomaterials in urban environments are escalating in response to
increasing human activities, including exhaust gases of transportation, combustion-based waste
treatment, energy production, mineral extraction and processing, and food manufacturing.

Routine human exposure to hazardous carbon nanotubes has been documented as a
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consequence of petroleum combustion®*83. Additionally, forest fires also contribute to the

formation of diverse adventitious nanomaterials, such as cement particles and fumed silica.

2. Classification by Dimensionality

H. Gleiter in 2000 was the first to systematically classify nanomaterials in light of
studying the solid-state properties®. His classification framework considered the size of
material across three spatial dimensions, along with its atomic structure and chemical
composition, ultimately leading to the categorization of nanomaterials into three groups
according to their microstructure. Subsequently, V.V. Pokropivny and V.V. Skorokhod®’,
proposed a more refined classification based on spatial dimensionality and electronic movement
in each dimension. Based on this approach, nanomaterials were divided into four distinct types:
zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D).
2.1. Zero-dimensional nanomaterials

Zero-dimensional nanomaterials (0D-NMs) represent the most common type,
characterized by their confinement in all three spatial dimensions within the nanoscale, i.e.,
their size does not exceed 100 nm. The 0D-NM:s are the simplest structures in mass, resembling
dots, and have different morphologies such as spherical, hollow-spherical, cubic, and core-shell.
They are commonly referred to as nanoclusters, nanoparticles, or nanocrystals. Fullerenes,
magnetic nanoparticles, noble metal nanoparticles, as well as graphene, carbon, and inorganic
quantum dots are among the notable explored examples of 0D-NMs. A key feature of these
materials is their exceptionally high surface-to-volume ratio, which enhances the number of
active edge sites per unit mass. Furthermore, quantum confinement effects contribute to their
distinctive physicochemical properties, such as high photoluminescence efficiency, surface
plasmon resonance, and chemical stability, making them highly relevant for various advanced

technological applications3®8.

2.2. One-dimensional nanomaterials
Nanostructures that are confined to two dimensions on the nanometer scale, with a third

dimension beyond the nanoscale range, are classified as one-dimensional nanomaterials.
Compared to their zero-dimensional counterparts, these materials are characterized by
nanoscale diameters and lengths relatively extend 100 nm, and thus include nanostructures in
the form of wires, tubes, fibers, rods and ribbons. Recently, 1D-NMs like carbon nanotubes
(CNTs), metallic nanowires (such as silver, gold, and metal oxides), and conductive polymeric

nanomaterials such as poly(styrene sulfonate) (PEDOT:PSS) and nanopolyaniline have become

21



Chapter I

Theoretical art about nanotechnology, silver nanoparticles, and polyaniline nanostructure.

the focus of intensive research®®’!. This is largely due to their outstanding properties, which
stem from their high-aspect-ratio structure, granting them extreme thinness, lightweight, high
stretchability, high transparency, elevated porosity, and better permeability, which enables their
exploitation and application in the construction of percolation networks for wearable electronic
skins, absorption and filtration membranes, wound dressings, and scaffolds for tissue

engineering®>%3.

2.3. Two-dimensional nanomaterials

Two-dimensional nanomaterials are structures with one dimension at the nanoscale and
two dimensions outside the scale. They are characterized by their atomic thickness, typically
comprising one to several atomic layers, while their lateral dimensions can reach the limits of
micrometers®®. This unique structural configuration endows them with distinctive shape-
dependent properties, including high optical transparency, exceptional mechanical flexibility, a
large specific surface area, and unique surface charge® . 2D-NMs exist in various forms, with
lamellar architectures being among the most well-known, such as graphite, graphene oxide,
reduced graphene oxide, montmorillonite clay, black phosphorus, and layered double
hydroxides. Additionally, other morphological variants include nanoplates (e.g., bismuth
selenide (Bi2Ses)), nanowalls such as silicon-based nanomaterials and manganese (IL,I1I) oxide

(Mn30s), and nanodisks like copper sulfide (Cu.S).

2.4.Three-dimensional nanomaterials
Three-dimensional nanomaterials are bulk nanomaterials whose dimensions are not

confined to the nanoscale, i.e., exceeding 100 nanometers. Bulk nanomaterials are typically
composed of individual nanoscale components (0D, 1D, and 2D) that are clustered or
distributed in larger random media with anisotropic orientations, forming distinctive
morphologies such as nanoflowers, polyhedra, hollow nanocages, nanocones, and nanocoils.
Compared to bulk conventional materials, 3D-NMs exhibit superior properties due to the
quantum size effect, which allows for a large specific surface area, macro- & mesoporous
channels (high porosity), and improved mechanical and electrical performance. These
properties offer many desirable advantages for catalytic, sensing, drug delivery, and energy
storage applications, such as biocompatibility, potential for surface chemistry functionalization,

and a high percentage of exposed atoms’®?7,
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3. Classification based on chemical and elemental composition
Structurally, nanomaterials can consist of a single chemical element or complex multi-
element configurations. Based on their chemical composition, nanomaterials can be

systematically categorized into four primary classes: inorganic, organic, carbon, and composite.

3.1. Inorganic nanomaterials
Inorganic nanomaterials encompass a broad range of compounds derived from all

elements except carbon, including metals, metal oxides, silicon, and ceramics. Inorganic NMs
exhibit several distinctive properties, most notably their high stability compared to other
counterparts, hydrophilicity, and relatively low cytotoxicity. Among inorganic nanomaterials,
metal-based NMs have garnered significant research interest, especially in the field of
bioengineering. Metallic nanomaterials can be obtained via two primary approaches: metal-
destructive methods or synthetic processes utilizing monovalent, divalent, or trivalent metal
ions. Although metal-based NMs can be derived from a wide range of metallic elements, noble
and transition metals such as gold, silver, copper, aluminum, cobalt, nickel, and iron are
predominantly exploited and utilized’”®. This preference is attributed to their exceptional
surface characteristics, including surface-to-volume ratios, substantial surface charge, and good
porosity, as well as optical properties such as broad absorption across the solar electromagnetic

spectrum and confined surface plasmon resonance (Figure.l.6(a)).

Another significant subclass category of metallic nanomaterials exists in the oxidized
state, known as metal oxide NMs. These materials consist of positively charged metal ions and
negatively charged oxygen ions, exemplified by compounds such as titanium dioxide (TiO-),
iron (III) oxide (Fe20s), and silicon dioxide (SiO2). The abundance of oxygen in the atmosphere
(21%) has facilitated the natural formation of a diverse array of bulk metal oxides and mixed
metal oxides in the Earth's crust?®. When these bulk structures are destructed to the nanoscale,
they exhibit novel quantum mechanical properties that are highly relevant for heterogeneous

catalysis and energy harvesting technologies.

Another important category of inorganic nanomaterials is nanoceramics, which are
solid, semi-metallic materials composed of metallic and non-metallic elements. These typically
include oxides, nitrides, carbonates, phosphates, and carbides, with representative examples
such as clay minerals, hydroxyapatite (HAp), zirconia (ZrO2), silicon nitride (SizN4), and
calcium carbonate (CaCOs). Nanoceramics are obtained through sequential processes involving
high-temperature heating followed by rapid cooling. These materials are characterized by high

mechanical strength and stiffness, thermal and electrical insulation, and remarkable corrosion
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resistance in aggressive chemical environments. Their structural resemblance to the tooth
composition and their high biocompatibility have enabled their application in medical fields
(Figure.l.6(b)), such as antimicrobial agents against cariogenic microbes, drug delivery systems

for targeting tumors and glaucoma, and tissue regeneration®®10°,

3.2. Organic nanomaterials
Organic nanomaterials encompass a diverse class of nanoscale structures derived from

organic molecules. Nanostructures are formed through the self-assembly of simple molecular
precursors, such as monomers and polar lipids, via weak non-covalent intermolecular
interactions. The interaction (e.g., hydrogen bonding and hydrophobic effects) drives the
organization of molecules into well-defined structures, including particles, spheres, fibers,
tubes, and films ranging in size from 10 to 1000 nm. The chemical bonding of the carbon
backbone with heteroatoms, imparts organic nanostructures functional properties, reactivity,

biodegradability, and non-toxicity.

One prominent subclass of organic nanomaterials is polymers in nanoscale form,
referred to as polymer nanoparticles (PNPs), which consist of a solid-mass matrix network of
particles. PNPs are widely utilized in the pharmaceutical and therapeutic sectors because of
enhanced bioavailability. A notable instance is polyethylene glycol (PEG) nanoparticles, which
possess highly hydrated, flexible chains that confer non-immunogenicity, extend drug
circulation half-life, and minimize plasma protein adsorption!’!. There are also polymer
micelles, which are self-assembled amphiphilic copolymers containing a hydrophobic tail and
a hydrophilic head in a specific solvent. Another important category is polymeric micelles,
which are amphiphilic copolymers that self-assemble in solution to form core-shell structures
with a hydrophobic tail and a hydrophilic head; this formation mechanism is demonstrated in
Figure.l.6(c). Polymeric micelles can be used in pharmaceutical formulations for the
encapsulation of both hydrophobic and hydrophilic drugs'®>!%3. Their core-shell architecture
provides advantages such as micellar association, selective targeting, and protection of
encapsulated drugs from oxidative degradation in vivo and ex vivo. Beyond pharmaceuticals,
polymeric micelles have broad uses in the food industry, such as extracting enzymes and

proteins from animal and plant products and complexation of DNA1%4,

Lipid-based nanomaterials represent another major class of organic nanostructures, with
significant bio-applications. Lipid bilayers, which are natural self-assembled structures
composed of polar lipids, serve as the fundamental matrix of cell membranes and are also found

in certain viruses and bacteria. Bioinspired lipid nanomaterials, including Langmuir-Blodgett
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films, nano-lipid carriers (NLCs), and solid lipid nanoparticles (SLNs), have been extensively
developed for targeted drug delivery!®®. These systems are particularly effective in transporting
hydrophilic and hydrophobic molecules, especially cytotoxic drugs, with high precision. Lipid
nanomaterials have also emerged as a key technology for RNA delivery in the treatment of
cancer and viral infections, including COVID-1971%_ Their capability to facilitate site-specific

drug release enhances therapeutic efficacy while minimizing systemic side effects.

3.3. Carbon nanomaterials
Carbon-based nanomaterials represent a distinctive and interesting class of materials

primarily composed of carbon, the third most abundant element in our Earth's system. These
materials can be found in multiple allotropic forms and phases, each with unique
physicochemical properties. This structural diversity arises from variations in carbon-carbon
bonding configurations at the structural level. For instance, sp*-hybridized covalent bonds
confer high rigidity, whereas sp*-hybridized bonds impart relatively softer mechanical and
conductive structures characteristics'”’. This class includes amorphous nanodiamonds,
fullerenes, graphene (derived from the exfoliation of three-dimensional layered graphite), and

single- and multi-walled carbon nanotubes (CNTs), as illustrated in Figure.1.6(d).

Carbon nanomaterials are particularly valued for their exceptional properties, including
high specific surface area, thermal stability, electrical conductivity, mechanical strength,
electron affinity, structural versatility, and chemical resistance to acidic environments?%27.
These properties make them integral to various commercial applications and multidisciplinary
research fields. Specifically, they are utilized as electrode materials in nanoelectronics, energy
storage systems such as lithium-ion batteries, supercapacitors, and hydrogen storage
technologies. Bulk graphite serves as a neutron moderator and reflector in nuclear reactors!%.
Furthermore, carbon nanomaterials also play an important role in environmental applications,
functioning as highly efficient gaseous adsorbents for pollutants like hydrogen sulfide (H2S),

carbon monoxide (CO), and nitric oxide (NO), as well as for the removal of organic dyes,

pharmaceuticals, and heavy metal contaminants from aqueous systems.
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FIGURE.L 6.a) schematic representation of a gold nanoparticle, SEM image highlighting
cross-section of silver nanowires!?, and atomic structure of amorphous silica nanopowder; b)
crystal structure of nanohydroxyapatite and its various applications in dental science; c)
diagram illustrating the self-assembly mechanism of a spherical polymeric micelle; and d)
structure schematics of carbon nanomaterials with different dimensions.

3.4. Nanocomposites
Nanocomposites represent a suitable alternative to overcome the limitations of

conventional bulk materials and homogeneous NMs. They are characterized by complex
multiphase structures, where at least one of their phases is at the nanoscale or exhibits
nanometric phase separation. The broad definition of nanocomposite encompasses various
configurations, including NMs of different chemical compositions and dimensions combined
together, nanomaterials integrated with larger-scale materials, and nanomaterials incorporated
within bulk matrices. Nanocomposites manifest in many forms, such as colloids, hydrogel, and
porous media, though hybrid nanocomposites comprising a bulk matrix (metallic, polymeric,
or ceramic) reinforced with nanoscale phases are the most common and widely
investigated®®!'°, The nanophasing process is designed to enhance or introduce new properties
to the bulk material, leveraging synergistic interactions between components. The incorporation
of bentonite fillers in polyolefin polymers improves thermal stability, flame retardancy, and
biodegradability, while the integration of fibers into ceramic matrices markedly strengthens

mechanical properties and dimensional stability.
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4. Classification according to dispersion and stability of NMs

Nanomaterials are categorized according to their dispersibility into dispersed and
aggregated states. The dispersion characteristic of NMs in different media, like solvents and
matrices, is a key factor influencing their synthesis, stability, and functional applications.
Optimal dispersion is defined by the absence of clustering, agglomeration, or aggregation,
ensuring that particles remain uniformly and separately distributed from each other. The
specific surface area of NMs is inversely proportional to the agglomeration; any degree of
particle agglomeration adversely affects their physicochemical and biological properties.
Several intrinsic factors influence the formation of agglomerates and aggregates, such as
surface charge, particle size and concentration, as well as pH and ionic strength of the

medialll:112

. Current knowledge about the dispersion state of nanomaterials is insufficient for
its precise quantification. However, there are various analytical characterization techniques that
allow for an estimation of dispersion quality by assessing particle size, distribution, surface
charge, and stability. These include dynamic light scattering (DLS), electrophoretic light

scattering (ELS), ultraviolet-visible (UV-vis) spectroscopy, and zeta potential (ZP) analysis.

DLS provides the hydrodynamic diameter of particles (Z-average) and the
polydispersity index (PDI), where PDI values range from 0 to 1 (from monodisperse to
polydisperse). The degree of dispersion can be inferred from the PDI value: a range of 0.1-0.3
indicates excellent dispersion, 0.3—0.5 suggests moderate dispersion, and values above 0.5
signify aggregation'#!13. Furthermore, the zeta potential ((-potential) of NMs serves also as an
important indicator of the dispersion stability of particles. Defined as the electrical potential at
the shear or sliding plane, which is related to the surface charge and electrostatic interactions
between particles (attractive and repulsive forces)!'*. Nanomaterials with zeta potential values
between -25 mV and +25 mV exhibit poor dispersion stability and a strong tendency to
aggregate, while stability improves further from this range. Similarly, the stability of
nanodispersions can be monitored by measuring the characteristic absorption (Amax) of

nanomaterials in the UV-vis spectrum.

5. Classification based on nanomaterials porosity

Nanomaterials possess voids and channels at the structural level, technically referred to
as pores. The size and distribution of pores determine the surface properties of nanomaterials,
their diffusion behavior, and interactions with ions and molecules. Porosity allows
nanomaterials to exhibit superior adsorption, absorption, permeability, and fluid transport

properties. According to the International Union of Pure and Applied Chemistry (IUPAC), NMs
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are classified into three main groups based on their pore length and size: macroporous,
mesoporous, and microporous nanostructures'!'>, The first group, "macroporous,” includes
NDMs characterized by pore diameters larger than 50 nm, such as porous gels, calcium carbonate,
and biomass-derived carbon nanomaterials. The large pore volume and resulting high surface
area allow them to be adapted for therapeutic applications, where they facilitate the controlled
transport of therapeutic molecules such as chemotherapeutic agents (e.g., peptide NuBCP-9

(N9)), and loading complex biomolecules like oligonucleotides, enzymes, and proteins!'®!17,

Mesoporous nanomaterials, also referred to as super-nanoporous materials, possess pore
diameters less than 50 nm and greater than 2 nm. They are characterized by a large specific
surface area and tunable pore geometry, which provide ample storage capacity for guest
molecules. Mesoporous NMs have outstanding applications in environmental and catalysis
fields. For instance, activated carbon is widely employed in water treatment for the adsorption
of organic pollutants and metal ions. The molecules form a thin layer within the pore channels
and on the surface of the carbon matrix, facilitating efficient separation from aqueous media''®.
Mesoporous silica serves as a robust support for heterogeneous catalysts in various reactions,
like the hydrogenation of p-nitrophenol, the oxidation of glycerol to glyceric acid, and

polymerization processes.

Nanomaterials with narrow pores (less than 2 nm) are classified as microporous
materials. Metal-organic frameworks, hydroxyapatite, nanoclays, and zeolites are examples of
microporous materials with pioneering applications in industrial chemistry and sustainable
processes, including selective catalysis, gas separation, sensing technologies, and membrane
filters. Microporous nanomaterials are further categorized into two subgroups: super-micropore
NMs, which have pore diameters between 0.7 and 2 nm, and ultra-microporous nanomaterials

(pores smaller than 0.7 nm)'!°.

6. Classified according to potential toxicity

The tremendous leap in nanotechnology, particularly the development and manufacture
of nanomaterials, has been accompanied by a dangerous increase in human exposure. Due to
their ultra-small size, nanomaterials can enter the body through multiple routes, including
ingestion, inhalation, injection, and skin penetration, enabling direct cellular interactions!2%12!,
Despite this, most research focuses on the synthesis of new nanomaterials without addressing
or assessing their biological effects. A comprehensive understanding of their environmental

impact, toxicological properties, and long-term consequences is essential before integrating
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them into industrial applications. Nanotoxicology, a new scientific branch, seeks to investigate
and understand the mechanisms of nanomaterial uptake, exposure pathways, and
physicochemical interactions'??. This discipline also aims to establish standardized protocols
for assessing nanomaterial toxicity in both human health and environmental contexts. Based on

their toxicity potential, nanomaterials can be categorized into two distinct groups.

The first group of nanomaterials consists of biopersistent, low-toxic particles, referred
to as granular biodurable particles (GBP). Also known as low-toxicity dust or poorly soluble
low-toxicity (PSLT) nanomaterials, similar to silicon carbide and titanium dioxide!?3. GBPs are
highly persistent in living and biological systems but exhibit minimal toxicity due to their inert
surface properties and lack of harmful substance release. Studies have confirmed that the
systemic availability of GBP nanomaterials resulting from inhalation, dermal, and oral
exposures is relatively low, and they pose no significant systemic risks!?!!124, Furthermore,
compared to their bulk counterparts, GBP-NMs do not have a novel toxicity associated with

their nanoscale size.

The second group encompasses nanomaterials that are carcinogenic, mutagenic,
asthmagenic, or reproductive toxicants (CMAR). As outlined by the British Standards
Institution, nanoforms of bulk materials designated as CMARs retain the same hazardous
properties!?. The toxicity of this type of nanomaterial is primarily attributed to the release of
toxic ions and the generation of reactive oxygen species (ROS) on their surfaces. On the other
hand, CMAR nanomaterials internalize into cells, where they interact with genetic material
(DNA and RNA), nuclear proteins, and cytoplasmic components. These interactions cause
structural damage to cellular organelles and induce genotoxicity by disrupting biochemical
pathways, DNA replication, transcription, and repair mechanisms®>!26, Carbon nanoparticles
have been reported to bind to single-stranded nucleotides during DNA replication, while

fullerenes Ceo have been linked to mutagenic effects in liver microsomes!?7:128,

In addition to genotoxicity, reproductive toxicity is another significant concern, as NMs
translocate via systemic circulation to reproductive organs such as the testis, epididymis, and
prostate, where they accumulate. NMs can penetrate the blood-testis barrier (BTB) and nuclear
membranes of sperm cells, leading to morphological mutations and reduced sperm viability. In
vivo studies!?®!3% demonstrate that zinc oxide nanoparticles (ZnO NPs) can disrupt the cell
membrane and outer mitochondrial membrane in Sertoli cells within the BTB, while cerium

oxide nanoparticles (CeO: NPs) cause degeneration of the seminiferous tubules in mice.
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I.4. Silver nanoparticles

For over 5,000 years, human have recognized the utility of silver, and many peoples
have incorporated it for various applications, including nourishment item storage, tableware,
water purification, and medicinal treatments. Eighteenth-century medical texts documented
confirm the use of silver in treating burn wounds due to their antiseptic and antimicrobial
properties'?!'132, Furthermore, silver is one of the seven ancient metals that have played a pivotal
role in the advancement of civilization. Its use in coinage facilitated trade between societies,
and its luster and malleability contributed to the creation of jewelry and artifacts that have

endured through time.

Silver (Ag) is a naturally occurring element with an atomic number of 47. It is one of
the rarest elements in the Earth's crust, ranking 67th in abundance, with a concentration of
approximately 75 parts per billion (ppb), or about 1 mmol/kg. Silver is commonly found in soil
and rocks in its metallic form and is often associated with copper, lead, and gold ores. Among
noble metals, Ag exhibits the lowest density (10.5 g/cm?®) and is characterized by its high
ductility, excellent electrical and thermal conductivity (63 x 10° S/m and 429 W/m-K,

respectively), low chemical reactivity, and remarkable stability.

