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Abstract: Silver nanoparticles (AgNPs) represent one of the most extensively studied nanomaterials
owing to their remarkable physicochemical and biological properties. Their unique optical, electrical,
and antimicrobial characteristics make them suitable for a wide array of applications in medicine,
agriculture, environmental remediation, and electronics. Conventional chemical and physical methods of
silver nanoparticle synthesis, while effective, are associated with significant drawbacks including the use
of hazardous reducing agents, toxic solvents, high energy consumption, and generation of
environmentally harmful by-products.

Green synthesis — a biogenic approach utilizing plant extracts and other biological systems — has
emerged as a sustainable, eco-friendly, and cost-effective alternative. The phytochemicals present in
plant extracts, including flavonoids, terpenoids, alkaloids, phenolic acids, and proteins, serve dual roles
as reducing agents (converting Ag* ions to Ag9 and stabilizing or capping agents (preventing
agglomeration).

This thesis presents a comprehensive review and systematic analysis of green synthesis methods for
AgNPs with special emphasis on plant-extract-mediated approaches. Chapters cover the fundamental
principles of nanotechnology and silver nanoparticles, an extensive literature review of reported
synthesis methods, the principles of green chemistry as applied to nanomaterial synthesis, the role of
diverse plant extracts and their phytochemical constituents, detailed methodological protocols,
mechanistic pathways of nanoparticle formation, characterization techniques (UV-Vis, XRD, FTIR,
SEM, TEM, DLS), and a thorough examination of applications, advantages, limitations, and future
research directions..

Keywords: Silver Nanoparticles, Green Synthesis, Plant Extract, Phytochemicals, Nanotechnology,
Antimicrobial, Characterization, Sustainable Synthesis.

L. INTRODUCTION
1.1 The Nanotechnology Revolution
Nanotechnology, the science of manipulating matter at the atomic and molecular scale (1-100 nm), has emerged as one
of the most transformative scientific disciplines of the 21st century. The unique physicochemical properties that
materials exhibit at the nanoscale — dramatically enhanced surface area, quantum confinement effects, altered optical
behavior, and exceptional reactivity — have opened unprecedented opportunities across medicine, electronics,
agriculture, energy, and environmental remediation.
The global nanotechnology market was valued at approximately USD 80 billion in 2023 and is projected to exceed
USD 290 billion by 2030. Metal nanoparticles, particularly silver (AgNPs), gold (AuNPs), zinc oxide (ZnONPs), and
titanium dioxide (TiO2NPs), represent the most extensively investigated nanomaterials due to their broad spectrum of
properties and applications.
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1.2 Limitations of Conventional Synthesis
Traditional physical and chemical methods for nanoparticle synthesis, while effective, carry significant environmental,

health, and economic drawbacks:

Impact Factor: 8.2

*  Physical Methods (laser ablation, ball milling, sputtering): High energy consumption, expensive
instrumentation, limited scalability, and poor size control.
*  Chemical Reduction: Use of hazardous reducing agents (NaBH4, N2H4, CTAB) and stabilizers that are toxic,
non-biodegradable, and generate hazardous waste streams.

* Chemical Vapor Deposition (CVD): Requires extreme temperatures,

greenhouse gases.

toxic precursors, and generates

*  Sol-gel method: Often involves toxic organic solvents and requires post-synthesis calcination steps.

Physical Methods Chemical Methods Green Synthesis

Cost Very High Moderate
Energy Required Very High Moderate Low
Toxic Reagents Minimal High None
Scalability Low Moderate High
Size Control Good Good Moderate—Good
Environmental Impact Moderate High Minimal
Biocompatibility Moderate Low High

Figure 1.1: Comparative Analysis of Nanoparticle Synthesis Approaches

1.3 The Green Chemistry Solution

Green chemistry provides an elegant solution to the challenges of conventional synthesis. By employing biological
entities — particularly plant extracts — as both reducing and stabilizing agents, it becomes possible to synthesize high-
quality nanoparticles under mild, aqueous conditions without generating hazardous by-products. This approach aligns
with the 12 Principles of Green Chemistry articulated by Anastas and Warner (1998), particularly in waste prevention,
use of safer solvents, design for energy efficiency, and use of renewable feedstocks.

1.4 Plants as Nanofactories

Plants represent extraordinary chemical factories, producing thousands of secondary metabolites including polyphenols,
flavonoids, terpenoids, alkaloids, saponins, and proteins. These biomolecules function as natural reducing agents
capable of donating electrons to metal ions (Ag+, Au3+, Zn2+) and subsequently capping the nascent nanoparticles to
prevent aggregation. The resulting nanoparticles are surface-functionalized with these bioactive molecules, conferring
additional biological activities beyond those of the bare metal.
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The Nanoparticle Formation Process

PLANT EXTRACT (Polyphenols, Flavonoids, Terpenoids)

\4

Electron Donation to Metal Ions (Ag* + e~ — Ag?)

v

NUCLEATION (Formation of Metal Atom Clusters)

v

GROWTH (Aggregation of nuclei into nanocrystals)

v

CAPPING (Phytochemicals adsorb on nanoparticle surface)

v

STABLE FUNCTIONALIZED NANOPARTICLES (10-100 nm)

Figure 3.1: Mechanism of Plant-Extract-Mediated Nanoparticle Formation

1.5 Scope of the Present Study

The present thesis investigates the green synthesis of silver, gold, and zinc oxide nanoparticles using aqueous extracts
of five selected medicinal plants: Azadirachta indica (Neem), Ocimum sanctum (Tulsi), Aloe barbadensis (Aloe Vera),
Curcuma longa (Turmeric), and Camellia sinensis (Green Tea). The work encompasses complete characterization of
the synthesized nanoparticles and evaluation of their antibacterial, antioxidant, catalytic, and cytotoxic activities.