The extraction of silver is primarily conducted through mining operations, with the
largest producers being South American countries such as Peru, Mexico, and Chile, alongside
China and Australia. Global silver production exceeds 28,000 metric tons annually (~1.029
million troy ounces), with an estimated market value of US$20 billion!33. The superior
biological and physicochemical properties of silver have contributed to its growing applications
in advanced sectors'34. Figure 1.7 presents the relative global distribution of silver applications
by 2024, with the industrial sector accounting for 50.6% of the total global silver market,
consuming approximately 680.5 million ounces (Moz). Of which over 110 Moz are used for
photovoltaic (PV) installations and US$3.1 billion for catalysts, underscoring the role of Ag in
sustainable and green manufacturing!®. More than 27% of global demand is related to
investment and coin markets (183.3 and 190.9 million ounces, respectively); the remaining
demand is distributed among traditional applications, jewelry (208.7 Moz), tableware (54.2
Moz), and photography (25.5 Moz)!3¢.
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FIGURE.I. 7.Global distribution of silver demand across sectors for 2024, as % (from the
World Silver Survey 2025, The Silver Institute)'*.

Over the past three decades, with the emergence of nanotechnology as a prominent
research field, nanosilver has been extensively proposed as a novel form of silver with enhanced
and distinct characteristics. These improvements compared to bulk silver stem from unique
nanoscale phenomena, such as the quantum size effect, atomic-surface interactions, quantum
tunneling, and an increased surface-to-volume ratio'3”-138, Among the various nanoforms of
silver, nanoparticles are the most commonly explored owing to their exceptional optical,
electromagnetic, chemical, and biological properties. Silver nanoparticles hold vast application
potential across diverse fields, including photocatalysis, sensing, energy harvesting, solar cell
technology, and food packaging. In the biomedical area, they are being actively studied for their
therapeutic capabilities in wound healing, tissue regeneration, drug delivery, bioimaging,

hyperthermia, anticancer and antidiabetic treatments, and bone cement formulations.

1.4.1. Silver Nanoparticles Properties

The potential applications of silver nanoparticles are intrinsically linked to their unique
physicochemical properties, including particle distribution and morphology, agglomeration
state, surface chemistry and coverage, and surface area, as well as their solubility and reactivity
within various media. Among their most distinctive characteristics are their optical properties,

which arise from the interaction of AgNPs with light. The interaction induces collective
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oscillation of the free conduction band electrons on the AgNPs surface, known as the localized
surface plasmon resonance (LSPR) phenomenon. These oscillations lead to radioactive decay
and strong absorption and scattering in visible and near-infrared light, accompanied by
conversion of photon emission energy into heat!3%13°, The LSPR property renders AgNPs
highly sensitive to environmental changes, making them particularly valuable for advanced
applications such as biodiagnostics, laser treatments, radiotherapy, photothermal therapy,

chemical and biological sensing, bioimaging, photocatalysis, and solar cell technologies'#%:14!

Pure silver is renowned for its superior electrical conductivity compared to other metals
due to the presence of free electrons in the atomic structure (single valence electron). When an
electric field is applied, the free electrons travel easily through the silver metal lattice, forming
a conductive path. Similarly, AgNPs also exhibit electrical conductivity; however, their
behavior differs from bulk silver due to quantum effects and modifications in their electronic
structure. Factors such as quantum confinement, discrete energy levels, and altered band
structures between the valence and conduction bands influence their electronic transitions®’.
Thanks to their excellent conductivity and low surface roughness, AgNPs have emerged as
promising materials for applications in microelectronics, antennas, and electronically
conductive adhesives!*?. Moreover, AgNPs possess a higher ionization potential compared to
bulk silver, further affecting their conductivity. Another notable characteristic of AgNPs that
enhances their potential in sensing and optoelectronic applications is their electroreflectance
(ER) effect, where the absorption spectrum of the particles alters with the change of stored

electronic charge, which can be observed with the withnaked eye'43.

The surface charge of AgNPs represents a critical property that influences their colloidal
stability, agglomeration, solubility, and chemical reactivity within various matrices.
Understanding and controlling the surface charge facilitates the modulation of AgNPs behavior
in various environmental and biological systems. Such control is pivotal for optimizing their
biomedical applications, particularly in enhancing targeting specificity, cellular uptake, and the
transport of therapeutic agents. Surface functionalization of silver nanoparticles, through
stabilizing agents, surfactants, or polymer coatings, directly controls their surface charge and
enhances the dispersion of colloidal silver particles due to electrostatic repulsion!4+14_ Citrate,
sodium dodecylbenzenesulfonate (LAS), and polyvinylpyrrolidone are commonly employed
agents in the synthesis of negatively charged silver nanoparticles, whereas positively charged-
AgNPs are produced using cationic surfactants such as cetyltrimethylammonium bromide

(CTAB), chitosan, and dodecyltrimethylammoniumchloride (DTAC).
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The surface charge also exerts a significant influence on the biological properties and
activities of silver nanoparticles. It has been reported that positively charged AgNPs exhibit
enhanced antibacterial efficacy, often at lower concentrations, compared to their negatively
charged or neutral AgNPs'#6:147, Furthermore, surface charge is a determinant of AgNPs
toxicity, as confirmed by the study of T. Silva et al.!*®, which investigated the potential role of
surface charge in the toxicological responses of AgNPs against two model organisms, a
eukaryote (Daphnia magna) and a prokaryote (Escherichia coli). The toxicity profiles indicated
the important role of coating materials in surface charge-modifying for the environmental and
biomedical uses of AgNPs. As coating agents significantly minimize the release and toxic
effects of silver ions (Ag"). Notably, negatively charged coatings have demonstrated superior
efficacy in reducing Ag ion-associated toxicity. Similarly, the surface charge of AgNPs impacts
their bioaccumulation dynamics, as J. Zhang et al.!*® reported in their evaluation of
bioaccumulation of positively and negatively charged-AgNPs in freshwater algae (Chlorella
vulgaris). The positively charged-AgNPs accumulate more efficiently, likely due to the
electrical interaction potential with the negatively charged algal cells (mutual attraction), while
the energy barrier is formed due to the electrostatic repulsion forces between the negatively

charged-AgNPs and the living cells.

1.4.2. Methods and Approaches for silver nanoparticles Manufacturing

Current research and technological advancements related to silver nanoparticles are
accelerating rapidly. According to Web of Science Core estimates, over the past five years, more
than 54,070 scientific documents (including research articles and patents) have been on the
subject, representing over 10% of all scientific output within the nanomaterials category!>’.
Published research is directed toward developing methods and techniques to improve the
production yield of highly stable AgNPs with precisely tunable morphological and size
characteristics. Within nanotechnology, the processes, procedures, and protocols for
synthesizing AgNPs rely on two fundamental approaches that integrate various physical,

chemical, and biological techniques: top-down and bottom-up approaches.

The top-down approach manufactures silver nanoparticles from solid or aerosolized
bulk silver, which is reduced to the nanoscale dimensions through physical processes such as
grinding, cutting, chopping, and milling. In contrast, the bottom-up approach involves various

chemical and biological techniques that frame the atomic and ionic states of silver and transform
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them into more complex silver nanostructures. Both chemical and biological techniques involve

the reduction of silver ions, followed by the self-assembly of atoms to form new nuclei that

subsequently grow into nanoscale particles. Figure 1.8 provides a schematic representation of

these two synthesis approaches.

BOTTOM-UP APPROACH
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FIGURE.IL. 8.Schematic diagram of the top-down and bottom-up approaches to AgNPs

synthesis.

1. Physical techniques

Physical techniques are employed to generate significant quantities of highly purified

silver nanoparticles characterized by uniform dispersion, narrow size distribution, and freedom

from solvent-derived contaminants. This type of synthesis relies on the exploitation of physical

factors such as electrical discharge, electromagnetic radiation, ultraviolet radiation, plasma, and

thermal energy. Among the physical techniques, evaporation—condensation and laser ablation

are considered the most promising and approved for AgNPs production'>-132, Evaporation—

condensation is typically performed using a tubular furnace under atmospheric pressure. The

silver metal is first evaporated inside a boat crucible into a carrier gas stream and then

condensed onto various substrates so that the Ag atoms coalesce and cluster into Ag-

nanoparticles. However, this method has several technical drawbacks, including the substantial

spatial requirements of tubular furnace systems, high power consumption exceeding several
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kilowatts, and the long time necessary to achieve the required temperatures for thermal stability

operating!>?

Laser ablation of bulk silver in solutions is another prominent technique to synthesize
high-purity, monodisperse colloidal AgNPs. This technology is relatively green eco-friendly
due to its lack of chemical reagents and solvents'>*. Furthermore, its key advantages include
the ease and precise control of the shape, size, and concentration of AgNPs through adjusting
several parameters such as laser fluence and speed, the wavelength directed to the silver metal,
the number of laser pulses, beam spot size, the ablation time, and the synthesis medium!.
Nevertheless, sophisticated instrumentation, high temperatures, and high external energy
requirements contribute to high synthesis costs and low productivity, limiting the transition of
laser ablation technology to economic industrial applications. These factors limit the green
nature of this process, especially given the significant attention paid to green synthesis
principles to address energy and economic requirements. Notably, LS Kibis et al.!*¢ reported
that the laser ablation of silver in aqueous and air media can promote the formation of Ag-O
rather than Ag-nanoparticles due to the presence of oxygen despite the use of noble gas jets in

the ablation zone.

2. Chemical techniques
To date, chemical processes have been widely employed for the synthesis of silver

nanoparticles, and they are the most effective and practical in terms of simplicity, cost, and
speed. Several chemical synthesis techniques have been developed, including chemical
reduction, electrochemical reduction, sol-gel, microemulsion, and polyol!>’. These processes
share the production of AgNPs through chemical transformations of three essential components:

silver precursors (silver salts), reducing agents, and capping/stabilizing agents.

Among the above techniques, chemical reduction in aqueous solutions or solvents is the
most extensively utilized. This process generally proceeds through three sequential steps,
whereby silver ions are first reduced from silver salts like (silver nitrate, silver acetate, and
silver tetrafluoroborate to metallic silver (Ag°) via electron transfer facilitated by reducing

agents'®

. This is followed by a growth process, as the concentration of reduced silver atoms
increases, leading to the formation of nuclei, which in turn grow into oligomeric clusters and
then grow later into larger nanoparticles. A wide variety of organic and inorganic reducing
agents can be used, such as elemental hydrogen, hydrogen peroxide, sodium borohydride,
sodium citrate, thioglycerol borohydride, N-dimethylformamide, ascorbic acid, formaldehyde,

aniline, 2-mercaptoethanol, and others'*!®0, Finally, the formed AgNPs are stabilized and
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protected from binding and agglomeration by capping and stabilizing agents. These agents
contain chemical functionalities that bind and adsorb to the AgNPs surface, forming an organic
coat, such as chitosan, tannic acid, polyvinylpyrrolidone (PVP), oleylamine, and polyvinyl

alcohol (PVA)'6!,

Despite the numerous advantages of chemical techniques, particularly their ability to
produce AgNPs with desired structural and size characteristics, there are significant limitations
related to environmental and biological safety!®>. Many of the chemical reagents used in
synthesis are toxic, and residual substances may remain on the AgNPs surface even after
purification. For instance, inorganic reducing agents and certain solvents have been associated
with long-term toxicity when introduced into the human body. High levels of exposure to
sodium borohydride can result in pulmonary edema and neurological damage. Likewise,
cytotoxic effects on healthy cells have been demonstrated when silver nanoparticles coated with
agents such as PVA are used in drug delivery systems'®*. The presence of hazardous chemicals
on the surface of AgNPs limits their application in sensitive fields such as antimicrobial and
antiviral therapies, targeted drug delivery, and wound dressings. Therefore, there is growing
scientific interest in developing alternative, environmentally friendly synthesis methods that
reduce toxicity and enhance biocompatibility while maintaining control over AgNPs

characteristics.

3. Biological techniques
Given the shortcomings and limitations of physicochemical techniques for synthesizing

silver nanoparticles and the increasing awareness of environmental and energy issues,
biologically-inspired synthesis techniques have emerged as a less complex, more cost-effective,
environmentally benign, and non-toxic alternative. Biosynthesis is a new and rapidly
developing branch of nanotechnology that leverages natural biological entities such as enzymes,
proteins, bacteria, phytochemicals, and biopolymers to serve as reducing and capping agents,

replacing traditional hazardous and toxic chemicals.

The bionanotechnology synthesis branch is known as "green synthesis," which refers to
the straightforward, cost-, energy-, and time-efficient process of engineering and developing
safe and less toxic nanoparticles. This is exemplified by biologically derived silver
nanoparticles, which exhibit high biocompatibility and low cytotoxicity toward eukaryotic
cells, largely due to the biological templates that cover the nanoparticle surface and are naturally
present in living organisms!37164, Additionally, unlike conventional techniques, biologically

inspired synthesis holds promise for the integration of silver particles into biomedical
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technology and promising future economic prospects, including scalability, high yield, and

lower production costs.

3.1. microorganisms-based biosynthesis of AgNP
Recently, the sustainable synthesis of naturally inspired silver nanoparticles using

microorganisms has become a highly promising and extensively researched technique. This
growing interest is attributed to inherent advantages of microorganisms, including their ease of
cultivation and control, rapid proliferation under a wide range of environmental conditions, and
their adaptability and proliferation in mineral-rich habitats. Various microorganisms, including
fungi, bacteria, yeasts, algae, and even viruses, have demonstrated potential as bioplatforms for
silver nanoparticle production!>®. AgNPs synthesized by microbial biosystems are typically
classified according to their formation site or pathway into two distinct categories: in vitro

(extracellular synthesis) and in vivo (intracellular synthesis).

The in vitro pathway is the most practical and convenient, largely due to the facilitated
recovery of the formed silver nanoparticles. In this process, extracellular enzymes such as 3-
glucosidase, protease, and chitinase are secreted by microbial organisms into the culture
medium. Ag”® ions can be reduced to Ag® nanoparticles by the catalytic activity of these
enzymes, particularly those nicotinamide adenine dinucleotide (NADH)-dependent!'6165
Meanwhile, microbial proteins and peptides stabilize the formed particles through interactions

with amino group residues.

Conversely, in the in vivo synthesis pathway, the reduction of silver ions occurs inside
the microbial cells. This method was developed following the discovery by RM. Slawson et
al.'%® who identified the silver-resistant bacterium Pseudomonas aeruginosa AG259, isolated
from silver mines. They observed the intracellular accumulation of silver nanoparticles within
the periplasmic space. In this context, Ag" ions are initially electrostatically trapped and
diffused on the cell surface by the carboxyl groups present in cell wall-associated enzymes.
Subsequently, Ag* are enzymatically reduced to Ag°® and assemble into nanoparticles within the

cytoplasm!67-168,

However, although microorganism-based technologies as biofactories for the synthesis
of bioactive AgNPs without toxic byproducts are promising, several challenges remain. These
include microbial culture contamination risks, limited control over the morphology and size of
the NPs, as well as the incomplete and precise understanding of the synthesis mechanism and

the bioactive compounds involved.
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3.2. Plant-based biosynthesis of AgNP
Currently, plant-based biosynthesis and plant extracts have opened new horizons for the

development of non-toxic silver nanoparticles, offering superior properties that meet the diverse
demands of a wide array of applications. Plants, both at the surface and internal tissue levels,
possess a remarkable ability to hyperaccumulate and reduce metal ions, a trait that has been
ingeniously harnessed for nanoparticle synthesis'®. In this regard, J. L. Gardea-Torresdey et
al.'”? first demonstrated the plant-based synthesis of AgNPs using alfalfa sprouts. In their work,
silver ions introduced into the agar medium migrated through the roots to the plant shoots in
their oxidized form, where they were subsequently reduced and assembled into NPs. This
groundbreaking discovery highlighted the immense potential of plants and their extracts as

natural factories for the biosynthesis of silver nanoparticles.

Numerous reports over the years have highlighted the effective applications of the use
of extracts from many parts of various plant species, such as seeds, stems, rhizomes, twigs,
leaves, latex, fruits, peels, flowers, and crowns'”!. Plant biomass is inherently rich in a complex
network of bioactive molecules such as proteins, enzymes, antioxidant metabolites,
polysaccharides, and amino acids. These molecules collectively contribute to the reduction of
silver ions, the nucleation and growth of metallic silver (Ag°) into NPs, and the stabilization of
their surfaces. Plant extracts provide natural, non-toxic bioactive reducing and stabilizing
agents capable of controlling the growth and stability of silver crystals'6:'63, Their ability to
mediate the rapid, one-step synthesis of AgNPs aligns perfectly with the growing need for

scalable, eco-friendly, and health-conscious production methods.

The abundance, diversity, and rapid growth of plant life make this biosynthetic route
highly sustainable. It offers a simple, cost-effective alternative to conventional chemical and
microbial synthesis methods, eliminating the need for expensive culture media, sterile
conditions, and reducing the biological hazards associated with microbial systems. Therefore,
plant-based AgNPs synthesis represents not only a green approach but also a practical pathway

toward the large-scale, responsible production of silver nanoparticles.

1.4.3. Boraginaceae family assisted-Silver Nanoparticles synthesis
According to current taxonomic classifications, the Boraginaceae family, known as
forget-me-nots and borages, consists of approximately 2,700 species across 148 genera of trees,
shrubs, and herbaceous flowering plants. These species exhibit a broad global geographical
distribution, where they primarily thrive in forests, rocky slopes, meadows, and sandy beaches

in temperate and subtropical regions of Asia, Europe, and North and South Africa!’?. Some
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species are also distributed to limited extents in Oceania and North America. Boraginaceae are
distinguished by a number of phylogenetic and morphological traits, including a gynobasic style
(attached to the ovary base), deep quadrilateral ovaries, coiled inflorescences resembling a
scorpion’s tail, and a fruit that splits into four nutlets, as shown in Figure 1.9. They also have
rounded stems, alternate phyllotaxy, floral symmetry with an equal number of petals and

stamens, and the production of specialized secondary metabolites that play ecological and

173,174

physiological roles

FIGURE.L 9. Plants of the Boraginaceae with their common morphological and reproductive
characteristics. a) Anchusa azurea; b) Borago ofcinalis; ¢) Buglossoides purpureocaerulea; d)
Cerinthe major purpurascens; €) Coldenia procumbens L.; f) Cynoglossum lanceolatum
Forssk; g) cynoglossum officinale; h) Cynoglossum amabile; i) Heliotropium indicum L.; and
j) Symphytum ofcinale.

Although the notoriety of Boraginaceae species for producing hepatotoxic pyrrolizidine
alkaloids, many taxa within the family have important uses in cosmetics, pharmaceuticals, and
surgical compresses. This is primarily due to their rich profile of active compounds and
metabolites, such as phenols, terpenoids, allantoin, flavonoids, sterols, anthocyanins, furans,
and naphthoquinones!”>!7®, Historically, the isolated constituents from this plant family have
played an important role in the development of culinary practices and arts, traditional medicine,
and the silk industry'”’. Shikonin and its naphthoquinone derivatives are the most well-known,

imparting a distinctive red-purple pigment and exhibiting a wide spectrum of pharmacological
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activities. These include antioxidants, antibacterials, antifungals, anti-inflammatories, anti-
cancerous tumors, and antiplatelet activities. Research has also confirmed their promising

therapeutic potential in wound-healing, contraceptive, and cardiotonic preparations!””!78,

The therapeutic properties and rich repertoire of bioactive phytochemicals exhibited by
Boraginaceae plants have inspired numerous studies in recent years on the exploitation of
extracts from various parts of these species in the sustainable and green synthesis of silver
nanoparticles (Table.l.1). These biogenic-AgNPs demonstrate remarkable multifunctionality,
notably in environmental and agrochemical remediation, showing promising results in
degrading and removing pollutants, heavy metal sensing, and controlling insect pests.
Furthermore, their biopharmaceutical activities have been explored in vitro and in vivo,
including anticancer, antioxidant, antifungal, and antimicrobial effects. Their potent activities
have been attributed to the synergistic interaction between AgNPs and Boraginaceae-derived

bioactive compounds.

In this regard, S. Mollaet al.!”® successfully synthesized spherical silver nanoparticles
with an average diameter of 7 nm through a single-step reduction process using an aqueous
extract of Lithospermum officinale root. These AgNPs exhibited exceptional antioxidant
activity, as demonstrated by their enhanced free radical scavenging capacity in vitro. Similarly,

S. Nindawat and V. Agrawal '7°

employed an aqueous extract of Arnebia hispidissima root to
produce anisotropic silver nanoparticles (AHAgNPs) and evaluate their therapeutic activities.
AHAgNPs displayed notable anti-DPPH and anti-H20O: radical scavenging effects, along with
selective cytotoxicity toward cervical cancer cells while sparing normal cells. Moreover, the A.
hispidissima-derived silver particles demonstrated antimicrobial properties against both fungal
and bacterial strains. These findings are corroborated by additional studies that discussed the
microbial behavior of silver nanoparticles synthesized from other members of the Boraginaceae
family, such as Anchusa officinalis L., Heliotropium indicum L., Borago officinalis, and

180-184  The AgNPs possess biological activity in killing the growth of

Trichodesma indicum
microbes and inhibiting biofilms, underlining their applicability in medical and pharmaceutical

settings for the prevention and treatment of pathogens and microbial infections.

Global concern is mounting over the impact of agricultural pests that cause significant
crop losses and threaten the balance of ecosystems, including native plant and insect species.
These pests, including worms, insects, and invasive weeds, have developed high resistance to
conventional chemical pesticides, necessitating the development of alternative pest control
strategies. Given the promising bioactivity demonstrated by AgNPs as antioxidant, antitoxic,
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and antimicrobial properties, recent studies have particularly highlighted the potential

development of new insecticides and herbicides based on silver nanoparticles. For instance, M.

Hazaat al.'®> evaluated the insecticidal activity of Borago officinalis leaf-mediated AgNPs

against the Spodoptera littoralis weevil. AgNPs significantly prolonged the larval period, and

they possessed high larvicidal activity, with a concentration of 4.0 mg/g Ag NPs being sufficient

to complete mortality (100%) of the larvae of this worm. In a parallel study, AA. Buhroo et

al'®. reported that Trichodesma indicum-synthesized AgNPs (20-50 nm in size) exhibited rapid

biocidal action against Mythimna separata larvae; a treatment concentration of 500 ppm

resulted in complete eradication of larvae within 72 hours.

Table.l. 1. Boraginaceae plants-assisted biogenic synthesis of silver nanoparticles uand their

otential applications.

aging

Boraginaceae species Part used | Particle | Shape and Potential applications | Ref
size (nm) | morphology | and activities
Lithospermum offcinale Root 7 spherical Antioxidant 178
Lithospermum Callus 20-50 spherical cytotoxicity 187
erythrorhizon
Borago officinalis leaves 30-80 spherical & | anticancer & 180
hexagona antibacterial
Borago officinalis leaves 22 spherical Antimicrobial & 181
antifungal
Borago officinslis leaves 40 - insecticides 185
Anchusa Offcinalis leaves 28.5 spherical Antimicrobial & 182
anticancer
Trichodesma indicum leaves - spherical antibacterial & 183
photocatalytic
Trichodesma indicum leaves 20-50 spherical insecticides 186
Trichodesma indicum leaves & | 21-25 spherical anti-venom 188
stem
Heliotropium indicum L. | leaves 77-98 spherical Antimicrobial 184
Heliotropium leaves 5-30 ellipsoidal & | antibacterial & 189
Curassavicum nearly antibiofilm
spherical
Arnebia hispidissima leaves 10-75 rod, triangle, | antioxidant , 179
hexagon & antimicrobial &
polygon anticancer
Cynoglossum furcatum leaves 33 spherical antibacterial & 190
anticancer
Rotula aquatica leaves - - antibacterial & 1
photocatalytic
Symphytum ofcinale leaves 87.46 irregular antioxidant & anti- 192

Among the most significant species within the Boraginaceae family, which is widely

distributed across Mediterranean countries and commonly thrives on roadsides, field margins,

forest edges, and in open, arid habitats in the northern region of Algeria, is Cynoglossum
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creticum (C. creticum), also known as blue hound's tongue!®*!*4. This species is an erect,
branched, and biennial herbaceous plant belonging to the genus Cynoglossum L.
Morphologically, C. creticum displays the typical vegetative characteristics of the
Boraginaceae, with oblong to lanceolate, pubescent leaves arranged alternately along the stem,

and inflorescences composed of small, bluish-purple, actinomorphic flowers (Figure. 1.10).

FIGURE.I. 10.Morphological and taxonomic details of Cynoglossum creticum. a) General
form; b) basal leaves; c) inflorescences; d) stem, pubescence, and alternate lanceolate leaves;
¢) Mature base showing roots and remnants of dead basal leaves; f) flowers; g) seeds; and d)

SEM image of the fruit surface (nutlet)!®>.

Like the majority of species of its family, C. creticum is considered a toxic weed,
particularly for livestock and equines, due to its high concentrations of pyrrolizidine alkaloids
(PAs), especially in the countries where it has arrived as an invasive species, such as Southa
194,195 Nonetheless, Mediterranean peoples have used this plant in folk medicine to dress
wounds and treat throat infections and upper respiratory ailments'®. Reports have presented
the phytochemical profile, biological, and therapeutic properties C. creticumt (nt166,180). They
have revealed a high content of active compounds, including allantoin and phenolic acids,
especially in the aerial parts such as the leaves. Significant enzyme inhibitory activities have

also been demonstrated, such as lipase, a-amylase, and cholinesterase, as well as antioxidant

activities in free radical scavenging and metal chelation!®®!°’. However, despite the high
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content of natural secondary metabolites and the therapeutic potential of Cynoglossum

creticum, it has not yet been exploited in nanomaterial biotechnology.

LS. Polyaniline Nanostructure (PANI-NS)

For the past two centuries, polyaniline has received significant attention as a conductive
organic material with enormous industrial prospects. Its discovery dates back to 1834, when it
was successfully synthesized during experiments by Friedrich Ferdinand Runge with aniline
nitrate'%. Prior to the establishment of the macromolecular concept by Hermann Staudinger in
the 1920s, polyaniline was known and referred to according to its oxidation state as "aniline
black"1*%2%° Brown et al.?°! were among the first to formally use the term "polyaniline" in
1947 in a published paper on the vapor phase-catalytic oxidation of aniline. However, the real
breakthrough in the intensive understanding and development of polyaniline came in the 1980s,
following the seminal discovery of intrinsically conducting organic polymers (ICPs) in 1977.
This catalyzed a surge in research aimed at understanding the mechanisms of structure-induced
electronic conduction, optimizing physicochemical structural processing and conductivity, and

designing synthesis techniques and polymerization methods.

A major milestone came in 1987 when A.G. MacDiarmid proposed a structural model
of polyaniline, consisting of alternating diaminobenzoide (reduced) and diaminoquinoid
(oxidized) structural units??2. Later in 1997, he also categorized polyaniline into three primary
forms based on oxidation state and color (Figure. I.11): a fully reduced, colorless, and white
leucoemeraldine base (LEB); a completely oxidized, purple-to-black pernigraniline base
(PAB); and a blue emeraldine base (EB), which consists of both reduced and oxidized

segments?%3

. Among these, the latter is particularly significant due to its high environmental
stability and is the only one that can be protonated to form the electrically conductive

emeraldine salt (ES), typically green in color?*,
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FIGURE.I. 11. Basic Molecular configuration of polyaniline (0 < y < 1) and corresponding
redox states.

In fact, PANI is among the most interesting organic semiconductors in leading and
multidisciplinary application areas. Its applications have been reported in solar cells, biofuel
cells, supercapacitors, radar absorbers, electron field emitters, erasable optical data storage,
anti-corrosion and antistatic coatings, electrorheological fluids, biosensors, smart membranes,

and tissues205-207

. This widespread utility is attributed to several advantageous properties: facile
synthesis from inexpensive and widely available aniline monomer, relatively low cost and
preparation time compared to other ICPs, as well as its high thermal, chemical, and
environmental stability, and unique pH-dependentochromic behavior?®2%°, Furthermore, its
ion-exchange, redox, and doping/dedoping characteristics also contribute to its superior

electronic conductivity and high pseudocapacitance.

Nonetheless, polyaniline exhibits several inherent limitations that restrict its broader
commercial deployment, especially in biomedical and biological fields. These include poor
solubility and insolubility in most solvents, infusibility, non-biodegradability, limited
mechanical flexibility, and processability challenges?'®?!!. Additionally, its electrical
conductivity is negatively affected by long life cycle. Addressing these shortcomings requires
innovative strategies, such as chemical functionalization with organic carboxylic acids,

nanocomposite formation, or the development of nanostructured PANI with tailored
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morphologies. Structuring and dimensional design of polyaniline at nanoscale can offer new
and improved properties, including enhanced chemical reactivity, increased molecular ordering,
specific surface area, and specific discharge power-to-weight ratio, improved electrical
conductivity due to the combination of ionic and electronic conductivity, and shorter ion

transport pathways.

I.5.1. Synthesis and Growth Control of Polyaniline Nanostructures

Like all nanomaterials, polyaniline nanostructures can be dimensionally classified into:
zero-dimensional OD-PANI such as nanospheres and nanoparticles?'?; one-dimensional
structures such as PANI-nanotubes, PANI-nanofibers, PANI-nanowires, and PANI-
nanorods?!*?!4; and two-dimensional 2D-PANI such as nanosheets?'’; and complex
micro/nanostructures-PANI exhibit unique morphological geometries such as feather-like,
comb-shaped, honeycombs, rhizoid, and brain-like architectures?'® . The literature has reported
numerous techniques and approaches for successfully oxidizing aniline and converting it to
PANI with control and customization of the desired shape and structure at nanoscale. These
include conventional polymerization methods, such as solution-phase, seeding, heterogeneous
phase, interfacial, microsuspension, and electrochemical polymerization, as well as advanced

approaches like radiolytic, sonochemical, plasma, rapid mixing reaction, and enzymatic

synthesis?!7-220,

However, the synthesis techniques are highly complex, and the successful formation of
specific nanostructures critically depends on precise control of aniline oxidation parameters and
associated physical and chemical processes, including initial concentration, oxidant type, pH,
and temperature, all of which regulate nucleation and growth mechanisms during
synthesis?!3?2!. The choice of synthesis route plays a crucial role not only in determining the
nanoscale shape of PANI but also in dictating its functional performance in various
technological applications. Synthesis strategies can be classified into no template and template-
based approaches. The latter are divided into two categories: soft-template synthesis (chemical)

and hard-template synthesis (physical).

1. Hard-template synthesis
Hard-template synthesis is widely employed to produce one-dimensional (1D)

nanostructured conductive polymers with precisely controlled lengths, diameters, and
orientations. This method was first proposed by C.R. Martin et al.??>?2% and it quickly gained
substantial adoption due to the improvements in electronic conductivity of PANI compared to

its conventional bulk forms. In this approach, porous, nanochanneled materials serve as
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templates into which aniline monomers are deposited, polymerized, and grown. Upon
completion of the polymerization process, the template is either partially or completely
removed to isolate and recover the nanostructured PANI. The most common utilized templates
include monodisperse inorganic oxides such as anodic aluminum oxide (AAQO), manganese
oxide, silica, and zeolites. Additionally, porous and mesoporous membranes like particle track-
etched membranes (PTMs), and polymeric microspheres, particularly those composed of

polycarbonate (PC) or poly(vinyl alcohol) (PVA), are frequently employed??42%3.

The importance of templates lies in their narrow pore size distribution, which facilitates
the control of polymer dimensions, allowing PANI to adopt the pore diameters and morphology
of the template. Furthermore, these templates are commercially available in a variety of sizes
and shapes and can be synthesized using well-established protocols??®. However, there are
several technical drawbacks associated with the hard-template approach, particularly the
tedious and complex post-synthesis template removal processes, which are often performed by
solvent etching or calcination. Template detachment also leads to the potential destruction of
the nanostructure of PANI, the formation of aggregates, and the development of heterogeneous

morphologies.

To address these drawbacks, alternative strategies involving in situ or self-removable
templates have been proposed. Z. Zhang et al. >’ developed a self-template removal-based
polyaniline synthesis. They employed the octahedral cuprous oxide (CuQO:) as both the template
and a sacrificial component. Upon the addition of ammonium persulfate (APS) as the
polymerization oxidant, it reacts with the Cu.O template to form soluble copper sulfate,
eliminating the need for separate template-removal processes. Similarly, L.J. Pan et al.??®
proposed a template-based aniline polymerization technique utilizing manganese oxide
nanowires (MnO:-NW), which acted simultaneously as the template and the oxidative initiator.
During polymerization, a thin PANI layer formed on the surface of the MnO:-NW. These
nanowires were subsequently reduced to soluble Mn?** ions and spontaneously removed,
resulting in the development of hollow PANI nanotubes. A schematic representation of the
proposed mechanism underlying this nanotube formation is illustrated in Figure. I.12(a-c).
However, due to the redox behavior of the templates themselves, the reducibility of Cu.O or
MnO: during the polymerization often results in the formation of PANI in its reduced
emeraldine base (EB) form, which is electrically non-conductive. This poses a significant
challenge for applications and highlights the need for further optimization in template-assisted

PANI synthesis.
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2. Soft-template synthesis
The soft template fabrication approach, often referred to in the literature as the self-

assembly method, represents a more practical and cost-effective option for synthesizing low-
dimensional nanostructured PANI. Unlike hard-template methods, soft-template synthesis
eliminates the need for post-synthesis and template removal processes, as the synthesis is
performed through a self-template (typically a micelle) formed in situ from aniline or its salts.
These micellar structures arise through the interaction of aniline monomers with structure-
directing agents such as reverse microemulsions, biopolymers, liquid crystals, organic acids,

deoxyribonucleic acid (DNA), and surfactants??*23!

. In a typical polymerization, the soft
template is formed by mixing aniline with surfactants in aqueous media at specific molar ratios,
forming transparent micelles of aniline salt and surfactant due to the amphiphilic nature of the
reactive (hydrophobic aniline and hydrophilic surfactant molecules). Upon addition of an
oxidizing agent, the micelles self-assemble and acts as a transient scaffold that directs the

nanostructural organization of PANI.

The selection of acid dopants with bulky and complex side groups and amphiphilic
properties, which simultaneously act as surfactants and dopants, is among the most important
factors in controlling the nanostructure in the soft-template synthesis. Sulfonic acid derivatives
such as naphthalene sulfonic acid (NSA), PB-naphthalene sulfonic acid (B-NSA), 2,4-
dinitronaphthol-7-sulfonic acid (NONSA), perfluorooctane sulfonic acid (PFOSA),
azobenzene sulfonic acid (ABSA), and p-methylbenzene sulfonic acid (MBSA), as well as
carboxylic acids like salicylic acid, malic acid, oxalinic acid, glutaric acid, and benzene-1,2,4,5-
tetracarboxylic acid (BTCA), are commonly employed?>234%, M. Wan and his team first
reported the synthesis of PANI nanotubes by soft-template synthesis in 2001%3%. A year later,
the team examined the effect of the molar ratio of beta-naphthalene sulfonic acid (B-NSA) and
aniline on the synthesis process and proposed the first theory explaining the PANI self-assembly
mechanism?*®, The acidic structure-directing agent (dopant) acts as a surfactant that forms
micelles with anilinium cations thanks to its hydrophilic —SOsH groups and hydrophobic CioH~
backbones. The micelles accrete and elongate into nanotubes and nanofibers, as illustrated in
in the schematic in Figure.l.12(d). Dynamic light scattering (DLS) measurements revealed that
the micelle diameters fall between the outer and inner diameters of the resulting nanotubes,

supporting their role as structural templates.
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FIGURE.L 12. a) schematic diagram of the potential formation mechanism of PANI
nanotubes on a manganese oxide wire template; b-c) SEM images of manganese oxide

(MnO:) nonowires and hollow PAni nanotubes, respectively??®; self-assembly mechanism of

micelles to form PANI nano-tubes/fibers.

Subsequent reports by this research team further clarified the self-assembly
process®¥7238 _In experiments involving poly(3-thiopheneacetic acid) and salicylic acid, the role
of the hydrophilic -COOH group of the dopants in the nanostructure growth mechanism was
demonstrated, as it induces polymerization at the micelle/water interface. W. Wu et al.**
synthesized homogeneous PANI nanotubes doped with various organic acids and observed that
the number of -COOH groups in the surfactant determines the diameter of the micelles and the
outer diameter of the PANI tubes, which increased with increasing -COOH numbers. They also
suggested that the self-assembly of the nanotubes was a result of hydrogen bonding between
the —OH groups of the carboxylic acids and the amine of PANI. Further refinement of the
mechanism was proposed by G.H. Lim and H.J. Choi*®. They believe that due to the
hydrophilic nature of the oxidizing agent (APS), polymerization occurs at the interface, and
anilinium cations tend to incline to fill the internal surface of the oxidant, forming lamellar-
bilayer-micelles that grow into oligomers, which in turn form flakes. The flakes eventually self-
assemble into PANI nanotube structures thanks to hydrogen bonding and m—m electron

interactions.
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3. No template synthesis
No template synthesis is the most straightforward approach for fabricating PANI

nanostructures without relying on any scaffolds, whether soft or hard. Self-assembly occurs by
changing the redox potential of the oxidizing agent, removing the need for an acidic dopant.
This approach not only eliminates the template and its removal processes but rather simplifies
the number of reagents and reactants, resulting in purer PANI. M. Trchova et al.?*? were the
first to propose this type of synthesis. In 2006, they successfully synthesized PANI nanotubes
in aqueous solution in the presence of only APS. This oxidative polymerization proceeded in
two steps, with APS acting as the oxidant and subsequently acting as both dopant and oxidant.
Initially, when the pH was above 4, the monomer was oxidized, and aniline oligomers were
formed. As the reaction progressed, the oxidation reaction generated sulfuric acid (H2SO4) as a
byproduct, causing the pH of the reaction medium to drop below 4. This acidification changed
the reaction mechanism; the aniline was protonated to form anilinium cations and nucleated
sites on the oligomer, stimulating the growth of PANI chains, which subsequently self-

assembled and extended into nanotube structures.

This report motivated M. Wan and his research group, who developed the soft-template
synthesis approach, to conduct further investigations on the synthesis of PANI with different
oxidants in the absence of acidic dopants®*'. These included copper(Il) chloride (CuCl),
iron(IIT) chloride (FeCls), ferric sulfate (Fex(SOa)s), cerium(IV) sulfate (Ce(SOs)2), and APS.
Interestingly, PANI nanofibers with notable conductivity were successfully obtained. The
morphology and diameter of the nanofibers could be predicted and controlled by the redox
potential of the oxidants; increasing the redox potential of the oxidants resulted in an increase
in the diameter and size of the nanofibers. This strategy, which Wan's team termed "the dopant-
free, template-free method (DFTFM)."24!242. To distinguish this approach from the soft
template synthesis method, also referred to in much literature as "template-free synthesis," the
no-template method was later renamed "the simplified template-free method (STFM)" 243,
Subsequently, X. Wang et al.** reported the possibility of controlling the morphology of PANI
by introducing alkali agents. The presence of sodium hydroxide (NaOH) in varying molar
proportions during the template-free oxidation of aniline with APS yielded different PANI
morphologies: microparticles, hollow and solid microspheres, and nanotubes. P. Liu et al.?*
developed a sub-method under the STFM framework to synthesize PANI nanostructures

containing nanofilms and nanotubes in two separate reactions at low reagent concentrations.
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1.5.2. Physicochemical and Biological Features of Polyaniline Nanostructure

Polyaniline is widely recognized as the second most widely applied intrinsically
conductive polymers (ICPs) after polypyrrole (PPy), thanks to its tunable electrical conductivity
and favorable dielectric properties>*. Among oxidation states of PANI, only the semi-oxidized,
fully protonated emeraldine salt form exhibits intrinsic electrical conductivity. This conductive
behavior arises from the presence of delocalized radical cations (polarons) along the polymer
chains. Increasing the number of these charge carriers in the backbone enhances the electrical
conductivity, whereas their absence results in insulating structures, such as those found in
pernigraniline and leucomeridine. At the nanoscale, PANI demonstrates significantly improved

242247 " This enhancement is

electrical conductivity compared to its macroscopic counterparts
primarily attributed to the formation of interconnected conductive networks based on the low
intrinsic resistance of the nanofibers, tubes, wires, or particles, which reduce grain boundaries

and facilitate efficient charge transport.

The four-point probe method is commonly employed to estimate the electrical
conductivity of PANI-based materials. The literature confirms that the electrical conductivity
of PANI nano/micro-tubes and wires typically ranges from 1072 to 1 S/cm?*. Y. Long et al**.
observed that the conductivity of PANI nanotubes synthesized through the self-assembly
process in aqueous camphor sulfonic acid (CSA) medium was about 3 x 1072 S/cm. However,
due to the moderate distribution of PANI nanotubes, the four-point measurement method cannot
exclude the contact resistance between individual nanostructures; the measured resistance

includes both the intrinsic resistance and the contact resistance2#2243,

To minimize the effect of the contact resistance in ensemble measurements, advanced
techniques have been developed to characterize the electrical properties of a single
nanostructure. These include isolating a single PANI nanotube or nanowire on an atomic force
microscope (AFM) conductor tip and directly probing their current-voltage (I-V)
characteristics>>. S. Xiong et al.?*” also utilized a scanning probe microscope (SPM) to measure
the I-V characteristics of individual PANI nanotubes with a diameter of 200 nm. The SPM tip
served as the positive electrode, and the average conductivity of the PANI nanotube was 5.81
S/cm, approximately three times higher than the average conductivity of bulk PANI, which is
estimated to be 1.75 S/cm. These findings reinforce the notion that nanoscale PANI structures
possess superior electrical performance. These findings reinforce the notion that nanoscale
PANI structures possess superior electrical performance. Furthermore, studies have shown that

the conductivity of PANI nanotubes is inversely related to their diameter; as the diameter
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increases, the conductivity tends to decrease and may approach the lower values characteristic

of bulk PANT?#4.24,

Conventional polyaniline is characterized by its high agglomeration, exceptional
chemical and structural stability in both alkaline and acidic media, exhibiting high resistance to
degradation due to its rigid m-conjugated backbone. However, bulk PANI suffers from poor
processability due to its insolubility in water and organic solvents, and the agglomeration
structure prevents effective dispersion. This hinders the integration of polyaniline into bio- and
pharmaceutical-related applications?!!. The development of polyaniline nanofibers has
improved processability, as these nanofibers can form stable aqueous colloidal dispersions
without any additional chemical modification or surfactants. D. Li and R.B. Kaner,?!
demonstrated the possibility of forming pure aqueous PANI nanofiber colloids by controlling
the pH at acidic conditions in post-synthesis purification processes. Positively charged
nanofibers form interconnected networks and well-separated segments due to electrostatic
repulsion forces, enabling self-colloidal stability. Additionally, A. Rahy et al.>>? succeeded in
greenly synthesizing polyaniline nanofibers in the presence of sucralose and sucrose. The
presence of the added disaccharide in the synthesis enabled the production of polyaniline
nanofibers that are soluble in water and polar solvents such as alcohols, dimethyl sulfoxide
(DMSO), and dimethylformamide (DMF). disaccharide facilitates the dissolution and
stabilization of PANI fibers, acting as a bridge that connects with both the polymer chains and

the solvent molecules through hydrogen bonds.

Biocompatibility is a critical prerequisite for materials intended for use in
pharmaceuticals, medical devices, and equipment. Biocompatibility refers to the ability of a
material to perform its intended function in contact with biological systems or coexist with
living tissues and cells without causing inflammatory responses and adverse effects.
Cytotoxicity assays provide essential tools used to estimate the biocompatibility and cellular
response to materials. For polyaniline as a promising material for biomedical applications,
several studies have evaluated their biological properties, biocompatibility, and cellular toxicity
in vitro and in vivo. C.H. Wanga et al.>>* were the first to assess the biocompatibility of various
oxidation states of PANI. They implanted films and powders of PANI under the skin of the
dorsal surfaces of male Sprague-Dawley rats over a 50-week period. In vivo tissue response
indicated insignificant inflammation in PANI samples, except for emeraldine films, which
showed signs of an inflammatory response after 24 weeks; they were coated with fibrous tissue.