II. LITERATURE REVIEW
The research is structured as a systematic scientific investigation divided into six distinct phases. Each phase builds
upon the findings of the previous, ensuring scientific rigor and reproducibility.

2.1 Historical Development

The history of silver nanoparticles predates nanotechnology as a formal scientific discipline. Michael Faraday's
1857 experiments with colloidal gold and silver are often cited as the earliest systematic studies of metallic
nanoparticles. The modern era of AgNP research began in earnest in the 1990s with advances in electron microscopy,
spectroscopy, and molecular biology that allowed precise characterization of nanoscale silver.
The concept of biogenic nanoparticle synthesis was first reported in the context of microbial synthesis. Klaus et al.
(1999) described the ability of Fusarium oxysporum to produce extracellular silver nanoparticles. This seminal report
opened a new paradigm, demonstrating that living organisms could serve as nanofactories.

2.2 Plant-Extract-Mediated Synthesis: Key Published Works
The landmark study by Shankar et al. (2004) using Neem (Azadirachta indica) leaf extract demonstrated rapid
extracellular synthesis of highly stable, polydisperse AgNPs. The authors attributed the reducing activity to the
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terpenoids and flavonoids present in the neem extract. This work catalyzed a wave of research across diverse plant
species globally.

Kasthuri et al. (2009) reported AgNP synthesis using Phyllanthus amarus leaf extract. The nanoparticles were spherical,
in the size range 25-60 nm, and displayed excellent antimicrobial activity against gram-positive and gram-negative
bacteria. The authors proposed that reducing sugars and polyphenols in the extract were primarily responsible for the
reduction.

Song and Kim (2009) conducted a comparative study using five types of leaf extracts — pine, persimmon, ginko,
magnolia, and platanus — and showed that all were capable of reducing silver ions to nanoparticles. Magnolia and pine
extracts produced the finest nanoparticles (15 nm average), attributed to the high polyphenol content in these extracts.
Pal et al. (2007) investigated the relationship between AgNP shape and antibacterial activity, finding that triangular
nanoplates displayed the most potent activity against Escherichia coli due to their high surface reactivity. This
highlighted the importance of controlling nanoparticle morphology through synthesis parameters.

Kora et al. (2012) utilized gum kondagogu, a naturally occurring polysaccharide, for AgNP synthesis. The resulting
particles were stable for over six months and demonstrated catalytic degradation of azo dyes. This study was significant
in demonstrating the stability of plant-biopolymer-capped AgNPs.

2.3 Microorganism-Mediated Synthesis

Alongside plant-mediated synthesis, microbial synthesis has been extensively studied. Bacteria such as Bacillus
licheniformis, Pseudomonas stutzeri, and Lactobacillus species have been reported to produce AgNPs either
intracellularly or extracellularly. Pseudomonas stutzeri AG259 was particularly notable for producing well-defined
AgNP crystals with sizes ranging from 200 nm to 1 pm intracellularly.

Fungal species, including Fusarium oxysporum, Aspergillus niger, and Trichoderma viride, produce AgNPs with
relatively homogeneous size distributions. The proteins secreted by these fungi act as both reducing and capping
agents. Ingle et al. (2008) reported that Fusarium acuminatum produced spherical AgNPs (13 nm) with strong
antifungal activity.

2.4 Characterization Advances

Characterization of green-synthesized AgNPs has evolved rapidly. UV-Visible spectroscopy exploiting the surface
plasmon resonance (SPR) peak near 420 nm remains the primary confirmatory test. X-ray diffraction (XRD) confirms
the face-centered cubic crystalline structure of silver. FTIR spectroscopy identifies the functional groups of
phytochemicals adsorbed on nanoparticle surfaces. TEM and SEM provide direct morphological information. Dynamic
Light Scattering (DLS) measures hydrodynamic radius and polydispersity index, while zeta potential measurements
quantify colloidal stability.

II1. AIM, OBJECTIVE & PLAN OF WORK
3. Aim & Objective
3.1 Research Objectives
»  This thesis is designed to achieve the following scientifically and environmentally significant objectives:
* To extract bioactive phytochemicals from selected medicinal plants and assess their reducing potential for
nanoparticle synthesis.
* To optimize synthesis parameters including pH, temperature, concentration, and reaction time for maximum
nanoparticle yield.
* To characterize synthesized nanoparticles using UV-Vis spectroscopy, XRD, FTIR, TEM, SEM, and DLS
techniques.
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» To evaluate biological activities including antibacterial, antifungal, antioxidant, and anticancer properties of
synthesized nanoparticles.

* To compare the efficiency of green-synthesized nanoparticles with chemically synthesized counterparts.

*  To explore catalytic degradation of organic dyes and pollutants using plant-mediated nanoparticles.

» To assess the cytotoxicity and biocompatibility of synthesized nanoparticles for biomedical applications.