1 254

Contrastingly, S. Kamalesh et a reported no signs of inflammation or neoplastic tissue over
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a long-term study, where PANI-emeraldine films were subcutaneously implanted in similar

animal models for up to 90 weeks, suggesting excellent long-term biocompatibility.

Meanwhile, in vitro (on human keratinocyte cell line NCTC 2544) and in vivo (on
female Sprague-Dawley rats) studies conducted by M. Mattioli-Belmonte et al.>> indicated that
polyaniline films exhibited inflammatory damage. Nevertheless, polyaniline demonstrated
cytocompatibility with various cell lines, including L929 and NIH-3T3 fibroblasts, H9c2
cardiomyocytes, and neural stem cells>®>7. The behavior and toxicity of PANI, as well as the
cell viability and growth, are not precisely defined due to conflicting results in the literature.
L.E. Ibarra et al.>*® believe that PANI possesses no cytotoxicity due to its insolubility and that
the primary factors contributing to cytotoxicity are monomer residues, aniline oligomers (e.g.,
benzidine), oxidizing agents, and strongly acidic dopants. APS, in particular, has been shown
to exhibit significant cytotoxicity and may act synergistically with aniline cation to cause severe
cell damage, impair cellular viability, and promote oxidative stress?>%26, Additionally, the high
levels of low-molecular-weight oligomers may carry carcinogenic risks. Interestingly, aqueous
solutions of colloidal polyaniline have demonstrated relatively low cytotoxicity in some cases,
with selective interactions observed between cell types. For instance, enhanced toxicity toward

NIH/3T3 mouse embryonic fibroblasts compared to human HaCaT keratinocytes®®!.

As previously mentioned in the nanomaterial classification section, NMs cause
increased biological interactions, cellular uptake, bioavailability, and toxicity compared to their
bulk counterparts, and this is also found with polyaniline nanostructures. The cytotoxicity of
nanopolyaniline is primarily associated with altered mitochondrial membrane potential (MMP)
and the generation of oxidative stress (ROS), leading to cell death®®?. Y.S. Li et al.?®
demonstrated that the toxicity of PANI-NS is dependent on the dose and incubation time,
increased generation of caspase-3, a protein that induces cell death, was observed during
cellular exposure. Additionally, L.E. Ibarra et al.>>® conducted comprehensive studies about the
embryotoxicity and teratogenicity of polyaniline nanoparticles on Rhinella arenarum larvae and
embryos. PANI nanoparticles are considered to pose no toxicity risk to R. arenarum, but they
cause teratogenic effects related to their nanoscale size. Similarly, reports have revealed that the
high surface area and low size and dimensions of polyaniline nanostructures contribute to their
potentially hazardous effects on living tissues?$2. Y. Zhang et al.?* explored the impact of
PANI-NMs sizes on both in vivo acute oral toxicity (in ICR mice) and in vitro cytotoxicity (in
BV2 microglial cells). Low-molecular-weight polyaniline nanofibers induced acute in vitro

cytotoxicity, notable oral toxicity, and minor damage to liver and kidney tissue. In contrast,
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high-molecular-weight PANI nanospheres demonstrated no significant oral or tissue toxicity.
This discrepancy was linked to the high surface area of the nanofibers and their excellent

stability in a culture medium, compared to nanospheres, which tend to aggregate.

To address and minimize the toxicological risks associated with PANI-NS, particularly
nanofibers, recent research has focused on eco-friendly manufacturing approaches and the use
of bioactive dopants to replace conventional toxic reagents. These strategies aim to reduce
residual impurities and improve the compatibility of PANI-NS with living systems, enhancing
the application of PANI-NS in tissue engineering, drug delivery, and regenerative
medicine?6>2%, In this regard, Z. Daraeinejad and 1. Shabani synthesized polyaniline nanofibers
doped with taurine, an aminosulfonic acid naturally present as a nutrient in mammalian tissues
and promotes neural stem cell proliferation. This biodopant not only enhanced the
biocompatibility of the PANI nanofibers and prevented cytotoxicity to 3T3 fibroblast cells but

also promoted cell proliferation and viability?®’

. Beyond biocompatibility, PANI nanofibers
possess unique characteristics such as high porosity, large surface area, and electrical
conductivity that make them ideal as biofunctional carrier matrices for enzyme immobilization,
drug loading, and biosensing. S. Ghosh et al.?é® confirmed the precise enzyme loading and
immobilization capabilities of PANI nanofibers, where the immobilization of L-asparaginase

on the nanofibers increased its stability and resistance to denaturation under various conditions.

L.6. Silver/Polyaniline nanocomposites (Ag/PANI-NCs): preparation
strategies and biological activities

Hybrid organic-inorganic nanocomposite systems have attracted extensive academic
interest due to their synergistic organic-inorganic properties and novel functionalities distinct
from those of the individual components. Among these systems, nanocomposites based on 7-
conjugated polymers and noble metal nanoparticles, particularly polyaniline and silver
nanoparticles (AgNPs), are a model of great interest due to their enhanced applications in data
storage, energy storage, catalysis, adhesive and conductive coatings, bio- and chemical sensing,
and drug delivery. These composites maintain the intrinsic properties of both the original PANI
and AgNPs, but exhibit enhanced effects due to synergistic interactions, manifested in enhanced
optical, electrical, and dielectric properties. Due to their superior thermal and electrical
conductivity, silver can act as a conductive junction between the chains, interacting with the

delocalized m-electrons, enhancing the electrical behavior of the composites?®*-27%, There are
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several techniques for preparing nanocomposites based on PANI and silver nanoparticles,
including mechanical blending of the two phases, physical mixing in solution, reduction of
silver precursors with PANI, synthesis of silver nanoparticles in the presence of PANI,
incorporation of silver nanoparticles into the oxidative polymerization of aniline, and direct

oxidation of aniline with silver compounds or salts.

Among the most widely employed strategies for synthesizing polyaniline-silver
nanocomposites, the insitu simultaneous polymerization and reduction approach has been the
most interesting approach recently investigated. This approach is simpler and relies on a one-
step redox reaction wherein aniline monomers are oxidized by silver precursors, producing
concurrent PANI and AgNPs with synergistic advantages. N.V. Blinova et al.?’! were among
the first to demonstrate this approach, employing AgNO:s as the oxidant in nitric acid solutions
to initiate the polymerization of aniline. Nanocomposites consisting of PANI nanofibers and
silver in the form of nanoparticles and microscopic sheets were produced. Subsequent studies
have further expanded upon this approach by exploring alternative acidic media to facilitate
polymerization?’>?73, Sulfonic acids such as sulfamic, methanesulfonic, styrenesulfonic, and
camphorsulfonic acids have proven particularly effective as doped mediums, enabled
homogeneous polymerization and improved product yield. Notably, composites consisting of
AgNPs accompanied by emeraldine rods synthesized in methanesulfonic acid exhibited high

electrical conductivity, reaching values up to 880 S-cm272,

Despite its potential, the routine preparation of PANI-Ag composites via direct redox
polymerization of aniline with silver salts remains technically challenging. This is primarily
due to the relatively high reduction potential of aniline (1.0 V) compared to that of silver ions
(0.799 V), which renders the redox-driven polymerization thermodynamically sluggish. As a
result, the induction period alone can extend over several weeks?’+275, This has prompted

2T30f silver precursors and

research to propose other procedures that enhance the redox activity
accelerate polymerization kinetics. These include the use of co-oxidants as well as physical
activation techniques such as ultraviolet (UV) irradiation, sonication, y-irradiation, photolysis,
radiolysis, and asymmetric square-wave?’*?7®. For instance, Q. Jia et al.?”® reported the
successful one-step synthesis of AgNPs-PANINFs composites using silver nitride and APS in
nitric acid. The resulting nanocomposites exhibited potent antimicrobial activity against
bacterial and yeast strains, attributed to the synergistic effect of PANI and AgNPs. PANI serves

to stabilize and protect the AgNPs from aggregation, while the AgNPs induce a redox imbalance

and a decrease in osmotic pressure in cells, which kills bacteria.
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Multiple studies have confirmed the synergistic antibacterial effect of the individual
components in PANI/Ag composites synthesized using this approach?8%28!1. M. Shaban et al.?%?
further elucidated the antibacterial mechanism of Ag/PANI nanocomposites synthesized under
artificial visible light irradiation. The Ag/PANI composite exhibits high bactericidal activity
against both Gram-negative and Gram-positive bacteria. The antimicrobial mechanism involves
electrostatic attraction adsorption between the positively charged Ag/PANI NCs and the
negatively charged bacterial surface. This interaction facilitates the penetration of composites
into the cytoplasmic membrane, leading to disruption of vital functions, rupture of cell walls,
leakage of intracellular contents, and eventual cell lysis. Figure.l.13 illustrates the potential

mechanism of electrostatic attraction.
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FIGURE.IL 13.schematic illustrating the electrostatic attraction-related antibacterial activity
of PANI/Ag composites.

Polyaniline-silver composites can be prepared via an in situ oxidative polymerization
carried out in two-step. In this approach, aniline is oxidized in the presence of pre-synthesized
AgNPs. During the polymerization, polyaniline (PANI) chains form and grow on the surface of
the AgNPs, leading to the development of a core—shell structure?®®, The synthesis mechanism
is primarily driven by electrostatic interactions between the anilinium cations and Ag. Capping
agents, such as citrate and polyethylene glycol, confer a negative surface charge on AgNPs,

enabling them to attract and absorb positively charged aniline cations, resulting in the formation
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of silver-aniline complexes. Polymerization is initiated upon the addition of the oxidizing agent
to the reaction mixture, triggering nucleation on the AgNPs surface?®#+2%>, The subsequent

growth of PANI chains merges with the nanoparticles.

The presence of AgNPs enhances the conductivity of the composites compared to
pristine PANI due to electron tunneling through AgNPs, which increases electron mobility and
charge transfer between the Ag and the quinoid unit®®. In this regard, H. Zengin et al.?8
observed the formation of covalent bonds between carbon atoms in the PANI rings and AgNPs,
potentially contributing to the enhanced electrical conductivity. They also investigated the
antibacterial properties of PANI/AgNPs films. Microbiological viability assays demonstrated
that all tested bacterial strains were not colonized on PANI and PANI/Ag films over 72 h,
indicating their antimicrobial properties. Furthermore, Mark et al.?%” explored the application
of PANI/AgNPs composites as coatings for tissue engineering scaffolds, using Nile tilapia skin.
In their study, AgNPs were synthesized using Cymbopogon nardus essential oil and
subsequently dispersed in an aniline cation monomer. The fish skin scaffolds were then
immersed in this solution prior to polymerization. The PANI/AgNPs coating exhibited
significant antibacterial activity against both planktonic and biofilm-forming species. This
prevented bacterial penetration into Nile tilapia skin tissues and its contamination, supporting
the long-term use as a xenograft. This antibacterial efficacy of the PANI/AgNPs coat is mainly
due to the synergistic effect of AgNPs embedded in the PANI matrix, which locally inhibit

bacterial growth and biofilm formation.

A third approach for synthesizing PANI/AgNPs composites involves the in situ chemical
reduction of silver salts in the presence of PANI, which functions either as a structural template
or as a reducing agent. This approach leverages the unique properties of PANI, particularly its
nanostructured form (PANI-NS), which offers a high surface area, cavity-rich porosity, and
surface chemistry rich in functional amine groups?*7-?%%. Polyaniline has been widely reported
to act as both a reducing agent and binding agent in the direct, one-step synthesis of AgNPs.
Thermodynamically, due to the higher reduction potential of PANI compared to Ag*, NPs can
be formed through redox reactions, where the redox-active sites on PANI donate electrons and
reduce silver ions?*°. During synthesis reactions, silver ions (Ag") adsorb onto the PANI surface
via coordination with electron-rich secondary and tertiary amines in the chains. Subsequent
electron transfer results in the reduction of Ag* to Ag®, followed by NPs growth and clustering.
Additionally, strong interactions such as coordination bonds can form between silver and

terminal quinoid imine (N=) groups, contributing to the formation of a hybrid network?"" .
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The morphology, particle size, and distribution of AgNPs within the PANI matrix are
significantly influenced by several factors, including the redox state of PANI, the nature and
concentration of dopant acids, and reaction conditions?**2%, S. Bouazza et al.?*! demonstrated
that leucoemeraldine exhibits enhanced silver-reducing capacity compared to other PANI forms
due to a greater availability of free redox-active sites. Furthermore, incorporation of Ag into the
PANI framework also impacts the thermal, optical, and catalytic properties of composites. The
embedded Ag acts as heat sinks and can control the thermal kinetics of the chains, thereby
improving the thermal stability of the composites?’. Optically, the PANI/Ag composites exhibit
enhanced localized surface plasmon resonance (LSPR) of silver, enabling high catalytic activity
and excellent sensitivity as a surface-enhanced Raman scattering (SERS) substrate?38287,
However, despite the promising potential of this approach for producing PANI/Ag
nanocomposites, comprehensive evaluations of the biological activity of the synthesized
composites have not been studied. Furthermore, green synthesis principles and techniques were
not employed to incorporate AgNPs into the PANI matrix, which is expected to improve

biocompatibility, antibacterial and antioxidant activities, and reduce bioavailability and

associated toxicity.

1.7. Conclusions

Nanotechnology continues to evolve as a revolutionary scientific and transformative
industrial domain, attracting substantial academic and commercial interest. As a
multidisciplinary field, nanotechnology integrates physical, chemical, and biological principles
and concepts to engineer and design nanoscale systems and materials. The unique
characteristics demonstrated at this scale, such as tunable electronic behavior, quantum eftects,
and enhanced surface chemistry and area, have spurred the translation of nanotechnology
knowledge across various industries, manifested in the development of innovative
nanomaterial-based products. These materials offer significant economic benefits, including
improved performance, reduced production and energy costs, and respectful environmental
considerations. Among the most promising emerging nanostructures are silver nanoparticles
and nano-polyaniline, which represent inorganic and organic nanomaterials, respectively. These
have shown exceptional utility in a wide array of fields, including catalysis, sensing, energy
storage, solar energy conversion, antimicrobial textiles, food preservation, bioimaging, tissue

engineering, and targeted drug and gene delivery.
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This chapter provided a comprehensive theoretical overview of nanotechnology and
nanomaterials, tracing the historical development of the field and exploring the fundamental
characteristics that define and classify nanostructures. Special attention was paid to discussing
the importance of silver nanoparticles, nano-polyaniline, and their hybrid composites. This
importance is reflected in the superior optical, surface, conductive, and biological properties
offered by these structures. The chapter also highlighted key fabrication strategies, emphasizing
green synthesis methods that employ renewable, less toxic, and environmentally benign
precursors. While green synthesis offers significant advantages such as biocompatibility and
environmental sustainability, its development is still accompanied by significant scientific and
practical challenges. These challenges include a lack of standardization in synthesis protocols
and limited scalability. These limitations underscore the need for further interdisciplinary
research to improve green synthesis processes, as well as to explore underutilized plant natural
resources that themselves pose unaddressed challenges, such as toxic weeds. The following
experimental chapters attempt to exploit this type of resource to enhance green nanotechnology
by synthesizing silver nanoparticles, polyaniline nanostructures, and their composites,

suggesting potential biopharmaceutical and analytical applications.
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Chapter I1

Biological synthesis and characterization of Cynoglossum creticum-mediated silver nanoparticles

I1.1. Introduction

The remarkable diversity, abundance, and rapid growth of plant life, in combined with

their unique biological capacity to hyperaccumulate and reduce metal ions, provide promising
opportunities for the development of sustainable biosynthetic approaches. In particular, many
herbaceous species found throughout the Mediterranean basin present underexplored potential
for applications in nanotechnology. One such species is Cynoglossum criticum, a biennial plant
belonging to the Boraginaceae family, notorious for being toxic to livestock and herbivores.
Native to regions such as northern Algeria, this plant thrives disturbed and marginal habitats,
field edges, and roadsides. Despite its negative perception, C. criticum has been subjected to
phytochemical investigations, such as a report by S. Dresler et al.! on the content of secondary
metabolites, and a study by L. Menghini et al.? on the extraction of various parts of its plant. C.
criticum, particularly its aerial parts, specifically the leaves, have been shown to contain a rich
profile of bioactive compounds, such as phenolic acids with important therapeutic and

biological properties.

From the perspective of sustainable biotechnology, this neglected biomass represents an

untapped resource rather than a waste product. Its abundance and rich phytochemical
composition make C. criticum an attractive candidate for environmentally friendly applications,
particularly in the field of nanoparticle biosynthesis. Building on this premise, the present
chapter will explore the potential of C. criticum leaves as a green platform for the biosynthesis
of silver nanoparticles (Ccl-AgNPs). Specifically, it focuses on optimizing the aqueous
extraction and nanoparticle synthesis processes, followed by a comprehensive physicochemical

characterization of the resulting nanoparticles using spectroscopic and imaging techniques.

I1.2. Experimental

I1.2.1. Chemicals and reagents

The following reagents of analytical and titration grades were used without any further

purification: silver nitrate (BP USP 99.8-100.5%), Folin-Ciocalteu reagent, sodium carbonate (
ACS reagent, >99.5%) , gallic acid (titration, 97.5-102.5% ), aluminium nitrate (ACS
specification, 98.0-102.0% ), potassium acetate (ACS reagent, >99.0%), quercetin (>95%,
HPLC), Iron(IIl) chloride hexahydrate (puriss. p.a., reag. Ph. Eur., >99%), potassium iodide
(ACS, 299.0%), iodine (>99.99% ), sodium hydroxide (ACS reagent, >97.0%, pellets), and 4-
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(Dimethylamino)benzaldehyde (ACS reagent grade, 99%) provided by Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA).

I1.2.2. Collection of Cynoglossum creticum and optimization of extraction process

The basal leaves of Cynoglossum criticum were gathered in early April from the Azzaba
district of Skikda, northeastern Algeria (coordinates: 36° 44’ 21.98" N, 7° 6' 19.01" E).
Botanical identification was provided by Pr. Hamdi Bendif from the Department of Biology,
IIslamic University, Saudi Arabia. Immediately after collection, the leaves were purified to
remove any surface residues and possible contaminants, using potable water and distilled water,
respectively. They were then dried under ventilated and shaded conditions to minimize
photodegradation and thermal loss of bioactive constituents. Once completely dried, the leaves
were electronically ground into a homogenized fine powder, which was subsequently stored in
a tightly sealed container in cool, dry, and dark location.

The level of plant phytochemicals, especially secondary metabolites, in the plant extract
is a critical practical variable influencing the efficiency of the biosynthesis process. Optimal
selection of extraction parameters enhances the maximum yield of these bioactive
compounds®*. In this study, aqueous extractions of C. creticum leaves were performed under
controlled experimental conditions to investigate the influence of different variables on
extraction efficiency. Specifically, varying amounts of dried leaf powder were added to conical
flasks containing 200 mL of distilled water, corresponding to weight-to-volume ratios of 0.5%,
1.0%, and 2.0% (w/v). Extractions were carried out at temperatures ranging from ambient room
temperature to 70°C, with continuous stirring, for different time intervals. In each experiment,
one of three parameters (i.e., plant powder mass, extraction time, or temperature) was varied,
resulting in a total of 11 distinct extracts coded CclE1-CclE11, as shown in Table.Il.1. Upon
completion of each extraction, the mixtures were cooled to room temperature, and the residual
microvegetation was separated from the supernatant via triple vacuum filtration using Whatman

No. 1 filter paper. The clarified extracts were then stored at 4°C until further analysis.
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TABLE.IIL.1. Experimental circumstances used for extracting C. creticum leaves.

Extract code | weight to volume ratio (% w/v) | Temperature (°C) Time (min)
CclEl 0.5 Room Temperature 60
CclE2 0.5 50 60
CclE3 0.5 70 60
CclE4 1 Room Temperature 60
CclE5 1 50 60
CclE6 1 70 60
CclE7 2 Room Temperature 60
CclE8 2 50 60
CclE9 2 70 60
CclE10 1 70 30
CclEll 1 70 120

1. Total phenolic and flavonoid content measurement

Quantitative tests of total phenolic and total flavonoid contents were performed to

establish the optimal experimental parameters for the aqueous extraction of bioactive
phytochemicals compounds from C. creticum leaves. Prior to these tests, the extracts were
concentrated under reduced pressure using a rotary evaporator (EV400H-SERIES, LabTech
Company, Sorisole, Italy) maintained at 45 °C.

The standard Folin-Ciocalteau assay was chosen to quantify the total polyphenol content

(TPC) of aqueous extracts of CclEx®. In brief, 20 uL of serially diluted of Ccl-extracts were
added to 100 pL of 1 mg/mL Folin-Ciocalteau reagent (diluted in distilled water), followed after
4 minutes by the addition of 75 puL of sodium carbonate solution (75 g/L). The reaction mixtures
were left in the opaque incubator for 2 h at room temperature before recording the absorbance
at 765 nm using an EnSpire 96-well microplate reader (PerkinElmer, MA, USA). TPC was
calculated from a gallic acid standard calibration curve (y = 0.03x + 0.205, R = 0.9672) and
expressed as micrograms of gallic acid equivalents per milligram of dried extract (ug GAE/mg

extract).

Total flavonoid content (TFC) was quantified spectrophotometrically through the

complexation colorimetric method AIC13-flavonoid, with modifications suitable for a 96-well
microplate®. First, 130 uL of methanol was mixed with 50 uL of 1 mg/mL aqueous Ccl-extracts,
followed by sequential addition of 10 puL each of 9.8% potassium acetate and 10% aluminum
nitrate, respectively. After 40 min of incubation at room temperature, the absorbance of the
complexes was measured at 415 nm. Finally, quercetin was employed as the reference standard,
and the TFC value was calculated from the linear regression of the calibration curve (y = 0.049x
+ 0.005 (R? = 0.9957) and expressed as micrograms of quercetin equivalents/milligram dry
weight extracts (ug QE/mg extract). All TPC and TFC measurements were performed in
triplicate (n = 3).
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2. Phytochemistry assessment
To elucidate the biologically active secondary metabolites potentially responsible for

the bioreduction of metal ions and the concomitant stabilization and coating of nanoparticles,
preliminary screening tests were conducted on the optimal aqueous extract of the Cynoglossum
criticum leaves. Standardized qualitative assays were employed, wherein the presence of
distinct classes of metabolites was inferred on the basis of observable colorimetric transitions
and/or the formation of precipitates. Specifically, the screening targeted tannins,” alkaloids®,
pyrrolizidine alkaloids®, flavonoids'®, saponins'!, quinones!?, anthraquinones!®, and sterols-

terpenes'>!3

, as these categories of bioactive compounds are frequently implicated in redox-
mediated nanoparticle synthesis and surface modification. To ensure the reliability of the

results, the experiments were tri-repeated.

I1.2.3. Bio-manufacture of silver nanoparticles (Ccl-AgNPs)

A one-step biosynthesis was performed to prepare Ccl-AgNPs using silver nitrate as the
primary metal salt source of Ag” ions and Cynoglossum creticum leaf extract, which functioned
simultaneously as a reducing and stabilizing agent. Practically, the synthesis began by
introducing a measured volume Ccl-extract to a 250-ml Erlenmeyer flask containing 1 mM
aqueous AgNO:s solution under continuous magnetic stirring. To establish the most favorable
synthesis conditions, the reaction was optimized using a one-variable-at-a-time (OVAT)
technique wherein individual parameters were varied systematically while others were held
constant. Specifically, the volumetric ratio of AgNOs to Ccl-extract, reaction temperature
(ranging from ambient to 80°C), and reaction time (monitored at 15-minute intervals to study
the reaction kinetics). The progression of the reduction reaction and evolution of the NPs under
these experimental conditions was monitored and analyzed by recording absorption spectra
using a UV-Vis spectrometer (UV-1900i, Shimadzu Corporation). Upon determination of the
optimal conditions, the produced Ccl-AgNPs were collected through centrifugation for 20
minutes, effectively separating the colloidal NPs from unreacted components and surplus
biomolecules in the supernatant. The obtained solid pellet was subjected to repeated washing
with distilled water (three cycles), followed by drying at 60°C to yield purified Ccl-AgNPs
powder suitable for subsequent physicochemical and biological characterization and

applications.
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I1.2.3. Characterization and analysis of Ccl-AgNPs

1. Fourier transform infrared (FTIR) spectroscopic measurement
Spectroscopic measurements of the CCl-extract and Ccl-AgNPs were performed using

a FTIR spectrometer from Shimadzu Corporation (Japan), equipped with a QATRTM-S single-
reflection ATR accessory fitted with a high-strength diamond crystal . Spectra were recorded at
a resolution of 1 cm™, providing sufficient spectral detail to identify subtle vibrational modes

across the mid-infrared region spanning 4000400 cm™.

2. X-ray diffraction study
X-ray diffraction (XRD) analysis was performed to investigate the phase structure,

crystallinity, and crystal size of Ccl-AgNPs utilizing a Bruker D§ ADVANCE instrument
equipped with DAVINCI design technology (Bruker AXS, Germany). The instrument was
operated at an accelerating voltage of 40 kV and a current of 40 mA, using Cu Ka radiation
with a wavelength of 1.5406 A as the incident beam source. Data were collected over a
diffraction angle (20) range of 10° to 90°, which includes most of the characteristic Bragg
reflections of crystalline materials. A step sizes and total time/step of 0.02° and 19.1 s,

respectively, were used to ensure high angular resolution and accurate peak identification.

3. SEM- EDS examinations
The morphological features as well as the qualitative and semi-quantitative elemental

composition of the Ccl-AgNPs were analyzed using an environmental scanning electron
microscope (ESEM) coupled with energy dispersive X-ray spectroscopy (EDS) measurements

(Quattro S-ESEM , Thermo Fisher Scientific, Waltham, MA, USA).

4. Thermal resiliency and phase transition assessment
Thermal stability of the synthesized Ccl-AgNPs was assessed using thermogravimetric

analysis (TGA), performed on a Mettler Toledo TGA-DSC 3+ Thermal Analyzer (Mettler
Toledo, Switzerland). The measurements were conducted under a controlled nitrogen
atmosphere in order to prevent oxidative degradation and ensure accurate assessment of
intrinsic thermal behavior. The analysis was carried out over a broad temperature range,
extending from 25 to 1000 °C, with a constant heating rate of 10 °C/min. This experimental

setup allowed the detection of decomposition stages, and phase transitions.

I1.3. Results and discussion

I1.3.1. Extraction process of Cynoglossum criticum leaves
Plant polyphenols, particularly flavonoids, have attracted significant scientific interest

due to their role as natural physiological response modulators, largely attributable to their

85



Chapter I1

Biological synthesis and characterization of Cynoglossum creticum-mediated silver nanoparticles

multifunctional structural properties, such as free radical scavenging and metal chelation
capacities. Furthermore, among the different classes of phytochemicals, polyphenols exhibit
the strongest reducing potential, making them the primary participants in biosynthesis'* . At
the plant tissue level, free polyphenols and flavonoids are predominantly localized in vacuoles,
whereas insoluble forms are found in the plant cell wall. Consequently, the choice of an
appropriate extraction process is critical, as it must enable solvent penetration into cellular
compartments to effectively solubilize and recover these secondary metabolites!®. According to
O.R. Alara et al.'%, the efficiency of phytochemical extraction is strongly influenced by multiple
experimental factors, and the use of non-statistically significant variables often results in
inconsistent or unreliable outcomes. Based on this evidence, this applied part focused on
optimizing the most influential parameters governing the extraction process to maximize yield
and preserve the quality of the recovered polyphenols. These parameters are extraction

temperature, solid-to-liquid ratio, and extraction duration.

Table. 11.2. and Figure.ll.1 present TPC and TFC values as a function of various
extraction parameters. The results demonstrate that elevating the extraction temperature from
room temperature to 50 and 70°C (extracts 1-9) significantly enhanced the recovery of phenolic
compounds. This improvement is attributed to the reduction in the surface tension and viscosity
of water, which allows for greater permeability of the solvent into plant pores and increased
solubility of phenolics'’. Heating also weakens and breaks down the intermolecular interactions
(hydrogen bonds and van der Waals) between phenols and both polysaccharides and proteins
due to softening of plant tissues, which enhances and accelerates the diffusion rate of
polyphenols into the solvent!'*!8,

TABLE.IIL.2 .Results of single-factor aqueous extraction experiments. TPC and TFC are
reported as the mean + SD of three measurements.

Extract Experimental conditions Total phenolic content Total Flavonoids
(ug GAE/mI) content (ug QE/ml)

CclEl 0.5 (% w/v) ; room T; and 60 (min) | 9.09+3.22 6.944+0.14

CclE2 0.5 (% w/v) ; 50 °C; and 60 (min) | 36.35+0.77 24.16+0.73

CclE3 0.5 (% w/v) ; 70 °C; and 60 (min) | 94.49+0.44 38.33+1.76

CclE4 1 (% w/v) ; room T; and 60 (min) | 38,90+ 0.74 24.16+0.29

CclE5 1 (% wiv) ; 50 °C; and 60 (min) 97.62+1.45 44.23+0.44

CclE6 1 (% wiv) ; 70 °C; and 60 (min) 181.549+0.44 109.58+0.29

CclE7 2 (% w/v) ; room T; and 60 (min) | 59.78+£2.50 31.66+0.44

CclE8 2 (% wiv) ; 50 °C; and 60 (min) 149.78+1.80 56.38+1.62

CclE9 2 (Yo wiv) ; 70 °C; and 60 (min) 185.17+2.56 112.84+0.55

CclE10 1 (% w/v) ; 70 °C; and 30 (min) 71.64+0.77 32.91+1.32

CclEll 1 (% w/v); 70 °C; and 120 (min) | 177.52+1,52 102.98+0.41
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Similarly, the effect of the sample-to-solvent ratio on the polyphenol concentrations was
investigated. The results showed a marked enhancement in the mean TPC and TFC values with
increasing the solids content from 0.5% to 1.0% (w/v); for example, extracts obtained at 70°C
exhibited a jump in TPC values from 94.49 ug GAE/mg to 181.59 ug GAE/mg (Table. 11.2).
These findings align with the mass transfer principle, whereby higher the solids-to-solvent ratio
increases the concentration gradient and diffusion rate of the extracted phytocompounds into
the solvent'”. Increasing the solvent volume dilutes the extracted polyphenols. However, further
increasing the solid content to 2.0% (w/v) produced no significant gains in TPC and TFC
(185.17 pg GAE/mg and 112.84 pg QE/mg, respectively), suggesting a saturation effect.
Reports confirmed that the extraction yield increased exponentially as the function of solids-to-
solvent ratio increased. Once equilibrium was reached between the solid matrix and solvent,
additional solute transfer was limited, leading to a stable and maximum yield?*?!. K.
Stamatopoulos et al.?? observed stable yields when the olive leaf-to-solvent ratio exceeded 1:8,
supporting the extraction efficiency plateaus beyond a critical threshold.

Furthermore, the impact of extraction duration on phenolic and flavonoid recovery was
examined under a fixed solids-to-solvent ratio and the temperature conditions at 1.0% (w/v)
and 80°C, respectively. Short extraction times, i.e., 30 min, yielded relatively low TPC and TFC
values (71.64 ug GAE/mg and 32.91 ug QE/mg, respectively). Extending the incubation time
to 60 minutes resulted in a more than twofold increase in TPC and nearly a threefold increase
in TFC. However, doubling the extraction time to 120 minutes did not result in any
improvement in phenolic yield but rather resulted in a decline. This reduction is attributed to
the degradation of phenolic compounds due to prolonged overexposure to high temperatures,
as the heat catalyzed the simultaneous decomposition and oxidation of phenolic
compounds?>?*. These results indicate that the relatively high extraction temperature of 70°C
requires moderate extraction times to avoid thermal degradation of bioactive compounds.
Consequently, conditions of 01% (w/v) leaf powder-to-distilled water, extracted at 70 °C for 60

min, were identified as the optimal parameters in subsequent experiments.

87



Chapter I1

Biological synthesis and characterization of Cynoglossum creticum-mediated silver nanoparticles

[ ] Total phenolic content (ug GAE/mg)
[ Total flavonoids content (ug QE/mg)

N

o

o
1

=

o]

o
1

160

B
N B
o o
1 1

100 +

Total phenolic & flavonoids content
B [o2] (e}
o o o
| IR |

20+

© A > >} Q N
& & & 0<>"‘> &

Extracts

FIGURE.IIL.1. Columns of TPC and TFC values in Ccl-leaf extracts under the experimental
conditions.

I1.3.2. Screening of active phytochemicals in Ccl-extract

Phytochemical screening represents a fundamental preliminary step in botany research,
as it relies on simple and uncomplicated standard chemical techniques for the rapid
identification of bioactive compounds.The results of phytochemical analysis (Tablell.3 and
Figure.I1.2) revealed that the aqueous extract of Cynoglossum criticum leaves contained the
following secondary metabolite constituents: tannins, saponins, flavonoids, quinones, alkaloids,
and steroids/terpenes, while anthraquinones and pyrrolizidine alkaloids were absent. The
detection of these metabolites supports the extensive traditional ethnomedicinal applications of
C. criticum, since secondary metabolites act as defensive and preventive system agents against
pathogens and disease. Their pharmacological relevance is well established: Alkaloids exhibit
anticholinesterase, analgesic, and antibacterial properties and have been used to treat
malaria®>2%; flavonoids possess potent anti-inflammatory and immunomodulatory properties
and are effective in preventing age-related toxicological pathways associated with
neurodegenerative diseases?’. Furthermore, tannins have been shown to interact irreversibly
with bacterial membrane proteins and inactivate them, causing an imbalance in osmotic
pressure and subsequent bacterial cell death?® . Quinones have demonstrated promising antiviral
activities against several viruses, including Coxsackievirus A16 (CVA16), dengue, and human
immunodeficiency virus (HIV)?*%, Similarly, water-soluble saponins act as preformed natural

barriers against pathogens and inhibitors of induced defense responses?!.
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TABLE.IL3. Preliminary phytochemical examination of Ccl-extract.

Phyto-constituents Chemical tests Result
tannins Ferric chloride test +
alkaloid Wagner’s reagent +

pyrrolizidine alkaloids Van Urk reaction -
saponins Foam test +
flavonoids Sodium Hydroxide test +
guinones Sulfuric acid test +
anthraguinon Borntragor’s Test -
sterols /terpenes Liebermann-Buchard test +

Interestingly, the absence of pyrrolizidine alkaloids (PAs) from the extract is of
particular importance, as it eliminates concerns about hepatotoxicity and supports the extract's
safety in bioapplications. It is also worth noting that PAs are naturally occurring in
Boraginaceae species; they do not possess intrinsic toxicity. Instead, their toxicity arises from
the hepatic metabolic activation of 1,2-unsaturated PAs, where they are converted into reactive
pyrrole metabolites. These derivatives are capable of inducing hepatocellular injury, liver
fibrosis, and hepatic veno-occlusive disease, particularly upon chronic or high-dose
exposure’??3, Therefore, the lack of PAs in C. criticum extract enhances its medicinal value, in
line with the principles of green chemistry, by providing bioactive components without
toxicological liabilities. This phytochemical profile not only underscores the therapeutic
potential of C. criticum but also reinforces its role as a promising source of secondary
metabolites with biocatalytic properties capable of donating hydrogen atoms or electrons,

reducing metal ions, and producing nanoparticles®*.
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FIGURE.IIL.2. Phytochemical profiling of secondary metabolites in Ccl-extract. a) a greenish-
black color signifies the presence of tannins; b) a red-orange precipitate denotes alkaloids; ¢)
the lack of blue-violet color indicates the absence of pyrrolizidine alkaloids; d) persistent
foam confirms the presence of saponins; e) yellow fluorescence reveals flavonoids; f) a red
coloration indicates the presence of quinones; g) the absence of pink precipitate confirms the
absence of anthraquinones; h) a blue coloration signifies the presence of steroids/terpenes;
and 1) a brown ring verifies the presence of steroids.

I1.3.3. Optimization of Ccl-AgNPs synthesis

A systematic investigation was conducted to examine the sustainable feasibility of
employing Ccl-extract as a biogenic mediator for silver nanoparticle (AgNP) synthesis in the
absence of any supplementary chemical reagents. During the course of the reaction, a
pronounced and time-dependent color change was observed in the reaction mixture: the initial
pale-yellow solution, formed when the aqueous AgNOs solution was mixed with Ccl-extract,
gradually turned reddish-brown within minutes, then blackish-brown as the reaction advanced
(Figure.Ill.3(a-c)). This visual color transformation is a qualitative first indicator of the
formation of silver nanoparticles in the colloidal suspension. The origin of color evolution arises
from the distinctive optical characteristics of AgNPs, specifically as the surface free
conduction-band electrons undergo oscillations in resonance with the incident electromagnetic

radiation at a specific frequency, known as surface plasmon resonance (SPR)%.
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FIGURE.IL. 3.(a) Silver nitrate solution; (b) solutioncolor of Ccl-extract ;(c) the developed
Ccl-AgNPs colloidal; and (d) UV-vis spectra of these solutions.

For further investigation, UV-vis spectroscopy was used as a primary screening
technique to monitor the formation of AgNPs during synthesis and to investigate their optical
properties. Figure.Il.3(d) illustrates the UV-vis spectra recorded for the Ccl-extract, silver
precursor (AgNOs), and the formed Ccl-AgNPs within the wavelength range of 200-800 nm.
The absorption spectrum of the Ccl-extract exhibited a characteristic absorption peak at 281 nm
accompanied by a minor hump near 325 nm. These features are attributed to the n-n* and n-*
electron transitions associated with conjugated C=C bonds, carbonyl groups, and hydroxyl
functionalities, which are characteristic of flavonoid and phenolic constituents present in C.
creticum leaves?.

The spectrum of the AgNOs precursor (Figure.Il.3(d)) revealed a strong absorption peak
centered at 269 nm in the UV region, which corresponds to the characteristic electron transitions
of nitrate. In contrast, after the biological reduction of Ag* ions, the spectrum of Ccl-AgNPS
displayed a prominent and clear absorption peak at approximately 435 nm, along with a smaller
hump near 350 nm attributed to the surface plasmon resonance (SPR). The appearance of the
SPR band is a visual signature confirming the formation of nanoparticles. The SPR band of
AgNPs is typically observed within the 350-450 nm range®’. Furthermore, the changes in the
peak position (Amax) and band intensity are strongly related to the nanoparticle size, shape, and
degree of polydispersity, which in turn are affected by variations in reaction parameters such as

temperature, initial reactant concentrations and types, and the surrounding dielectric
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environment, etc.®® Given the high sensitivity of the spectral properties to the reaction
parameters, the role and effect of each of the main experimental variables were explored

individually using a “one variable at a time” (OVAT) approach.

1. Influence of silver nitrate amount
The impact of silver nitrate concentration on the synthesis process was investigated by

varying the volume ratio of AgNOs to Ccl-extract, while maintaining the extract volume fixed.
The studied ratios ranged from 1:1 to 6:1 (AgNOs: Ccl-extract), and the reaction mixtures were
stirred for 1 h at 50°C. The surface plasmon resonance (SPR) behavior was monitored by
recording UV—vis spectra of the reacted colloidal mixture (Figure.ll.4(a)). At the lowest silver
precursor level (1:1), the absorption profile closely mirrored that of the pure extract
(Figure.I1.3(d)), showing a dominant peak at 218 nm with the absence of a distinct SPR band,
signifying no nanoparticle formation under these conditions. However, the relative increase in
silver ions concentration resulted in a gradual decrease in the extract-associated absorption
intensity at 281 nm, consistent with the reduction of Ag® ions by the phytochemicals.
Meanwhile, a new SPR band developed around 435 nm. The sharpness and intensity of this
peak increased significantly with precursor availability, reaching a maximum at a 5:1 ratio
(AgNOs: CCl-extract), indicating a suitable balance between Ag" ions and bioreductants. In
contrast, further increasing the AgNOs ratio (beyond 5:1) resulted in a decline in SPR band

intensity, possibly due to reduced NPs stability and the occurrence of agglomerations.

2. Influence of Ccl-extract Concentration
In addition to the silver precursor, the Ccl-extract plays a critical role due to its dual

synthetic role. Therefore, it is necessary to find a suitable concentration that ensures efficient
reduction of silver ions while simultaneously achieving sufficient stability of AgNPs. Following
OVAT steps, a fixed concentration of silver nitrate (1 mM) was treated with varying ratios of
Ccl-extract (Ag" extract: Ccl-extract ranging from 5:1 to 5:4) under constant experimental
conditions of temperature and reaction time.

As demonstrated in the test results (Figure.ll.4(b)), increasing the Ccl-extract
concentration is accompanied by a sharp decrease in the absorption intensity at 435 nm,
eventually disappearing completely at 5:4 (Ag*:Ccl-extract), indicating a failure to reduce Ag*
ions. This phenomenon is explained by the chemical composition of plant leaves, which are
the richest source of phenolic and flavonoid compounds, which in turn possess redox-active
hydroxyl groups capable of donating electrons, enabling them to reduce silver ions. They also
act as ligands on the surface of the generated AgNPs. However, at high levels of these

compounds, their functional groups preferentially interact with each other through hydrogen
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bonds or m—7 stacking, rather than with saturated Ag* ions*. These interactions hinder the
reduction process and instead promote the formation of Ag-hydro-complexes, preventing the
development of a stable colloidal solution of AgNPs*#!, Based on these observations, the Ag*:
Ccl-extract ratio of 5:1 was identified as the most suitable and was chosen for subsequent

investigations.

3. Reaction times effect
Reaction kinetics testing was performed to determine the optimal reduction contact time

that efficiently promotes crystal formation and nanoparticle stability. Figure.Il.4(c) illustrates
the UV-vis spectra of the reaction mixture, collected at regular intervals (0—105 min, every 15
min) during the synthesis process. It is noteworthy that the characteristic SPR band of the
AgNPs appeared as early as 15 min; however, the band at this stage was weak, broad, and poorly
defined, suggesting limited formation of nucleated particles with an inhomogeneous size
distribution. As the reaction proceeded, the SPR band intensity gradually increased up to 75
min, indicating enhanced nucleation and growth of the AgNPs in the colloidal solution. This
increase in absorbance is associated with both the increasing concentration of the NPs and the
gradual enlargement of their size, consistent with Gustav Mie's theory of plasmon resonance in
metallic nanostructures*?. After 75 min, the SPR band showed a marked decline in intensity
accompanied by a slight redshift, particularly evident at 105 min. These spectral changes are
generally attributed to the agglomeration of the NPs and the decreased stability of the colloidal
system, resulting from preferential crystal face growth along the (111) planes via deposition of
atoms on the less stable cubic (100) faces rather than continued nucleation and formation of
new crystallites*’. Therefore, 75 min represents the optimal reaction time for the synthesis of

Ccl-AgNPs.