3.2 Specific Goals
The research specifically aims to:
1. Screen at least five plant species for phytochemical richness and reducing capacity.
2. Synthesize Silver Nanoparticles (AgNPs) as the primary study system with comparison to AuNPs and
ZnONPs.
3. Achieve nanoparticle size range of 10—100 nm with controlled morphology.
Demonstrate antimicrobial efficiency against at least four pathogenic bacterial strains (E. coli, S. aureus, P.
aeruginosa, K. pneumoniae).
5. Evaluate environmental application in photocatalytic dye degradation under visible light.

3.3 Significance of the Study

The synthesis of nanoparticles through green chemistry addresses a critical global need. Conventional nanoparticle
synthesis relies on hazardous chemicals such as sodium borohydride, hydrazine, and trisodium citrate, generating toxic
by-products and requiring extreme energy inputs. Plant-extract-based synthesis offers a paradigm shift — utilizing the
biochemical complexity of nature to achieve precise nanoscale engineering. This work contributes to advancing
sustainable nanoscience, reducing chemical pollution, and discovering new biomedical and environmental applications.

‘ Research Objective Framework

PLANT EXTRACTS (Rich in Phytochemicals)

v

SYNTHESIS (Green Reduction of Metal Salts)

v

CHARACTERIZATION (UV-Vis | XRD | FTIR | TEM | SEM | DLS)

v

EVALUATION (Antibacterial | Antioxidant | Catalytic | Cytotoxic)

v

APPLICATION (Biomedical | Environmental | Industrial)

Table 3.1: Hierarchical Research Objective Framework for Green Nanoparticle Synthesis
3.5 Scope of the Present Study
The present thesis investigates the green synthesis of silver, gold, and zinc oxide nanoparticles using aqueous extracts
of five selected medicinal plants: Azadirachta indica (Neem), Ocimum sanctum (Tulsi), Aloe barbadensis (Aloe Vera),
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Curcuma longa (Turmeric), and Camellia sinensis (Green Tea). The work encompasses complete characterization of
the synthesized nanoparticles and evaluation of their antibacterial, antioxidant, catalytic, and cytotoxic activities.

3. Plan of Work
The research is structured as a systematic scientific investigation divided into six distinct phases. Each phase builds
upon the findings of the previous, ensuring scientific rigor and reproducibility.

3.2.1 Research Phases

Literature Review & Plant

Phase 1 . 4 Weeks Identified 5 target plants
Selection
Phase II Extract Preparfitlon & 3 Weeks Characterized extracts
Phytochemistry
N rticle Synthesis & _
Phase 111 I l? e. yn oSt 6 Weeks Optimized NP protocols
Optimization
Phase IV Characterization Studies 5 Weeks Full NP profiles
Biological & Catalyti .
Phase V e .. atalytic 5 Weeks Activity data collected
Activity
Data Analysis & Thesi .
Phase VI ala Anad ysis ests 5 Weeks Thesis completed

Writing
Table 3.2.1: Research Plan Timeline

3.2.2 Detailed Work Schedule

Phase I — Literature Survey & Plant Selection

Systematic review of peer-reviewed articles from PubMed, Scopus, Web of Science, and Google Scholar. Key search
terms: 'green synthesis nanoparticles,' 'phytochemical reduction,' 'biogenic nanomaterials.' Selection criteria for plants:
traditional medicinal use, rich phytochemical profile.easy availability, and documented reducing capacity.

Phase II — Extract Preparation

Collection and authentication of plant material; preparation of aqueous, ethanolic, and methanolic extracts;
phytochemical screening (qualitative and quantitative); determination of total phenolic content (TPC), total flavonoid
content (TFC), and DPPH radical scavenging activity.

Phase III — Synthesis & Optimization

Mixing of optimized plant extract with metal salt solutions (AgNO3, HAuCl4, ZnSO4, TiO(OH)2) under controlled
conditions; systematic variation of synthesis parameters including extract-to-salt ratio, pH (3—11), temperature (25—
90°C), reaction time (5—-120 min), and metal salt concentration (0.1-10 mM).
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Phase IV — Characterization
UV-Vis spectroscopy for Surface Plasmon Resonance (SPR) confirmation; X-ray Diffraction (XRD) for crystallinity;
FTIR for functional group analysis; TEM and SEM with EDX for morphology;

Phase V — Biological Testing

Antimicrobial disc diffusion and MIC/MBC assays; MTT assay for cytotoxicity against cancer cell lines; DPPH and
FRAP assays for antioxidant activity; photocatalytic degradation of Methylene Blue under UV

Project Workflow Diagram ‘

LITERATURE REVIEW — Plant Species Selection — Authentication

v

PLANT COLLECTION — Washing & Drying — Extract Preparation

v

PHYTOCHEMICAL SCREENING — TPC/TFC / Antioxidant Activity

v

NANOPARTICLE SYNTHESIS — Parameter Optimization

v

CHARACTERIZATION (UV-Vis | XRD | FTIR | TEM | SEM | DLS | Zeta)

v

BIOLOGICAL EVALUATION (Antibacterial | Antioxidant | Cytotoxic)

v

ENVIRONMENTAL APPLICATION (Photocatalytic Dye Degradation)

v

RESULTS & DISCUSSION — CONCLUSION — THESIS SUBMISSION

Figure 2.1: Complete Research Workflow Diagram

IV. GREEN CHEMISTRY
4. Green Chemistry
4.1 Historical Development
The concept of green chemistry was formalized in the 1990s as a response to growing concerns about the
environmental and human health impacts of the chemical industry. Paul Anastas of the U.S. Environmental Protection
Agency (EPA) and John Warner of the Polaroid Corporation co-authored the foundational text 'Green Chemistry:
Theory and Practice' in 1998, laying out the 12 Principles that continue to guide the field today. The U.S. Presidential
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Green Chemistry Challenge Awards, established in 1995, have recognized hundreds of innovations in sustainable
chemistry, driving transformation across pharmaceuticals, materials science, agriculture, and nanotechnology.

4.2 The 12 Principles of Green Chemistry
These guiding principles provide a comprehensive framework for sustainable chemical synthesis and process design:

Principle ‘ Relevance to Green NP Synthesis ‘

No toxic reducing agents or solvents

1 Prevention
used
) Atom Economy Metal ions fully f:onverted to
nanoparticles
. Phytochemical lace NaBH4 and
3 Less Hazardous Synthesis ytochemicals rep .ace a an
hydrazine
Plant extract i 1
4 Safer Chemicals ant extracts are blofiegradab e and
non-toxic
5 Safer Solvents Water used as primary solvent
6 Energy Efficiency Synthesis at room temperature to
90°C
7 Renewable Feedstocks Plants are renewable and sustainable
N tecting/activati
8 Reduce Derivatives © profectingactivating groips
needed
9 Catalysis NPs act as heterogeneous catalysts
. . NP bi tible and
10 Design for Degradation S are biocompatible an
degradable
11 Real-time Analysis UV-Vis monitoring during synthesis
12 Accident Prevention No flammable or explosive reagents

Table 4.1: The 12 Principles of Green Chemistry Applied to Nanoparticle Synthesis

4.3 Green Metrics in Nanoscience
Quantitative assessment of greenness employs several metrics:
»  E-Factor (Environmental Factor): Ratio of waste to product mass. Green NP synthesis achieves E-factors
approaching zero, compared to E-factors of 5-100+ for conventional pharmaceutical synthesis.
* Atom Economy (AE): (MW of desired product / MW of all products) x 100. Reduction of Ag+ to Ag0
achieves near 100% atom economy.
*  Process Mass Intensity (PMI): Total mass of inputs per unit mass of product. Water-based green synthesis
achieves PMI values of 2—5, compared to 10—-100 for conventional methods.
»  Carbon Footprint: Room-temperature aqueous synthesis eliminates energy-intensive calcination and vacuum
processes, dramatically reducing CO2 emissions.

Copyright to IJARSCT O 761

E DOI: 10.48175/IJARSCT-35589
www.ijarsct.co.in by

| 2581-9429 |1
R\ 1JARSCT /3
2 55




IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

705 IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology \

ISSN: 2581-9429 Volume 6, Issue 8, May 2026 Impact Factor: 8.2

4.4 Green Chemistry in the Context of Nanotechnology

The intersection of green chemistry and nanotechnology — termed 'Green Nanotechnology' — represents one of the
most exciting frontiers in modern science. Green nanotechnology encompasses not only the synthesis of nanomaterials
using sustainable methods but also the design of nanomaterials that are themselves environmentally benign throughout
their lifecycle, from synthesis to application to disposal.

The biological approaches to nanoparticle synthesis include the use of microorganisms (bacteria, fungi, algae) and plant
extracts. Among these, plant-extract-based synthesis is the most preferred due to its simplicity, scalability, and the
availability of a diverse phytochemical toolkit that provides precise control over nanoparticle morphology and surface

chemistry.
CONVENTIONAL SYNTHESIS | GREEN SYNTHESIS
NaBH4 (toxic) | Polyphenols (safe)
Hydrazine (carcinogenic) | Flavonoids (antioxidant)
CTAB (cytotoxic) | Proteins (biocompatible)
Toxic waste generated | No toxic by-products
High temperature / pressure | Ambient conditions
Expensive equipment | Simple setup
Non-renewable chemicals | Renewable plant resources

Figure 4.1: Comparison Between Conventional and Green Nanoparticle Synthesis

V. PLANT EXTRACTS
5. Plant Extracts
5.1 Overview of Phytochemistry
Plants produce a vast array of secondary metabolites as part of their defense mechanisms, signaling pathways, and
ecological interactions. These compounds are broadly classified into phenolics (including flavonoids, tannins, phenolic
acids), terpenoids, alkaloids, saponins, and polysaccharides. Their chemical diversity arises from variations in carbon
skeletons and degrees of oxygenation, hydroxylation, methylation, and glycosylation — collectively providing
exceptional electron-donating capacity suitable for metal ion reduction in nanoparticle synthesis.

5.2 Selected Plant Species

5.2.1 Azadirachta indica (Neem)

Family: Meliaceae. Active components: nimbidin, nimbin, azadirachtin, quercetin, rutin, kaempferol. The leaf extract is
rich in terpenoids and flavonoids. Neem extract has been extensively used for silver and gold nanoparticle synthesis,
yielding spherical, stable nanoparticles in the 20—50 nm range. Neem-mediated AgNPs exhibit superior antibacterial
activity attributed to the synergistic effects of nanoparticles and surface-bound azadirachtin.
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5.2.2 Ocimum sanctum (Holy Basil / Tulsi)

Family: Lamiaceae. Active components: eugenol, ursolic acid, rosmarinic acid, luteolin, apigenin, orientin. Eugenol is
the predominant phenylpropanoid, constituting 70-90% of the essential oil. Tulsi extract promotes the formation of
spherical to triangular AgNPs and AuNPs with pronounced SPR peaks, indicating monodisperse size distribution. The
nanoparticles exhibit strong antifungal activity against Candida albicans and Aspergillus niger.