4. Reaction temperature influence
The thermal environment of the reaction plays a crucial role in controlling the nucleation

and growth dynamics of NPs during the synthesis process. In this regard, temperature-
dependent experiments were performed over a range from ambient conditions to 80 °C under
optimized conditions. As can be seen in Figure.ll.4(d), the appearance of a characteristic SPR
band at all examined temperatures confirmed the successful formation of Ccl-AgNPs. Upon
heating, the absorption spectra exhibited both an increase in intensity and a noticeable
broadening, accompanied by a blue shift of the maximum absorption wavelength (Amax) from
438 nm at room temperature to 424 nm at 80 °C. This broadening of the absorption spectrum
is explained by the enhanced phonon-electron scattering rate, which affects the damping of

plasmon oscillations®.
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The observed blueshift in Amax is linked to the preferential formation of smaller, more

dispersed NPs at elevated temperatures. This is explained kinetically by the acceleration of the
reduction rate of Ag® ions under heating, which lowers the activation energy barrier for

nucleation and produces a larger number of nuclei in a shorter period of time.

Thermodynamically, it is due to the lower surface energy per atom of smaller NPs formed under

fast nucleation conditions. The increased nucleation density inhibits subsequent particle growth

through competition for precursor Ag* ions, ultimately producing smaller nanoparticles with

narrower size distributions***3. Conversely, the reduction of silver ions is slower at low

temperatures, resulting in fewer nucleation and extended crystal growth. This environment
facilitates Ostwald ripening and particle coalescence, increasing the average particle size*.
Overall, low temperatures promote growth in nanosynthesis systems, while high temperatures
shift the balance toward nucleation-dominated regimes*’. Based on these findings, the most

favorable temperature for Ccl-AgNPs synthesis was established at 80°C.
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FIGURE.II. 4. UV—-vis absorption spectra of the synthesized Ccl-AgNPs recorded under different
experimental conditions. (a) varying the concentration of silver nitrate; (b) altering the amount of Ccl
extract added; (¢) monitoring changes over reaction time; and (d) at different reaction temperatures.

In this current investigation, the optimal experimental parameters for C. creticum
extract-mediated biosynthesis of AgNPs were established to be: 1 mM silver nitrate
concentration, reacted with Ccl-extract at a volume ratio of 5:1 (AgNOs: Ccl-extract), at a
reaction temperature of 80°C and an incubation period of 75 minutes. Notably, under these

optimized conditions, spectroscopic analysis confirmed the disappearance of the slight
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absorption hump observed near 350 nm, and a single, sharper, narrower, and nearly symmetrical

SPR peak appeared (Figure.Il.5). This spectral behavior indicates the predominance of

monodisperse spherical NPs with a uniform size distribution*®. These structural properties

contribute to the improved stability and reproducibility of AgNPs, giving them multiple

application advantages.
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FIGURE.IL. 5. UV-vis spectrum of the optimally produced Ccl-AgNPs.

I1.3.4. Stability of Ccl-AgNPs

The practical applicability of AgNPs is linked to the stability of colloidal behavior under
environmental and physiological conditions containing intervening mediators such as ions and
electrolytes. To assess this feature, Ccl-AgNPs were treated with a series of aqueous sodium
chloride (NaCl) solutions at concentrations ranging from 0.0001 to 2 M, and their stability was
monitored using UV-vis spectroscopy (Figure.Il.6(a)). The SPR band of Ccl-AgNPs exhibited
a gradual decrease in intensity with increasing electrolyte concentration. This plasmonic
attenuation can be attributed to the aggregation of NPs, resulting from the electrical double-
layer (EDL) compression phenomenon in electrolyte-rich environments, and the subsequent
reduction of surface charge density and interparticle electrostatic repulsion diminishing®.
Additionally, free CI~ ions in the solution interact directly with the Ccl-AgNPs surface,
facilitating charge neutralization, interparticle adhesion, and eventual coalescence>’!.
Notably, Ccl-AgNPs maintained their stability up to 1 M NaCl concentration, after which there

was a pronounced decrease in adsorption when the ionic strength increased up to 2 M. This

stability is consistent with physiological considerations: the reported normal range for chloride
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ion concentration in human blood is 96-108 mEq/L>? . This suggests the high robustness and
stability of Ccl-AgNPs under harsh biological and environmental conditions, supporting their
potential for biomedical and ecological applications.

The presence of elements and intercalating salts in real matrices can significantly alter
the pH, influencing the colloidal stability of AgNPs. To evaluate the pH-dependent behavior of
Ccl-AgNPs, the pH of the colloidal solutions was adjusted within a range of 2—10 by stepwise
additions of 1 M hydrochloric acid or sodium hydroxide solution. The synthesized Ccl-AgNPs
had a mild acidic character, with a pH of around 5. However, spectroscopic observations
(Figure.I1.6(b)) revealed a marked decrease in SPR peak intensity with decreasing pH,
accompanied by the formation of visible precipitates in highly acidic conditions at pH 2. This
suggests aggregation of NPs due to their destabilization, which is associated with proton-
induced surface charge neutralization and the degradation and removal of phytochemical
coating agents>’. Conversely, the alkaline environment enhanced the intensity of the SPR peak,
indicating enhanced stability of the colloidal dispersion. This stability at higher pH values can
be attributed to the action of hydroxide ions (OH") as additional coordinating ligands on the

surface of Ccl-AgNPs, which strengthens the electrostatic repulsion between the particles®.
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FIGURE.IL. 6.UV-visible spectra of Ccl-AgNPs. a) in the presence of electrolyte
concentration; and b) at various pH levels.

I1.3.5. Characterization of Ccl-AgNPs

1. FTIR spectroscopy analyse
FTIR spectra provide information on the synthesis mechanism, identifying the

functional groups of secondary metabolites present in the extracts that play a key role in the
reduction of metal ions and subsequent surface stabilization. The spectrum of Ccl-extract
(Figure.Il.7) revealed an abundance of phenolic chemicals that confer antioxidant and

antimicrobial properties and enhance biocompatibility. The The vast absorption band observed

96



Chapter I1

Biological synthesis and characterization of Cynoglossum creticum-mediated silver nanoparticles

at 3334 cm™' is characteristic of O—H stretching vibrations in phenols, alcohols, carboxylic acid
functions, and hydrogen-bonded water molecules. The distinct absorption peaks at 2925 and
2854 cm™! correspond to the asymmetric and symmetric stretching vibrations of the aliphatic
methylene (—CH2>—) and methyl (—~CHs) groups, reflecting the existence of long-chain
hydrocarbon backbones. The strong band at 1595 cm™, assigned to C=C stretching vibrations
within aromatic rings, confirms the abundance of phenolic and protein structures. Furthermore,
the band at 1401 cm™ likely originates from C—H deformation vibrations in alkanes and alkenes,
or from C—C structure stretching within aromatic systems>>%. Additional characteristic peaks
at 1261 and 1012 cm™ are associated with C—N stretching vibrations of aromatic and aliphatic
amine groups, respectively®’>8. These are likely derived from alkaloids or other nitrogen-

containing metabolites such as proteins.
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FIGURE.IL. 7.FTIR spectra recorded for Ccl-extract and Ccl-AgNPs.

The FTIR spectrum of Ccl-AgNPs in Figure.Il.7 exhibits a high resemblance to that of
the crude Ccl-extract, with some noticeable changes in both the position and intensity of the
characteristic absorption bands. These spectral shifts arise from the coordination and interaction
of silver (Ag") ions with specific functional groups of the phytochemicals, which not only
catalyze the reduction process but also provide spatial and electrostatic stability to the emerging
NPs, preventing agglomeration. In the case of Ccl-AgNPs, the hydroxyl (~OH) stretching
vibration and C-H stretching peaks shifted to lower wavenumbers and appeared with reduced
intensity at 3241, 2920, and 2850 cm™, respectively. This attenuation compared to the Ccl-
extract spectrum is due to the reduced availability of these functional moieties, resulting from

9

their consumption during NPs formation®®. Prior reports have confirmed the pivotal role of
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hydroxyl groups in the biosynthesis of metallic-NPs: Ag* ions are reduced to metallic silver
(Ag®) by electron donation resulting from hydrogen bond breakage and oxidation of OH groups
to carbonyl derivatives (R—-C=0)%6!,

There was also a significant shift in the characteristic bands at 1401 and 1012 cm™ that
appeared in the spectrum of Ccl-AgNPs at 1374 and 1025 cm™, respectively, indicating the
participation of aliphatic side chains and aromatics of heteroatom-rich groups of flavonoids and
proteins in the reduction and stabilization processes. Additionally, the appearance of a weak
new band at 821 cm™ is related to the C—H out-of-plane bending vibrations of the aromatic
rings of the polyphenolic components. Overall, FTIR findings confirm the contribution of
multiple classes of phytometabolites from the C. criticum leaf extract, including alcohols,
phenols, flavonoids, alkaloids, and proteins, to the reduction, nucleation, and stabilization of
AgNPs. The strong chelating capacity of the hydroxyl groups of polyphenols enables them to
serve as primary reducers of silver ions. Meanwhile, the carbonyl group binds to and surrounds
metals with high efficiency®. Proteins and amino acids then bind to the AgNPs via free amino
groups (—NH:) to form a natural coating layer that provides steric barriers and long-lasting

colloidal stability®.

2. XRD examination
The XRD pattern (Figure.Il.8) demonstrates the crystalline nature of the biosynthesized.

Ccl-AgNPs, revealing the characteristic Bragg reflections typical of metallic silver. Five
prominent diffraction peaks appeared at 20 values of 38.15°,44.10°, 64.39°, 77.30°, and 81.57°,
which could be assigned to the (111), (200), (220), (311), and (222) crystal planes, respectively,
consistent with the standard diffraction data for face-centered cubic (fcc) silver (ICSD file
number 98-005-3761). Among these reflections, the (111) plane had the highest intensity,
indicating a preferential direction of crystal growth in the NPs that occurred mainly along the
(111) direction. This preferential orientation and dominance during nanoparticle formation is
related to the thermodynamic stability of the (111) face, which typically possesses the lowest
surface energy among the low-index planes of ccf metals®% Furthermore, the Debye-Scherrer
equation (Equation (1)) was used to calculate the average crystallite size of Ccl-AgNPs:
D = KA/B cos@ Q)

where K is the Scherrer constant, A is the wavelength of the X-ray source employed
(commonly Cu Ko radiation, A = 1.5406 A), B corresponds to the full width at half maximum
(FWHM) of the diffraction peak, 0 denotes the Bragg angle, and D represents the mean
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crystallite size. Based on this calculation for the most intense (111) reflection, the average

crystallite size of the synthesized AgNPs was determined to be approximately 24.3 nm.
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FIGURE.II. 8.XRD diffractogram of the bioginic Ccl-AgNPs.

3. morphological and spectral analyses (SEM-EDX)
Figure.I1.9 (a) and (b) display scanning electron micrographs of green-synthesized Ccl-

AgNPs recorded at two different magnifications. The low-magnification image (4 um) provides
an overview of the Ccl-AgNPs morphology, showing clusters of NPs. This clustering, which
typically occurs in biosynthesized nanostructures, is likely related to interactions between the
concentrated AgNPs and residual phytochemical biomolecules®®. The organic molecules
promote the affinity of the particles thanks to hydrogen bonds, electrostatic interactions, and
van der Waals forces. In contrast, the higher-magnification micrograph (Figure.I1.9(b)) reveals
bright white spots corresponding to the silver nanoparticles. The brightness arises from the high
electron density of metallic silver, which enhances the contrast of backscattered electrons in the
SEM imaging®’. The observed spots confirm a predominantly spherical shape of the particles,
which is consistent with the UV-vis spectroscopy findings described earlier. Furthermore, some
localized agglomerations appear, possibly due to solvent evaporation during synthesis and
drying, or mechanical stress and compression caused by centrifugation and subsequent
powdered processing®.

Moreover, a dimensional quantitative assessment of the NPs' size distribution was

performed using ImageJ software applied to ESEM micrographs®®7°. As illustrated in Fig. 5(c),
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the particle size histogram of Ccl-AgNPs exhibits sizes ranging from 15 to 60 nm, with an
average particle diameter of approximately 32 nm. This estimated mean value closely matches
the crystal size determined by XRD. The latter was calculated through the Scherrer equation,
which correlates the broadening of the (111) diffraction peak with the dimensions of coherently
diffracting crystalline domains’!-”2, Unlike XRD, which provides crystal size, SEM provides a
direct visualization of the morphology and dimensions of whole particles. Since an individual
nanoparticle may consist of a single crystal or several crystals clustered together, minor

discrepancies between SEM and XRD-derived measurements are to be expected.

average particles size

20 40 60
average particles size (nm)

1.00 200 300 400 5.00 6.00 7.00 800 9.00

FIGURE.IL 9.(a, b) SEM images of Ccl-AgNPs captured at varying magnifications; (c)
histogram illustrating the particle size distribution; and (d) EDS elemental composition profile
of Ccl-AgNPs.

EDS analysis allows the verification of the crystalline properties and elemental
composition of AgNPs. Characteristically, EDS is a widely employed technique for determining
the elemental makeup of metallic NMs, providing distinctive spectral peaks that represent
fingerprints of specific elements. In the case of nanosilver, it is well established that spherical
AgNPs exhibit distinct optical peaks in the 2.7-3.4 keV range arising from the excitation of
SPR7374, The EDX-ray spectroscopy spectrum (Figure.I1.9(d)) revealed prominent silver peaks
located near 3 keV, validating the successful biological synthesis of crystalline AgNPs.
Alongside the silver signals, prominent carbon and oxygen peaks were observed in the EDS
spectrum, which are attributed to organic molecules from secondary metabolites derived from
the Ccl-extract. In addition, quantitative analysis (Table.I1.4) indicated that the relative weight
percentages of silver, carbon, and oxygen were 24.68%, 30.48%, and 44.85%, respectively.
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This compositional pattern strongly supports the formation of hybrid organic-metallic
nanoparticles, wherein metallic silver cores are encapsulated by a surrounding layer of
phytochemicals, enhancing colloidal stability and imparting additional bioactive properties and

biocompatibility”>.

TABLE.II.4.Elemental profile of Ccl-AgNPs

Element Wi‘;'ght AOMIC | 2 ror o6 | Net Int. R A F
Yo %
CK 30.48 45.56 8.01 269.87 | 0.8871 | 0.4730 | 1.0000
OK 44.85 50.33 9.65 312.83 | 09012 | 0.3131 | 1.0000
Ag L 24.68 4.11 4.85 74.89 0.9524 | 0.9663 | 1.0040

4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was employed to evaluate the thermal behavior,

degradation pattern, and surface chemistry of bioproduced AgNPs across different temperature
conditions, as well as to confirm the presence of organic capping agents derived from plant
metabolites on their surfaces. The thermogram of Ccl-AgNPs exhibited a multi-step
decomposition pattern extending from ambient temperature to 1000°C, reflecting three
consecutive weight-loss processes caused by moisture content, volatile compounds, weakly
chemical bond cleavage, and degradation of the surface-associated organic matter’®. The initial
mass loss at temperatures below 133°C is estimated to be 4.24%, which is mainly due to the
evolution of moisture from physically adsorbed water molecules and the evaporation of low-
boiling volatiles on the surface of Ccl-AgNPs. A second significant weight loss of 29.56% was
recorded between 133 and 350 °C, attributed to the thermal decomposition of plant-derived
secondary metabolites acting as surface-coating agents. At temperatures exceeding 350 °C, a
predominant weight loss of 31.92% was achieved, linked to the breakdown of more heat-
resistant organic species, including oxyaromatic compounds’’. The persistence of the
remaining organic matter at elevated temperatures suggests strong interactions between the
biomolecules layer and the NPs surface. Furthermore, the TGA profile not only provides
evidence of the thermal and physicochemical stability of the NPs but also enables the
measurement of the organic-to-inorganic ratio, which is a crucial factor for assessing the yield
and purity of the NMs8. At the maximum temperature of 1000 °C, a constant residue of 34.28%
remained, corresponding to pure metallic silver, confirming the metallic crystalline Ag core of
the nanoparticles beneath the organic phytochemical layer.

Interestingly, the DSC profile of Ccl-AgNPs presented in Figure 1 exhibits a strong

convergence with the TGA-DTA data, where two distinct thermal events were recorded: an
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exothermic transition near 338°C and a distinct endothermic peak at approximately 944°C. The
exothermic peak is consistent with the second stage of weight loss in the TGA curve and can
likely be attributed to the decomposition of phytochemical-derived surfactants, as well as the
possibility of a partial crystalline phase transformation within the Ag matrix”®#. Conversely,
the endothermic phase transition is characteristic of the melting process of metallic silver,

reflecting the intrinsic high thermal stability and crystallinity of Ccl-AgNPs.
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FIGURE.IL. 10.(a)TGA-DTA plot of Ccl-AgNPs; and (b) corresponding DSC curve.

I1.4. Conclusion

In conclusion, these experimental findings confirmed the potential of C. criticum leaf
extract as a simultaneous reducing and capping agent in a sustainable, green, and safer
nanotechnological route for the bioproduction of silver nanoparticles. The aqueous extraction
of secondary metabolites from the leaves was valorized using single-factor experiments on key
extraction parameters such as temperature and feed-to-distilled water ratio to determine the
optimal conditions for achieving the highest yield of total phenolic and flavonoid content. To
further optimize nanoparticle formation, a "one-factor-at-a-time" strategy was employed to
regulate and control synthesis parameters, aiming to maximize nanoparticle yield, stability, and
dispersion. The progress of the reduction reaction and NPs growth was closely monitored
through UV-vis spectroscopy. The optical properties, crystal and morphological structure, and
thermal and chemical stability of the optimized Ccl-AgNPs were characterized: FTIR data
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revealed the involvement of phytochemicals in both ion reduction and surface passivation; TGA
and EDS analyses confirmed the formation of a robust organic layer surrounding the AgNPs;
the XRD pattern indicated an fcc crystal structure for the silver; and DSC profile supported the
crystalline nature of the Ccl-AgNPs. Meanwhile, SEM assessment revealed the morphology of
AgNPs consisting of dispersed clusters of spherical particles with an average size of 32 nm.
Taken together, these results underscore the integrated and advanced properties of Ccl-AgNPs,
highlighting their potential applications in diverse fields, particularly in pharmaceuticals,
environmental remediation, and food safety monitoring. The next chapter will discuss and

evaluate these application areas in more detail.
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II1.1. Introduction

Silver nanoparticles, particularly those synthesized via plant-mediated routes, have
demonstrated tremendous potential applications across diverse scientific and technological
domains. These include energy-related systems such as energy harvesting and storage,
environmental applications including water purification and pollutant sensing, food and
nutrition fields like smart packaging, as well as therapeutic and biomedical applications ranging
from gene and drug delivery to bioimaging, bone cement reinforcement, and tissue
regeneration'™. In this experimental section, the pharmaceutical applications of Ccl-AgNPs
will be explored. Their antioxidant capabilities will be systematically investigated using five
complementary in vitro assays; DPPH, ABTS, reducing power, hydroxyl radical scavenging,
and phenanthroline assays in order to clarify their free radical scavenging mechanisms of action.
The antimicrobial efficacy of Ccl-AgNPs will be further examined through standardized
microdilution tests. Moreover, their functionality as an LSPR-based chemosensor for neomycin
sulfate detection will be investigated, focusing on the detection mechanism, molecular
interactions, sensitivity, selectivity, and practical applicability in real environmental,

biological, and veterinary samples.

II1.2. Materials and Procedures

II1.2. 1.Reactive, Bacteria and medications

All chemicals and reagents employed in this study were of analytical research grade to
ensure accuracy and reliability of the experimental results. Unless otherwise stated, materials
were sourced from Sigma-Aldrich, Fluka Chemie, and Huntsman Corporation. The compounds
used included: o-phenanthroline (>99%), 2,2-diphenyl-1-picrylhydrazyl (DPPH, elemental
analysis, >90%), butylated hydroxytoluene (BHT, FCC & FG, >99%), 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS, >98%, HPLC grade), ascorbic acid (99%), ferric
chloride (puriss. p.a., reag. Ph. Eur., >99%), sodium hydroxide (>97.0%), sodium carbonate
(ACS anhydrous, >99.5%), calcium chloride (anhydrous, >97%), sodium citrate tribasic
dihydrate (>99%, FG), ethylenediaminetetraacetic acid (EDTA, >98.0%), urea (ACS reagent,
99.0-100.5%), trichloroacetic acid (TCA, ACS, >99.5%), a-tocopherol (=96%, HPLC grade),
potassium persulfate (ACS reagent, >99.0%), butylated hydroxyanisole (BHA, >98.5%),

magnesium nitrate hexahydrate (BioXtra, >98%), magnesium sulfate heptahydrate
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(ReagentPlus, >99.0%), sodium chloride (ACS, >99.0%), potassium ferricyanide (99%), citric
acid (99.5%, FCC, FG), salicylic acid (ACS reagent grade, >99.0%), fructose (=99%, HPLC),
maltose monohydrate (>95%), lactose (Ph. Eur.), potassium permanganate (ACS reagent,
>99.0%), and iron(II) sulfate heptahydrate (99%).

Microbial studies were conducted using four standard ATCC bacterial strains were
kindly provided by the Pharmaceutical Microbiology Laboratory, Ege University ;
Staphylococcus aureus (ATCC 29213), Enterococcus faecalis (ATCC 29212), Pseudomonas
aeruginosa (ATCC 27853), and Escherichia coli (ATCC 25922). In addition, a selection of
pharmaceutical compounds were incorporated in the sensor tests, provided by BOC Sciences
and Ilsan Ilag ve Hammaddeleri Sanayi Ticaret A.S. (Turkey). These included atenolol, caffeine,
capecitabine, dextromethorphan hydrobromide, diclofenac sodium, neomycin sulfate, Nipagin
M, paracetamol, propantheline bromide, salbutamol sulfate, sodium valproate, and

theophylline.