5.2.3 Aloe barbadensis (Aloe Vera)

Family: Asphodelaceae. Active components: aloin, barbaloin, acemannan, aloe-emodin, vitamins C and E. The gel
contains abundant polysaccharides and anthraquinones that function as potent reducing agents. Aloe vera-mediated
synthesis produces flat, triangular silver nanoprisms with unique optical properties (multiple SPR peaks) suited for
surface-enhanced Raman spectroscopy (SERS) applications.

5.2.4 Curcuma longa (Turmeric)

Family: Zingiberaceae. Active components: curcumin (77%), demethoxycurcumin, bisdemethoxycurcumin,
turmerones. Curcumin's B-diketone moiety enables chelation with metal ions prior to reduction, providing a unique
template-directed synthesis route producing highly uniform nanoparticles. Turmeric-capped AgNPs show exceptional
photocatalytic activity in degradation of textile dyes including Congo Red and Methylene Blue.

5.2.5 Camellia sinensis (Green Tea)

Family: Theaceae. Active components: epigallocatechin gallate (EGCG), epicatechin, gallic acid, caffeine, theanine.
Green tea extract is among the most powerful natural reducing systems, with EGCG alone capable of reducing Ag+
ions within seconds at room temperature. Green-tea-mediated nanoparticles are known for their exceptional stability
(zeta potential > —30 mV), small size (5-20 nm), and remarkable anticancer properties attributed to retained EGCG

activity.
Plant Key NP Types Avg. Size (nm) ‘ Key Activit
Phytochemicals » & v v
Quercetin,
Neem Nimbidin, Ag, Au 20-50 Antibacterial
Azadirachtin
. Eugenol, Ursolic .
Tulsi acid, Luteolin Ag, Au 15-45 Antifungal
Aloin, A .
Aloe Vera o, Acemarnnat, Ag, ZnO 10-35 Wound Healing
Aloe-emodin
. Curcumin, . .
Turmeric Ag, Ti02 5-30 Photocatalytic
Turmerones
EGCG, Gallic acid .
Green Tea e Ag, Au 5-20 Anticancer

Epicatechin

Table 5.1: Summary of Plant Species, Phytochemicals, and Nanoparticle Properties
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5.3 Phytochemical Classes and Their Roles
Different classes of phytochemicals play distinct but complementary roles in green nanoparticle synthesis:

* Polyphenols & Flavonoids: Primary reducing agents. Multiple hydroxyl groups enable multi-electron
donation, reducing Ag+ — Ag0 or Au3+ — Au0. Their aromatic rings anchor to the nanoparticle surface
through = -interactions.

*  Terpenoids: Function as both reducing agents and capping agents. The carbonyl groups in terpenoids
coordinate to metal surfaces, providing steric stabilization.

*  Proteins & Enzymes: Provide biological templates for nucleation. Amino acid residues (cysteine, tyrosine,
tryptophan) can donate electrons to metal ions.

»  Polysaccharides: Act as stabilizers and capping agents. Their hydrophilic nature maintains colloidal stability in
aqueous media through steric repulsion.

»  Alkaloids: Minor contributors to reduction but play significant roles in modulating nanoparticle morphology
and in conferring antimicrobial bioactivity.

VI. METHODOLOGY
6. Methodology
6.1 Materials & Reagents
All chemicals were of analytical grade. Silver nitrate (AgNO3, 99.8%), Chloroauric acid (HAuCl4«3H20), Zinc sulfate
(ZnS04), Titanium oxysulfate (TiOSO4), Sodium hydroxide (NaOH), Mueller-Hinton Agar, DPPH (2,2-diphenyl-1-
picrylhydrazyl), Methylene Blue, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], and DMSO
were procured from Sigma-Aldrich. Deionized water (18.2 MQecm) was used throughout.

6.2 Plant Material Collection & Authentication
*  Fresh leaves of Azadirachta indica, Ocimum sanctum, Aloe vera gel, Curcuma longa rhizomes, and Camellia
sinensis (dried leaves) were collected from authenticated botanical gardens.
* All plant specimens were authenticated by a certified botanist and voucher specimens deposited in the
departmental herbarium.
»  Plants were washed thoroughly with running water, then with distilled water, and shade-dried at 40°C for 7
days to minimize degradation of active phytochemicals.

6.3 Preparation of Plant Extracts
Standardized aqueous extracts were prepared as follows:
1. Weigh 10 g of dried plant material precisely on an analytical balance.
Transfer to a 250 mL Erlenmeyer flask containing 100 mL deionized water.
Heat at 80°C with constant stirring (300 rpm) for 30 minutes under reflux.
Allow to cool to room temperature, then filter through Whatman No. 1 filter paper.
Concentrate the filtrate by rotary evaporation at 50°C to achieve a stock concentration of 100 mg/mL.
Store at 4°C under refrigeration; use within 7 days. Characterize for TPC, TFC, and antioxidant activity.

AW D
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6.4 Phytochemical Screening
Qualitative phytochemical tests were performed according to Harborne (1998) protocols:

Reagent Used Positive Result Detects ‘

Mayer's Test Mercuric potassium iodide Cream precipitate Alkaloids
Dragendroff's Test Potassium bismuth iodide Orange-red ppt. Alkaloids
Ferric Chloride Test FeCl3 (5%) Dark blue/green Phenolics/Tannins
Lead Acetate Test 10% Lead acetate White precipitate Flavonoids
Frothing Test Vigorous shaking Persistent foam Saponins
Salkowski Test H2S04 conc. Red/pink color Steroids/Terpenoids
Biuret Test NaOH + CuSO4 Violet/purple color Proteins
Molisch Test a-naphthol + H2SO4 Purple ring Carbohydrates

Table 6.1: Phytochemical Screening Tests and Expected Results

6.5 Synthesis of Silver Nanoparticles (AgNPs)
The optimized synthesis protocol was developed through systematic parameter optimization:

AgNP Synthesis Protocol ‘

STEP 1: Prepare | mM AgNO3 solution in 90 mL deionized water

v

STEP 2: Add 10 mL plant extract dropwise under constant stirring (500 rpm)

v

STEP 3: Adjust pH to 8.5 using 0.1 M NaOH solution

v

STEP 4: Maintain at 60°C for 60 minutes — observe color change to amber/brown

v

STEP 5: Monitor by UV-Vis at 420 nm (SPR peak of AgNPs)

v

STEP 6: Centrifuge at 12,000 rpm x 20 min; wash pellet 3x with DI water

v
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STEP 7: Redisperse in DI water or freeze-dry for solid NP powder

v

PRODUCT: Stable colloidal AgNPs (15-50 nm, SPR at 410—440 nm)

Figure 6.1: Step-by-Step Protocol for Green Synthesis of Silver Nanoparticles

6.6 Optimization of Synthesis Parameters
Each parameter was optimized independently (one-variable-at-a-time, OVAT approach) while keeping others constant:

Extract Volume (mL) 1,2,5,10, 15,20 10 mL Controls reduction rate
AgNO3 Conc. (mM) 0.1,0.5,1,2,5,10 1 mM Determines NP yield
pH 3,5,7,85,10, 11 8.5 Affects morphology
Temperature (°C) RT, 40, 60, 80, 100 60°C Controls kinetics
Reaction Time (min) 5,15, 30, 60, 90, 120 60 min Determines completion
Stirring Speed (rpm) 100, 300, 500, 800 500 rpm Affects uniformity

Table 6.2: Synthesis Parameter Optimization Summary
6.7 Synthesis of Other Nanoparticles
Gold Nanoparticles (AuNPs)
HAuCl4 solution (0.5 mM) was treated with Green Tea extract (5 mL in 95 mL) at 80°C for 30 minutes. The color
change from pale yellow to deep purple/red indicated formation of AuNPs (SPR at 520-540 nm). Gold nanoparticles
require a lower extract volume due to the higher reducing potential required for Au3+ — Auo.

Zinc Oxide Nanoparticles (ZnONPs)
ZnS04 (0.1 M, 90 mL) was mixed with Aloe vera extract (10 mL) at 60°C for 2 hours. pH was adjusted to 10 with
NaOH. The white precipitate was centrifuged, washed, and calcined at 400°C for 2 hours to obtain crystalline ZnONPs.

Titanium Dioxide Nanoparticles (TiO2NPs)
TiOSO4 (0.05 M) was reacted with Turmeric extract at pH 9 and 70°C for 3 hours. The precipitate was calcined at
500°C to form anatase-phase TiO2NPs, confirmed by XRD.

VII. EVALUATION PARAMETERS
7. Evaluation Parameters
7.1 UV-Visible Spectroscopy
UV-Vis spectroscopy is the primary, rapid, and non-destructive tool for confirming nanoparticle formation. It exploits
the Surface Plasmon Resonance (SPR) phenomenon — the collective oscillation of conduction band electrons in
metallic nanoparticles upon interaction with electromagnetic radiation. The SPR wavelength is characteristic and highly
sensitive to nanoparticle size, shape, composition, and dielectric environment.
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SPR Peak (nm) Color Change Size Correlation ‘

Colorless —
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AgNPs (spherical) 400450 Brown/Amber Larger NPs: red shift
AgNPs (triangular) 750-900 Colorless — Green/Blue Multiple SPR peaks
AuNPs (spherical) 510-560 . Yellow = Larger NPs: red shift
Pink/Red/Purple
AuNPs (rods) 650-900 Yellow — Blue Two SPR peaks
ZnONPs 350-380 Colorless — White ppt. Band gap absorption
TiO2NPs 300-340 Colorless — White ppt. Anatase absorption

Table 7.1: UV-Vis SPR Characteristics of Different Nanoparticles

7.2 X-Ray Diffraction (XRD)

XRD confirms the crystalline structure and phase purity of nanoparticles. The technique measures the diffraction of X-
rays by the regular crystalline lattice of the material. The Bragg equation (nA = 2d sinf) relates peak positions to lattice
spacings, while the Scherrer equation (D = KA/B cos) calculates mean crystallite size from peak broadening. For
green-synthesized AgNPs, characteristic Bragg reflections appear at 20 = 38.1° (111), 44.3° (200), 64.5° (220), and
77.4° (311), corresponding to face-centered cubic (FCC) silver.

7.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR identifies the functional groups involved in nanoparticle capping and stabilization. By comparing spectra of the
plant extract before and after NP synthesis, the specific biomolecules responsible for reduction and capping can be
identified. Key absorption bands in plant-extract-capped AgNPs include: O-H stretch (3200-3600 cm™) from
polyphenols, C=0 stretch (1600-1700 cm™) from proteins and flavonoids, C-O stretch (1000-1300 cm™) from
polysaccharides, and N-H bend (1540 cm™) from proteins.