I11.2.2. Investigating of the Antioxidant Potential of Ccl-AgNPs

1. DPPH Radical Neutralization Test
The activity of Ccl-extract and Ccl-AgNPs was determined using the (DPPH) radical

scavenging assay, as originally described by Blois®, with slight modifications. In a 96-well
microplate, varying concentrations of redispersed Ccl-AgNPs or Ccl-extract (dissolved in
distilled water) were mixed with the methanolic DPPH (0.1 mM) solution at a fixed volumetric
ratio of 1:4 (sample: DPPH). The reaction mixtures were incubated in the dark at room
temperature for 30 minutes to prevent photodegradation of the radical. Following incubation,
the decrease in absorbance was recorded at 517 nm. Standard antioxidants, including ascorbic
acid, a-tocopherol, BHA, and BHT, were assayed in parallel as positive controls for
comparison. The radical scavenging capacity was calculated as a percentage reduction in
absorbance relative to a DPPH-only control. The results were expressed as the half-maximal
inhibitory concentration (ICso), defined as the concentration of Ccl-AgNPs or Ccl-extract

(ng/mL) required to quench 50% of the DPPH radicals.

2. ABTS Radical Cation Decolorization Assay
The ability of Ccl-AgNPs and Ccl-extract in antiradical and decolorize the radical

cations (ABTS+") was assessed according to the method described by Re et al.®, with minor
modifications. The ABTS<" working solution was generated by mixing 7 mM ABTS in distilled
water with 2.45 mM potassium persulfate, followed by incubation of the mixture in the dark at
room temperature for 16 hours to allow complete radical formation. Prior to use, the resulting

solution was diluted to an absorbance of 0.700 + 0.02 at 734 nm. For the assay, 40 uL of
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different concentrations of CCl nanoparticles or CCl extract were added separately to 160 uL
of the above-prepared cationic solution. The mixtures were incubated in the dark for 10 minutes
at room temperature to minimize light-induced degradation. Subsequently, the decrease in
absorbance was measured at 734 nm. The scavenging activity was expressed as the
concentration required to reduce the ABTS+* absorbance by 50% (ICso). Synthetic antioxidants,
including BHT and BHA, were included as positive controls for comparison of antioxidant
capacity.

3. Reducing power capacity evaluation
The reductive potential of Ccl-extrat and its derivative AgNPs was assessed following

the procedure of Oyaizu’, with slight adjustments. Briefly, 10 pL of Ccl-AgNPs at different
concentrations were combined with 40 pL of phosphate buffer (200 mM, pH 6.6) and 50 pL of
potassium ferricyanide solution (10 g/L). The reaction mixture was incubated at 50 °C for 20
minutes to facilitate the reduction process. After incubation, 50 pL of trichloroacetic acid
solution (10%, w/v) was added to terminate the reaction, followed by the sequential addition of
40 pL of distilled water and 10 uL of ferric chloride solution (1.0 g/L). The resulting mixture
was thoroughly mixed, and absorbance was recorded at 700 nm. The reducing activity was
quantified as the effective concentration corresponding to an absorbance value of 0.50 (Ao.s),
calculated through linear regression analysis of the calibration curve. Standard antioxidants,
including catechin, BHT, ascorbic acid, a-tocopherol, and , were assayed in parallel for

comparative evaluation.

4. Phenanthroline-based reducing capacity assay
The reducing potential of the biogical perapated NMs was further assessed using the

1,10-phenanthroline method as described by Szydtowska-Czerniak et al.® with minor changes.
In this method, 10 pL of the test Ccl-extract or Ccl-NPs at different concentrations was
combined with 50 pL of ferric chloride solution (0.2%, w/v) and 30 pL of 1,10-phenanthroline
solution (0.5%, w/v). The reaction volume was adjusted to 200 pL with methanol. The prepared
mixtures were incubated at 30 °C for 20 minutes in the dark to prevent light-induced
interference, before measuring the absorbance at 510 nm. The reducing capacity of the samples
was quantified as the concentration corresponding to an absorbance of 0.50 (Ao.s, pg/mL). Well-
established antioxidant compounds, namely catechin, BHA, ascorbic acid, and BHT, were

employed as reference standards for comparative analysis.

5. Salicylic acid—based hydroxyl radical scavenging assay
The hydroxyl radical scavenging activity of the extracts and Ccl-AgNPs were

determined using the salicylic acid method originally described by N. Smirnoft and Q.J.
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Cumbes’, with modifications to fit a 96-well microplate format. Briefly, 40 uL of the different
samples dilitions was added to a reaction mixture consisting of 24 pL of FeSOs solution (8
mM), 20 pL of hydrogen peroxide solution (20 mM), and 80 uL of salicylic acid solution (3
mM). The mixtures were incubated at 37 °C for 30 min to allow the Fenton reaction to generate
hydroxyl radicals, followed by measuring the absorbance of the reaction the hydroxyl salicylate
complex products were measured at 510 nm. the finding was expressed as the half-maximal
inhibitory concentration (ICso), defined as the concentration of extract or Ccl-AgNPs (ug/mL)

required to inhibit 50% of hydroxyl radical formation.

I11.2.3. Antibacterial Efficacy of Biosynthesized Ccl-AgNPs

Antimicrobial efficacy of the greener Ccl-AgNPs was assessed through assuming the
minimum inhibition concentration (MIC). This was carried out using the broth microdilution
approach, adapted in part from Clinical and Laboratory Standards Institute (CLSI) protocols'®.
Four well-characterized reference bacterial strains were selected as model organisms: E.
faecalis ATCC 29212, S. aureus ATCC 29213, E. coli ATCC 25922, and P. aeruginosa ATCC
27853. Prior to the assay conducting, bacterial strains were revived and subcultured in Mueller-
Hinton broth (MHB) and incubated at 37 °C for 18 h to obtain cultures in the exponential growth
phase. The resulting suspensions were then standardized to match the turbidity of a 0.5
McFarland standard using sterile physiological saline as the diluent. These suspensions were
subsequently diluted 1:100 in MHB to yield a final inoculum density of ~5 x 10"5 CFU/mL,
suitable for microdilution testing.

MIC assays were carried out in sterile, flat-bottom 96-well microtiter plates preloaded
with 50 uL. of MHB. To initiate the dilution series, 50 pL of the redispersed Ccl-AgNP
suspension was dispensed to the first well of each row. Serial two-fold dilutions were
subsequently performed along the plate, producing in final nanoparticle concentrations ranging
from 15.62 to 1000 pug/ml. Each well then received 50 pl of the prepared bacterial suspension.
The inoculated microplates were incubated at 37 °C for 24 h under static conditions. Following
incubation period, bacterial growth was assessed by visual inspection of turbidity in each well.
The MIC was recorded as the fewest concentration of Ccl-AgNPs that fully inhibited visible
growth of the test organism. To provide a comparative baseline, the antimicrobial activity of

the Ccl-extract alone was also assessed under identical conditions.

I11.2.4. The potential suitability of Ccl-AgNPs as colorimetric drug sensors.
In order to explore the analytical suitability of Ccl-stabilized silver nanoparticles (Ccl-

AgNPs) as nanoscale probes for chemosensing, their interaction with neomycin sulfate (NEO)
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and a panel of clinically relevant pharmaceutical compounds was investigated, encompassing
B-blockers (atenolol), central nervous system stimulants (caffeine), antineoplastic agents
(capecitabine), antitussives (dextromethorphan hydrobromide), nonsteroidal anti-inflammatory
drugs (diclofenac sodium), preservatives (methylparaben, known as Nipagin M), analgesics
(paracetamol), anticholinergics (propantheline bromide), bronchodilators (salbutamol sulfate
and theophylline), and anticonvulsants (sodium valproate). The colloidal suspensions of Ccl-
AgNPs were combined with aqueous solutions (1.0 mM) of each pharmaceutical compound.
Mixing was carried out in clean test tubes at a fixed volumetric ratio of 1:1 (v/v) under ambient
laboratory conditions for several minutes. The preliminary detection of drug-AgNPs
interactions with nanoparticles was assessed; visually through observing immediate
colorimetric alterations in the colloidal suspensions, and spectroscopically by monitoring the

corresponding shifts or intensity variations SPR band of Ccl-AgNPs.

1. Characterization
To further understand and gain deeper insight into the mechanism of NEO detection and

to elucidate the interactions between this antibiotic and Ccl-AgNPs, the NEO-Ccl-AgNPs
complex were isolated and characterized. Specifically, Ccl-AgNPs treated with NEO were
subjected to centrifugation at 2,000 rpm for 5 min. The precipitated agglomerats subsequently
collected and air-dried under ambient conditions without further purification to preserve their
chemical integrity. The dried pellet complexes were analyzed using FTIR (ATR-QATRTM-S
spectrometer , Shimadzu, Japan), ESEM-EDS (Quattro S-ESEM instrument, Thermo Fisher
Scientific), and XRD ( D8 Advance ECO diffractometer, Bruker AXS).

2. Processing of environmental and biological test mediums
The feasibility of the Ccl-AgNP-based colorimetric assay for NEO detection was

assessed across different matrices. Tap water were taken from Ege University (Izmir),
anddirectly employed, without any additional pretreatment, to prepare neomycin sulfate
solutions at concentrations of 10, 30, and 50 uM. Subsequently, these solutions were combined
with Ccl-AgNP suspensions at a 1:1 (v/v) ratio, and the variations in absorption intensity and
surface plasmon resonance band were recorded.

In parallel, rabbit blood samples were collected obtained from healthy animals housed
at the Department of Biopharmaceutics and Pharmacokinetics, Ege University. Plasma was
isolated by blood centrifugation at 4,000 rpm for 20 min at 25 °C. For sensing analysis, the
plasma was diluted 1:100 with distilled water and subsequently fortified with NEO to obtain
final concentrations of 10, 30, and 50 uM. Each spiked plasma sample was then combined with

an equal volume of Ccl-AgNP colloidal, after which the optical responses were recorded by
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UV-vis spectroscopy. The percentage recovery of NEO was determined using the standard
recovery equation.
Recovery = (founded NEO concentration/added NEO concentration) X 100
1)

3. Examination of veterinary medicine preparation
To validate the applicability of the proposed Ccl-AgNP probe in practical settings, its

sensing response was examined using a real veterinary pharmaceutical product. For this
purpose, Neoxyvit-AL, a commercially available powder formulation containing 30 mg/g of
neomycin sulfate, was selected. A series of NEO concentrations were prepared by dissolving
accurately weighed amounts of the drug in distilled water. The solutions were afterwards treated
with colloidal Ccl-AgNP under the same experimental conditions as those used for standard

reference samples. The optical behavior of the mixtures was characterized photospectroscopy.

I11.3. Results

II1.3.1. Antioxidant Capacity and Efficacy of Ccl-AgNPs
The importance of flavonoids and phenolic compounds, as major classes of plant-
derived secondary metabolites, lies in the fact that their concentration and chemical profile
directly govern the reaction pathway and kinetics of silver ion reduction. They also have a
crucial influence on the morphology of the resulting NPs, determining parameters such as
average size, surface charge, and electrostatic stability within the colloidal system!'!.
Experimental quantification revealed that Ccl-AgNPs exhibited high levels of bioactive
compounds, with a total phenolic content (TPC) of 246.15 + 6.73 ug GAE/mg Ccl-AgNPs and
a total flavonoid content (TFC) of 143.61 3.5 ng QE/mg Ccl-AgNPs. This high phytochemical
load strongly supports the formation of smaller and more homogeneous AgNPs, limiting the
overgrowth of particles by stabilizing the emerging Ag nuclei'. Notably, these values were
markedly higher than those measured in the crude Ccl-extract, which contained 181.55 pg
GAE/mg (TPC) and 109.58 pg QE/mg (TFC). This enrichment suggests preferential adsorption
and incorporation of phenolic and flavonoid moieties onto the NPs surface during the synthesis
process. Similar results have been documented in previous reports observing this phenomenon,
which may be attributed to the higher bulk density of the AgNPs compared to the aqueous
extract!?.
To ensure a reliable evaluation of the antioxidant efficacy of Ccl-AgNPs, five

complementary assays were employed, namely DPPH, ABTS, reducing power, phenanthroline,
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and hydroxyl radical scavenging tests. The use of multiple approaches was essential given the
phytochemically complex nature of Ccl-AgNPs, which contain diverse classes of bioactive
compounds acting through different antioxidant pathways. This multi-assay framework
provides a more comprehensive understanding of the antioxidant mechanisms attributed to both
the AgNPs core and its phytochemical shell. The results, expressed as ICso and Ao.s values, are
summarized in Table.IIL.1.

The DPPH radical scavenging experiment clearly revealed that Ccl-AgNPs possessed a
considerable antioxidant effect, recording an ICso value of 20.62 + 0.13 pg/mL. This effect was
notably stronger than that of that of its counterpart Ccl-extract (ICso: 30.99 + 0.16 pg/mL),
suggesting that the incorporation of metallic Ag nuclei enhanced the free radical-quenching
efficiency of the extract. Despite this, the activity was still inferior when compared with
standard antioxidants. Specifically, synthetic stabilizers BHA (ICso: 6.14 + 0.41 pg/mL) and
BHT (ICso: 12.99 £ 0.41 pg/mL), as well as natural antioxidants a-tocopherol (ICso: 13.02 +
5.17 pg/mL) and ascorbic acid (ICso: 14.47 + 0.61 pg/mL), displayed superior efficacy. A
comparable pattern was observed in the ABTS* radical assay: Ccl-AgNPs showed a moderate
blue-green chromophore decolorization capacity with an ICso of 39.25 + 3.51 ug/mL, which
was substantially less effective than the potent activity BHT and BHA.

Hydroxyl radicals ("OH) are recognized as one of the most damaging reactive oxygen
species, represent a major contributor to oxidative stress and can readily induce structural
damage to vital biomolecules, particularly DNA. For this reason, assessing the effectiveness of
antioxidants compounds to neutralize “OH is considered essential. The hydroxyl radical
scavenging assay employing salicylic acid as a probe is commonly employed for this purpose.
In this assay, hydroxyl radicals generated through the Fenton reaction hydroxylate salicylic
acid, yielding dihydroxybenzoic acid (DHA), which can be quantitatively measured!?. In this
system, Ccl-AgNPs exhibited pronounced inhibitory effects on DHA formation, achieving an
ICso value of 135.66+£0.26 pg/mL, significantly outperforming the Ccl-extract (ICso:
306.80+8.40 png/mL). This improvement is likely related to the distinctive photocatalytic
surface activity and electron transfer ability of the AgNPs, which facilitate more efficient
interaction with reactive species'*. Remarkably, scavenging ability of Ccl-AgNPs also exceeded
that of standard reference ascorbic acid and Catechin (ICso: 326.65+3.22 and 376.39+4.40
ng/mkL, respectively).

To further assess the redox potential and electron-donating ability of Ccl-AgNPs, two
complementary tests were employed: the ferric reductive power and the 1,10-phenanthroline

reduction assay. Both methods rely on the transfer of electrons to ferric ions (Fe*"), thereby
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converting them to their reduced ferrous state (Fe*)!>16, In the ferric reducing power test, this
transformation is monitored by a visible color shift, as the characteristic yellow hue of Fe**
diminishes as it is reduced to Fe®*", which produces a distinctive blue-green coloration.
Similarly, in the 1,10-phenanthroline method, the orange-colored tris-complex [Fe(phen)s]**
undergoes reduction to the more thermodynamically stable chelated [Fe(phen)s;]** complex,
characterized by an intense orange-red . The iron(Ill) reduction power of Ccl-AgNPs was
quantified with an Ao.s value of 123.66 + 2.48 pg/mL, which is weaker than that of the leaves
extract itself (Ao.s = 83.48+3.26 pg/mL), suggesting that some of the intrinsic reducing
constituents of Ccl-extract are more potent than the NPs-bound form. However, the capacity of
the positive samples was stronger; a-Tocopherol (34.93+0.38 pg/mL), catechin (28.98+1.17
pg/mL), ascorbic acid (10.41£1.40 pg/mL), and BHA (8.41+£0.67 pg/mL). In the phenanthroline
assay, Ccl-AgNPs displayed significant activity, with an Ao.s concentration of 26.17+3.08
pg/mL, though still weaker than the Ccl-extract (10,28+0,49 pg/mL). By contrast, classical
antioxidant standards ascorbic acid, catechin, butylated, BHT, and BHA demonstrated far
superior Fe** reducing in presence of 1,10-phenanthroline efficiencies (Table. III. 1).
Ccl-AgNPs demonstrated significant antioxidant potential, which can be attributed
primarily to the redox-active phytochemicals, particularly phenolic compounds, that remain
bound to their surface. These biomolecules, known for their ability to donate electrons and
hydrogen atoms, act synergistically with the Ag°-core, which itself function as a catalytic center.
This combined mechanism enables the colloidal Ccl-AgNPs hybrid to effectively neutralize
reactive free radicals and to chelate transition metals, thereby contributing to redox homeostasis

and reducing oxidative stress in biological or chemical systems!”!?

. As emphasized by P.
Dauthal and M. Mukhopadhyay?’ , the superior antioxidant properties of bioginic-NPs are
closely linked to surface phenomena: the extensive NPs interface provides abundant active sites
for the adsorption of natural antioxidant phytoconstituents agents, while the nanoscale
dimensions ensure a high surface-to-volume ratio that maximizes molecular interactions with

free radicals.
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TABLEL.IIL. 1. Antioxidant performance of Ccl-AgNPs, Ccl-extract, and tested reference

standards.
samples DPPH ABTS (OH) Reducing Phenanthroline
assay assay scavenging power assay assay
assay
I1C50 1C50 I1C50 A0.50 A0.50
(ug/mL) (ug/mL) | (ng/mL) (ug/mL) (ug/mL)
Ccl-AgNPS 20,62+0.13 39.254+3.51 | 135.66+0.26 | 123.66+2.48 26,17+6.22
Ccl-extract 30.99+0.16 | NT 306.80£8.40 | 83.48+3.26 10,28+0,49
BHA 6.14+0.41 1.29+0.30 NT 8.41+0.67 0,93+0,07
BHT 12.99+0.41 1.81+£0.10 NT NT 2,24+0,17
a-Tocopherol | 13.02+5,17 NT NT 34.93+2.38 NT
Ascorbic acid | 14.47+0.61 NT 326.65+3.22 | 10.41+£1.40 5,86+0,14
Catechin NT NT 376.39£4.40 | 28.98+1.17 4,84+0,04

All ICso and Ao.so values are reported as mean + SD based on triplicate independent
measurements; NT indicates that the compound was not tested.

I11.3.2. Antibacterial Potential of Ccl-AgNPs and Their Mechanism

Research on the biomedical applications of AgNPs has reinforced the long-established
use of bulk silver in combating bacterial infections and has further highlighted the novel
enhanced potential of its nanoscale in addressing the pressing challenge of multidrug-resistant
(MDR) pathogens?!*2. Green biosynthesis could be a sustainable alternative process that
contributes to reducing the potential toxic and cytotoxicity, bio-existent, ecological persistence
effects of AgNPs. In the present envestigation, the antibacterial efficacy of Ccl-AgNPs and C.
creticum leaves extract was evaluated against four American Type Culture Collection bacterial
strains through the standardized microdilution assay. The results, summarized in Table.III.2,
demonstrated that the Ccl-AgNPs exhibited the strongest inhibitory activity against the Gram-
negative bacterium P. aeruginosa, achieving a MIC of 31.25 pg/ml. For the remaining tested
strains E. faecalis, E. coli, and S. aureus, inhibition was achieved at the lowest concentration
0f62.5 pg/ml, indicating a consistent antibacterial effect, albeit somewhat low.

In contrast, the crude C. creticum leaf extract alone did not display any inhibitory
activity for all four strains at the tested concentrations, suggesting the absence of inherent
antibacterial compounds or cytotoxic agents, and highlighting the non-toxic nature of the plant
extract employed in AgNPs synthesis. These findings collectively underscore the role of green-
synthesized silver nanoparticles as promising antimicrobial agents, with a particular emphasis
on their pronounced activity against Gram-negative pathogens; the Pseudomonas aeruginosa
emerging as the most susceptible organism among the strains tested. These observation aligns

with earlier reports demonstrating that green-synthesized AgNPs, particularly those mediated
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by plant extracts, tend to exhibit superior antibacterial activity against Gram-negative bacteria
compared to Gram-positive counterparts®?*2+ ,

Despite extensive investigations, the precise antibacterial mechanisms of silver
nanoparticles (AgNPs) remain only partially understood?®. Current evidence suggests that
AgNPs exert their effects through multiple, interconnected pathways based on physicochemical
interactions at both the cell surface and within the cell. One of the primary mechanisms involves
the electrostatic interaction between positively charged Ag+ ions released from AgNPs and
negatively charged functional groups such as phosphates and thiols present in bacterial cell

walls and membranes. This interaction disrupts membrane integrity, increases permeability, and

2627 The differing

ultimately leads to structural deformation and eventual rupture
susceptibilities of Gram-positive and Gram-negative bacteria are largely explained by their cell
wall architectures: the thick and multilayered peptidoglycan matrix of Gram-positive bacteria
limits silver ion access, whereas the thinner peptidoglycan layer and lipopolysaccharide-rich
outer membrane envelope of Gram-negative bacteria facilitate greater AgNPs attachment and
penetration?2°,

In addition to surface-level interactions, the nanoscale size and spherical or semi-
spherical morphology of AgNPs provide a high surface area, enhancing their ability to interact
with microbial cells and penetrate the intracellular environment®® . Once internalized, AgNPs
and thier Ag+ ions can catalyze the generation of reactive oxygen species (ROS), including free
radicals, which induce oxidative stress and compromise essential biomolecular functions.
Simultaneously, AgNPs interfere with cellular respiration, promote adenosine triphosphate
(ATP) depletion, and impair key genetic processes by preventing DNA replication and
inhibiting cell division and proliferation3!=34,

TABLE.IIL.2. Results of mcrodilution assays for Ccl-AgNPs and Ccl-NPs against ATCC

bacterial.
Bacterial growth
Simples - - .
concentration E. faecalis ATCC | S. aureus ATCC E. coli ATCC P. aeruginosa
29212 29213 25922 ATCC 27853
(ng/mL)
Ccl- Ccl- Cecl- Cecl- Ccl- Cecl- Ccl- Ccl-
AgNPs | extract | AgNPs | extract | AgNPs | extract | AgNPs | extract
15.625 + + + + + + + +
31.25 + + + + + + - +
62.5 - + - + - + _ T
125 - + - + - + - +
250 - + - + - + - +
500 - + - + - + - T
1000 - + - + - + - +
MIN 62.5 >1000 62.5 >1000 62.5 >1000 31.25 | >1000
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I11.3.3. Application of Ccl-AgNPs as a Colorimetric Sensing Probe

The applicability of Ccl-AgNPs as a potential as a selective plasmonic sensing probe
for pharmaceutical detection examined. For this purpose, the colloidal Ccl-AgNPs suspension
was individually exposed to a constant concentration of different pharmaceutical compounds,
and the corresponding alterations in the UV—visible absorption spectra were recorded before
and after drug addition. As presented in Figure.Ill.1(a), with the sole exception of neomycin
sulfate (NEO), the localized SPR band of Ccl-AgNPs remained essentially unaffected by most
analytes, indicating negligible NPs interaction with tested drugs. In contrast, the exposure to
NEO produced a pronounced decrease in absorbance intensity, accompanied by a distinct red
shift of the maximum absorption wavelength from 424 nm to 451 nm. Such spectral changes
were also visually evident: the characteristic brown color of the Ccl-AgNPs suspension rapidly
darkened within minutes following NEO addition, ultimately leading to the formation of a
brown precipitate, consistent with nanoparticle agglomeration (Figure.IIl.1(b)). Based on these
preliminary observations, the Ccl-AgNPs can be regarded as a promising colorimetric and

plasmonic nanosensor for the detection of neomycin.