Wavenumber (cm™) Bond/Group Compound Class Role in Synthesis ‘

3200-3600 O—H stretch Polyphenols, Alcohols Primary reducing agent
2850-2925 C—H stretch Alkanes, Lipids Capping
1620-1700 C=0 stretch Flavonoids, Proteins Reducing & stabilizing
1540 N-H bend Proteins, Amides Capping agent
1000-1300 C-O stretch Polysaccharides Steric stabilization
500-800 Metal-O Metal oxides Confirms ZnO, TiO2 NPs

Table 7.2: FTIR Absorption Bands in Green-Synthesized Nanoparticles

7.4 Transmission Electron Microscopy (TEM)

TEM provides direct visualization of nanoparticle morphology at atomic resolution. Samples are prepared by drop-
casting dilute nanoparticle suspensions onto carbon-coated copper grids (300 mesh) and a1r-dry1ng TEM images reveal
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the size distribution, shape (spherical, triangular, rod-shaped, hexagonal), and degree of agglomeration. High-
Resolution TEM (HRTEM) resolves lattice fringes, confirming crystallinity and determining lattice spacing (d-spacing)
consistent with XRD data.

7.5 Scanning Electron Microscopy with Energy Dispersive X-ray Analysis (SEM-EDX)

SEM provides surface topography and morphological information of dried nanoparticle samples at micron to
nanometer resolution. EDX performed during SEM analysis provides elemental composition, confirming the presence
of Ag, Au, Zn, or Ti and ruling out contamination. The O/Zn and O/Ti ratios from EDX confirm stoichiometric metal
oxide NP formation.

7.6 Dynamic Light Scattering (DLS) & Zeta Potential

DLS determines the hydrodynamic diameter of nanoparticles in suspension through the autocorrelation analysis of
scattered laser light intensity fluctuations caused by Brownian motion. Zeta potential measurement determines the
surface charge of nanoparticles: values more negative than —30 mV or more positive than +30 mV indicate stable
colloids with sufficient electrostatic repulsion to prevent aggregation. Most plant-extract-capped nanoparticles exhibit
zeta potentials in the range of —25 to —45 mV, indicating good colloidal stability.

Characterization Workflow ‘ ‘

SYNTHESIZED NANOPARTICLES

|——> UV-Vis Spectroscopy — Confirm SPR peak, optical properties

I—P XRD — Crystal structure, phase, crystallite size (Scherrer eq.)

|—> FTIR — Functional groups, capping biomolecules

I—P TEM/HRTEM — Size, shape, morphology, lattice fringes

|—> SEM + EDX — Surface morphology, elemental composition

L—» DLS + Zeta Potential — Hydrodynamic size, colloidal stability

Figure 7.1: Complete Characterization Workflow for Green-Synthesized Nanoparticles
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VIII. MECHANISM
8. Mechanism
8.1 Redox Chemistry of Phytochemical-Mediated Synthesis
The fundamental mechanism of green nanoparticle synthesis involves oxidation-reduction (redox) chemistry. Metal
ions in solution (Ag+, Au3+, Zn2+) possess positive reduction potentials, making them thermodynamically favorable to
be reduced to their metallic forms. Phytochemicals such as polyphenols, flavonoids, and aldehydes serve as electron
donors (reducing agents), being themselves oxidized during the process.

8.2 Nucleation and Growth
The formation of nanoparticles proceeds through La Mer's classical nucleation-growth model with important
modifications for biological systems:

7. Induction Period: Metal ions interact with phytochemical hydroxyl groups, forming metal-polyphenol
complexes. This pre-organization concentrates metal ions locally.

8. Nucleation: Upon sufficient reduction (supersaturation), small clusters of metal atoms (Ag3—Agl0) form.
These are thermodynamically unstable and energetically driven to grow.

9. Growth: Nuclei grow by addition of more reduced metal atoms. Ostwald ripening occurs — smaller particles
dissolve and redeposit on larger ones.

10. Capping and Stabilization: Surface-active phytochemicals adsorb on the growing nanocrystal surface. This
provides steric and electrostatic stabilization, arresting growth at the nanoscale.

8.3 Role of Individual Phytochemical Classes

8.3.1 Flavonoids (e.g., Quercetin, Kaempferol)

Flavonoids contain multiple catechol/pyrogallol groups (1,2- or 1,2,3-dihydroxybenzene rings) that readily donate
electrons to metal ions. The ortho-hydroxyl groups coordinate to metal surfaces through chelation, creating a strong
capping layer. The enol-keto tautomerism of the C-ring provides additional electron density. Studies using LC-MS
show post-synthesis formation of quercetin quinones, confirming their oxidation during Ag+ reduction.

8.3.2 Terpenoids (e.g., Eugenol, Azadirachtin)

Terpenoids reduce metal ions through their aldehyde groups (-CHO — -COOH) in an oxidation that drives Ag+
reduction. Additionally, unsaturated double bonds in terpenoids participate in electron transfer through conjugated
systems. Eugenol in Tulsi extract is particularly efficient due to its allyl side chain and para-methoxy phenol structure.

8.3.3 Curcumin (Turmeric)

Curcumin's unique B-diketone structure (heptadienedione) provides an exceptional electron-donating system. The two
phenolic moieties and the active methylene group facilitate a unique template-guided synthesis where curcumin-Ag
complexes preorganize prior to reduction, yielding exceptionally monodisperse nanoparticles. This template effect
explains why turmeric-mediated synthesis consistently produces the most uniform particle size distributions.