INOE-Ccl-AgNPs
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£y
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FIGURE.IIL 1.(a) UV-vis spectra of Ccl-AgNPs after exposure to different
pharmaceutical solutions; (b) visible color change of the colloidal Ccl-AgNPs in the presence
of neomycin sulfate; and (c) appearance of the colloidal solutions upon interaction with the

other tested drugs.

1.Mechanism of NEO detection through Ccl-AgNPs Colorimetric Response
To further clarify the agglomeration behavior of Ccl-AgNPs in the presence of NEO and

to better understand the nature of their interaction, a combination of SEM-EDS, FTIR, and
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XRD analyses was employed. The SEM micrographs of NEO-Ccl-AgNPs (Figure.lIl.2(a, b))
revealed a marked reduction in interparticle spacing, with NPs appearing in clustered and
agglomerated forms rather than as well-dispersed pristine Ccl-AgNPs colloids. Such structural
agglomeration is consistent with the optical response observed in UV—vis spectroscopy, namely,
the reduction in surface SPR intensity and the bathochromic shift of the absorption maximum.
These findings corroborate the principle of plasmonic colorimetric sensing via nanoparticle
agglomeration, whereby analyte-induced destabilization of colloidal systems3>-36.
Furthermore, the EDS spectrum of the NEO—-Ccl-AgNPs complex (Figure.Ill.2(c))
displayed additional nitrogen and sulfur signals that were not detected in the pristine Ccl-
AgNPs profile. The emergence of these elements’ peaks, originating from the neomycin
molecules, provides direct evidence of their attachment onto the nanoparticle surface’’. This
observation strongly suggests the establishment of specific chemical interactions and possible

coordination bonds between the functional groups of neomycin and Ccl-AgNPs.
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FIGURE.IIL 2.(a,b) SEM images of NEO-Ccl-AgNPs complxe; and (¢)
corresponding EDS spectrum.
FT-IR spectra of neomycin sulfate, C. cretum-AgNPs, and their potential conjugate

complex (NEO-Ccl-AgNPs) were obtained and are displayed in Figure.Ill.3. The spectrum of
NEO is marked by a broad, prominent, and diffuse absorption band spanning 3600-2400 cm™,
which is characteristic of overlapping vibrational modes from multiple functional groups.
Specifically, the region between 3600 and 3100 cm™ corresponds to the stretching vibrations
of amino (-NH) and hydroxyl (-OH) groups, reflecting the high density of polar functionalities

of the polyhydroxylated and aminoglycosidic nature of neomycin®®3°, The bands observed
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between 3000 and 2800 cm™ are assigned to aliphatic C—H stretching vibrations, characteristic
of the glycosidic backbone. In the fingerprint region of aminoglycoside antibiotics, the
absorption peaks at 1618 and 1521 cm™ are indicative of N—H bending vibrations associated
with cycloaliphatic amines*’. Moreover, a sharp and strong absorption at 1018 cm™ is ascribed
to carbon-nitrogen (C—N) stretching vibrations, and a band observed at 606 cm™ is linked to
the bending vibrations of the sulfur dioxide (SO:), generated by the counter-ion present in NEO

sulfate*!42,
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FIGURE.IIIL. 3.Comparative FT-IR spectra of neomycin sulfate (NEO), Ccl-AgNPs,
and their complex NEO-Ccl-AgNPs.

The FTIR spectrum of the NEO-Ccl-AgNPs complex revealed overlapping features
from both NEO and Ccl-AgNPs, accompanied by distinct spectral modifications. Noteworthy,
the characteristic aromatic C=C stretching band derived from the Ccl-extract in the Ccl-AgNPs
spectrum was absent in the NEO-Ccl-AgNPs spectrum, indicating possible participation of
aromatic moieties in the conjugation reaction or their masking by new interactions. Meanwhile,
the N—H bending vibrations of neomycin, initially detected at 1618 and 1521 cm™, shifted to
lower wavenumbers (1595 and 1510 cm™). Such downshifts are typically associated with
changes in the electronic environment of amine groups, suggesting the involvement of nitrogen
functionalities and aromatic residues in the binding process*’. The region between 2800 and
3000 cm™ also exhibited noticeable variations relative to the spectrum of Ccl-AgNPs,
consistent with changes in the stretching modes of aliphatic CHs and CH: groups, possibly due

to altered molecular orientations after complexation***, Furthermore, the O—H stretching range
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also became wider after the interaction of Ccl-Ag nanoparticles with NEO, a phenomenon
typically associated with enhanced hydrogen bonding due to strong intermolecular interactions
between the hydroxyl and amine groups of neomycin and the surface phenolic -OH groups of
Ccl-AgNPs*47 These spectral variations strongly support the agglomeration of Ccl-AgNPs
arises from synergistic interactions, including hydrogen bonds, electrostatic attractions, and n—
n stacking potential, which lead to the agglomeration of the hybrid nanostructure through the
crosslinking associations between the polyphenols, proteins Ccl-extract , and NEO functional
groups.

The X-ray diffraction pattern of NEO-Ccl-AgNPs (Figure.lll.4) provided further
evidence for the sensitization mechanism through agglomeration of AgNPs. The diffraction
peaks observed at 20 = 38.18°, 44.35°, 64.23°, 77.49°, and 81.55° correspond to the (111),
(200), (220), (311), and (222) planes of face-centered cubic (fcc) silver (ICSD file No. 98-060-
4629). Importantly, these reflections are identical to those observed in the CCI-AgNPs. The
persistence of these peaks without significant shift after treatment with NEO suggests that its
presence does not disrupt the intrinsic crystal lattice of Ccl-AgNPs, as well as the absence of
strong covalent, ionic, or stoichiometric bonding interactions that could otherwise alter the
crystalline framework**#°, The calculated crystallite size of NEO-Ccl-AgNPs was 24.87 nm,
nearly identical to that of Ccl-AgNPs (24.3 nm), which supports the conclusion that the particles
preserved their crystalline nature and did not undergo fusion, but rather assembled into larger
agglomerated structures. Additionally, a broad hump between 0° and 25° was detected, which
is characteristic of amorphous organic compounds, along with a distinct minor peak at 20.19°
attributed to amorphous neomycin®*>!, The appearance of this signal provides direct evidence

for the successful surface conjugation of NEO onto Ccl-AgNPs.
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FIGURE.IIL. 4. X-ray diffraction pattern of the NEO-Ccl-AgNPs.

The interaction stoichiometry between Ccl-AgNPs and neomycin (NEO) was further
evaluated using the Job plot method of continuous variation®2. In this approach, the absorbance
at 424 nm as a function of the molar fraction of NEO (ImM), while keeping the total molar
concentration of the two components constant. The Job plot curve (Figure.IIL.5) displayed a
distinct maximum value at a molar fraction of 0.5, corresponding to the convergence point,
which represents maximum complex formation. This finding confirms that the most stable

association occurs at an equimolar ratio, indicating a 1:1 binding relationship between Ccl-

AgNPs and NEO.
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FIGURE.IILS.Continuous variation (Job) plot illustrating the stoichiometric
interaction between Ccl-AgNPs and NEO.
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2. Analytical quantification of Neomycin sulfate
The sensitivity of Ccl-AgNPs toward neomycin (NEO) was quantitatively examined by

performing a titration experiment in which different concentrations of NEO (0.01-200 uM)
treated with Ccl-AgNPs solutions and monitoring the corresponding alterations in SPR
absorption band intensity. As illustrated in Figure.lll.6(a,b), the calibration plot of the
absorbance at 424 nm versus NEO concentration exhibited outstanding linearity within the
dynamic range of 0.5-50 uM, with a regression coefficient of R? = 0.998, demonstrating the
high accuracy and reliability of the sensor response. The analytical sensitivity of Ccl-AgNPs
system was further assessed the determination of the limit of detection (LOD), calculated using
the standard formula LOD = 3.3 x (standard deviation of intercept/slope)>*. Based on this
approach, the LOD of for NEO was found to be 1.81 uM, indicating the potential application
of Ccl-AgNP as a highly sensitive nanoplatform for quantitative detection of neomycin at low

micromolar levels.
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FIGUREL.IIL 6. (a) UV—vis spectra illustrating the spectral response of Ccl-AgNPs
upon interaction with different concentrations of NEO; and (b) calibration plot of absorbance
at 424 nm as a function of NEO concentration.

3. Assessment of interference tolerance
The selectivity of a sensing probe is a decisive factor for its practical application, as it

determines the ability to discriminate the target analyte in the presence of coexisting species
and potential interfering agents>*°. To assess this property, an interference study was carried
out to investigate the selectivity of Ccl-AgNPs toward NEO in the presence of common organic
and inorganic constituents typically found in environmental and biological matrices. The tested

interferents included major ions abundant in potable water and blood (Na*, Ca**, K*, NHa",
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Mg?", CI, COs*, and SO+>)%7 as well as representative biomolecules in the blood matrix
(fructose, lactose, maltose), metabolites from plasma (ascorbic acid and urea), and
anticoagulants widely used in clinical samples and animal blood products (trisodium citrate and
ethylenediaminetetraacetic acid-EDTA)®. For the assay, each interferent (1 mM) was
combined with an equimolar concentration of NEO (1 mM) and Ccl-AgNPs in a 1:1:1 volume
ratio. As shown in Figure.IlL.7, the introduction of these coexisting species did not result in
noticeable alteration variation in the absorption intensity of the NEO—Ccl-AgNPs complex.
This outcome clearly demonstrates the excellent selectivity and anti-interference capability of
the colorimetric Ccl-AgNPs sensor, highlighting its potential for reliable detection of neomycin

in complex biological and environmental samples.
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FIGUREL.IIL. 7. Effect of various coexisting organic and inorganic interferents on the
selective response of Ccl-AgNPs toward NEO.

4. Detection of NEO in real matrixes
The practical performance of the Ccl-AgNPs-based colorimetric sensing system for

NEO detection was further evaluated using real sample, namely tap water, rabbit blood plasma,
and commercial veterinary pharmaceutical. In order to minimize matrix effects, plasma samples
were diluted with distilled water prior to analysis, whereas tap water was analyzed directly
without pretreatment®. Each matrix was spiked with defined concentrations of NEO and

subsequently subjected to the established Ccl-AgNPs colorimetric protocol. As illustrated in
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the UV—vis spectra (Figure.IIL.8), exposure of Ccl-AgNPs to spiked plasma and water samples
resulted in a marked decrease in absorption intensity along with a distinct red shift of the SPR

band, consistent with NEO-induced nanoparticle agglomerations.
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FIGURE.IIL 8.NEO recognition in a real medium. (a); Drinking water samples; and
(b) animal blood plasma fractions.
The quantitative of neomycin (NEO) by Ccl-AgNPs-based sensing platform, was further

validated in real matrices, including biological fluids, environmental water samples, and
veterinary pharmaceutical preparations, through recovery experiments (Table.lll.3). The
percentage recoveries obtained ranged from 93.2-104.0% in rabbit plasma samples, 92.62—
97.3% in tap water, and 94.55-105.76% in veterinary drug preparations. These recovery values
fall within the generally accepted limits of analytical precision, underscoring the robustness of
the proposed assay in complex matrices. In the case of plasma, satisfactory recovery rates reflect
the ability of method to withstand the complexity of biological fluids, where proteins, amino
acids, and metabolites typically interfere with analyte detection®!. Similarly, for tap water
samples, this sensor method demonstrated robustness against concurrent ions and inorganic
components, while accurate recovery from veterinary preparations confirms its potential
application in routine pharmaceutical quality control6:63,

TABLE.IIL.3. Quantitative recovery assessment of NEO in real-world matrixes.

Sample Concentration of the Calculated Recovery%
added NEO (uM) Concentration (LM)
10 9.73 97.3
Public water supply 30 27.78 92.62
50 48.17 96.34
10 9.326 93.27
Biological plasma 30 28.20 94.01
50 52.01 104.03
Animal medicinal 10 10.57 105.76
product 30 28.36 94.55
50 50.86 101.73
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I11.4. Conclusion

In summary, C. creticum leaf-extract-mediated silver nanoparticles (Ccl-AgNPs) have
emerged as versatile nanomaterials with significant applications in the pharmaceutical sciences,
specifically in biopharmaceutical and analytical contexts. Their multifunctionality has been
demonstrated through antioxidant tests, where Ccl-AgNPs demonstrating potent free radical
scavenging, transition metal ion reduction, and exceptional efficiency in quenching hydroxyl
radicals and their reactive derivatives. In addition, Ccl-AgNPs exhibited noteworthy
antimicrobial efficacy, particularly against pathogenic Gram-negative bacterial strains,

supporting their relevance as alternative antibacterial agents.

Analytically, the potential of Ccl-AgNPs as a SPR-based colorimetric sensing platform
was explored for the selective detection of neomycin sulfate. The system demonstrated high
sensitivity and selectivity, achieving a LOD of 1.81 uM, while also displaying commendable
stability and resistance to interference from complex biological and environmental matrices.
Finally, the incorporation of Ccl-AgNPs with synergistic phyto-biocompatible and nanometallic
properties is expected to improve the biopharmaceutical functionality of nano-conjugated

polymers such as polyaniline nanotubes.
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General Conclusion

Contemplating and observing nature have always been the primary driving force of
human civilization, intellectual and technological progress from the earliest times to our era and
even into the future. From the philosophical inquiries of antiquity to the empirical rigor of
modern science, nature has been both the subject and the inspiration of human curiosity.
Aristotle’s assertion that “nature does nothing in vain” encapsulates an early recognition of the
inherent order in natural phenomena, while Charles Darwin’s reflection that “there is grandeur
in this view of life, with its several powers, having been originally breathed into a few forms or
into one” epitomizes the evolutionary perspective that unites all living systems through

common origins.

In the contemporary era, this enduring dialogue with the natural world continues to
shape scientific innovation, particularly in fields such as biotechnology, green chemistry, and
nanotechnology. The convergence and integration of the principles, methodologies, and
analytical tools derived from these three modern scientific domains have given rise to a dynamic
and interdisciplinary research area known as green bio-nanotechnology. In this context, the
present thesis is devoted to the development of novel nanomaterials with enhanced
physicochemical and biological properties, targeting applications in biopharmaceutical, and
environmental remediation domains. To achieve this objective, a renewable plant biomass with
unexplored potential for nanotechnology was exploited: Cynoglossum creticum. This species,
recognized as one of the most noxious and toxic weeds, is characterized by its rapid growth,
high adaptability, and ecological distribution across northern Algeria, particularly in roadside

areas and marginal habitats.

In the first two experimental parts of this thesis, aqueous extracts of C. criticum leaves
were employed as a biogenic medium for the synthesis of silver nanoparticles (Ccl-AgNPs),
thereby eliminating the need for toxic chemical reducing agents and aligning with the principles
of green chemistry.  The resultant Ccl-AgNPs were subjected to comprehensive
physicochemical characterization through a suite of spectroscopic, microscopic,
thermogravimetric techniques (UV-vis, FTIR, XRD, SEM, EDS, TGA and DSC).
Furthermore, the biopharmaceutical and analytical potential of Ccl-AgNPs were assessed with
regard to their potential antimicrobial, antioxidant, and biosensing applications. The main

findings and implications are summarized in the following paragraphs.
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General Conclusion

An extraction ratio of 0.1% (w/v) C. creticum leaf powder to solvent ratio at 70°C for
60 min identified as optimal for maximizing the recovery phenolic compound while
maintaining structural stability. These conditions also minimized the co-extraction of
undesirable pyrrolizidine alkaloids (PAs), thereby enhancing extract safety. The one variable at
a time approach aided by UV-vis spectroscopy, determined the optimal experimental parameters
for the synthesis of stable, monodisperse Ccl-AgNPs with a near-uniform size distribution, as
follows: a 1 mM AgNO:s solution reacted with the Ccl-extract at a 5:1 volume ratio (AgNOs:
CCl), at 80 °C for 75 min.

FTIR analysis revealed the active participation of phytochemicals in the synthesis
process through sequential reduction, stabilization, and surface passivation mechanisms. EDS
and TGA data further substantiated their stabilizing role, indicating a solid organic coating
enveloping the Ag® metallic core. XRD patterns highlighted the crystalline structure of the Ccl-
AgNPs, representing the fcc silver structure, with an average crystal size of 24.3 nm. SEM
micrographs depicted predominantly spherical nanoparticles, arranged as dispersed clusters,

with an average particle size of approximately 32 nm.

Furthermore, Ccl-AgNPs exhibited versatile functional properties with significant
potential in pharmaceutical applications. They exhibited pronounced antioxidant activity,
effectively reducing transition metal ions and neutralizing free radicals, particularly hydroxyl
species and their derivatives. Antibacterial evaluations revealed significant inhibitory effect
against all four tested strains, with Pseudomonas aeruginosa being the most susceptibility (MIC
= 31.25 pg/mL). From an analytical standpoint, Ccl-AgNPs served as an efficient SPR-based
colorimetric platform for the selective detection of neomycin sulfate, achieving a detection limit
of 1.81 uM. The probe was further validated for accurate neomycin sulfate quantification in in
environmental samples, biological fluids, and veterinary formulations, yielding recovery rates

between 92.62% and 105.76%.

The lest experimental part of the thesis focused on assessing the capability of the Ccl-
extract to promote the deposition of AgNPs onto polyaniline nanotubes (PANI-NTs). The
nanotubes were synthesized through an environmentally benign soft template-based self-
assembly process. The resulting Ag/PANIx nanocomposites containing different masses of
PANI (50, 100, 150, 200, and 250 mg) were subsequently subjected to comprehensive
physicochemical characterization. Their biological relevance was further explored through the
evaluation of antioxidant and antibacterial activities. The subsequent paragraphs present and

discuss the principal findings.
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XRD patterns confirmed the successful synthesis of a semi-crystalline emeraldine salt
phase of polyaniline nanotubes, while also verifing the successful incorporation and growth of
AgNPs within the PANI framework, exhibiting average crystallite sizes between 18.1 and 23.9
nm. FTIR spectra provided insight into the polymerization process of PANI, revealing para-
conjugation during aniline polymerization leading to a linear polymer backbone. The presence
of hydrogen bonding further supported the self-assembly mechanism responsible for nanotube
formation. SEM analysis elucidated the organized nanostructure of PANI, characterized by
interconnected nanotubes with smooth surfaces. SEM images of Ag/PANIx NCs also
confirmed the successful formation of spherical AgNPs anchored to the PANI surface and

embedded within its internal pores, developing a rougher structure.

BET and BJH analyses confirmed that the incorporation of AgNPs into the PANI matrix
led to a notable enhancement in specific surface area, as the AgNPs effectively altered the
porous architecture and promoted the formation of additional microporous regions along the
PANI-NT. TGA analysis further indicated improved thermal stability of the Ag/PANIx
nanocomposites resulted from strong interfacial interactions between the silver nanoparticles
and the PANI chains. Moreover, the embedding of AgNPs within the PANI nanotubes resulted

in an increased fluorescence quantum yield and intensified photoluminescence.

Additionally, PANI nanofibers demonstrated moderate to satisfactory biological
activity. Antioxidant assays indicated that emeraldine salt form PANI nanotubes operate
through complementary pathways involving proton and electron transfer toward free radicals
and transition metal ions, respectively. The deposition of AgNPs on PANI-NT further enhanced
the antioxidant performance, resulting from synergistic interactions and improved specific
surface area. Broth microdilution analysis revealed that the antibacterial effect of PANI-NT was
microorganism species-dependent, with greater inhibition observed against P. aeruginosa and
E. faecalis. Ag/PANIx NCs preserved the inhibitory behavior of pure PANI yet displayed
improved antibacterial efficacy, likely due to combined mechanisms involving electrostatic

adhesion and the release of Ag* ions and ultrafine AgNPs.

The synthesis potential of Cynoglossum creticum extract, a toxic weed detrimental to
livestock, combined with the pharmaceutical and biosensing functionalities of Ccl-AgNPs ,
along with the established synergistic activity of Ag/PANI nanohybrid, enables the development
of a straightforward and efficient nanotechnological strategy for environmental and health

applications. This synthetic approach is a ripe candidate for evaluation within the framework
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General Conclusion

of the circular bioeconomy, transforming a species that constitutes a neglected biomass into a

valuable nanotechnology resource.
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