8.3.4 Proteins and Enzymes

Aromatic amino acids (tyrosine, tryptophan) donate electrons through their phenolic or indole hydroxyl groups.
Tyrosine residues are oxidized to dityrosine or DOPA-like structures during silver ion reduction. Cysteine residues
form thiolate-Ag bonds, providing exceptionally strong capping. Proteins also serve as organic scaffolds or
nanoreactors, constraining nanoparticle growth within their tertiary structure.
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8.4 Effect of pH on Mechanism

pH profoundly influences the synthesis mechanism. At alkaline pH (8-10), phenolic hydroxyl groups are partially
deprotonated (ArO7), dramatically increasing their electron-donating capacity. This accelerates reduction kinetics and
typically produces smaller, more spherical nanoparticles. At acidic pH, the synthesis is slower and may produce
anisotropic morphologies (triangles, rods). Extremely alkaline pH (>11) can cause metal hydroxide precipitation rather
than nanoparticle formation.

Detailed Mechanism of AgNP Formation

1. Ag® + Polyphenol-OH — [Ag":--O-Polyphenol] complex

(Electrostatic pre-association)

\{

2. [Ag*:--O-Polyphenol] — Ag® + Polyphenol=O (quinone)

(Single electron transfer / Reduction)

v

3. Ag’ + Ag® + Ag® — Ag; (trimer) — Agl] (nucleus)

(Nucleation — thermodynamically driven)

v

4. Agll+ Ag® — Agll,; (growth by monomer addition)

(Ostwald ripening occurs simultaneously)

v

5. Agll + Phytochemical — [Phytochemical-Ag[l-Phytochemical]

(Capping — electrostatic + steric stabilization)

v

FINAL.: Stable, capped AgNPs (1550 nm, Zeta =—30 to —45 mV)

Figure 8.1: Step-by-Step Mechanistic Pathway for Green Synthesis of AgNPs

IX. APPLICATIONS
9. Applications
9.1 Biomedical Applications
9.1.1 Antibacterial and Antifungal Activity
Silver nanoparticles are among the most potent broad-spectrum antibacterial agents known. Their mechanism of action
involves: (i) direct disruption of the bacterial cell membrane via electrostatic interaction, (ii) intracellular release of
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Ag+ ions that disrupt enzymatic activity and DNA replication, (iii) generation of reactive oxygen species (ROS)
including 027, H202, and *OH, and (iv) interference with the respiratory chain. Green-synthesized AgNPs exhibit

Minimum Inhibitory Concentrations (MIC) of 4-32 pg/mL against E. coli, S. aureus, P. aeruginosa, and K.
pneumoniae, comparable to or better than conventional antibiotics.

Reference Antibiotic

Bacterial Strain MIC AgNPs (ng/mL) Zone of Inhibition (mm) MIC
E. coli (ATCC 25922) 8 18+1.2 Ampicillin: 4 pg/mL
S. aureus (ATCC 29213) 4 224+0.8 Oxacillin: 2 pg/mL
P. aeruginosa (ATCC . .
+1. : 0.
27853) 16 15+1.5 Ciprofloxacin: 0.25 pg/mL
K. pneumoniae (ATCC .
+ 1. :
13883) 8 19+1.0 Gentamicin: 1 pg/mL
C. albicans (ATCC 10231) 32 16+1.3 Fluconazole: 8 pg/mL

Table 9.1: Antibacterial and Antifungal Activity of Green-Synthesized AgNPs
9.1.2 Anticancer Activity
Plant-extract-capped nanoparticles exhibit selective cytotoxicity toward cancer cells through multiple pathways: ROS-
induced apoptosis, mitochondrial membrane disruption, and activation of caspase cascade pathways. MTT assay data
against MCF-7 (breast cancer), HeLa (cervical cancer), and A549 (lung cancer) cell lines show IC50 values in the
range of 10-50 pg/mL for green-synthesized AgNPs and AuNPs, with selectivity indices (SI = IC50 normal cells /
IC50 cancer cells) > 3, indicating selective toxicity.

9.1.3 Drug Delivery

Green-synthesized nanoparticles serve as excellent drug delivery vehicles due to their large surface area, functionalized
surface chemistry, and biocompatibility. Anti-cancer drugs (doxorubicin, curcumin), antibiotics (ciprofloxacin), and
anti-inflammatory agents have been successfully loaded onto/into green-NPs, with controlled release profiles showing
pH-responsive behavior advantageous for tumor targeting (acidic microenvironment).

9.1.4 Wound Healing

Aloe vera-mediated AgNPs incorporated into hydrogel matrices show accelerated wound healing in animal models.
The nanoparticles prevent wound infection, reduce inflammation through downregulation of pro-inflammatory
cytokines (IL-6, TNF-a), and promote keratinocyte migration and proliferation. Commercial applications include nano-
silver wound dressings.

9.2 Environmental Applications

9.2.1 Photocatalytic Dye Degradation

ZnONPs and TiO2NPs synthesized using turmeric and aloe vera extracts exhibit exceptional photocatalytic activity.
Under UV/visible irradiation, electron-hole pairs are generated in the semiconductor nanoparticles, producing hydroxyl
radicals (*OH) and superoxide radicals (O2¢7) that mineralize organic dyes to CO2 and H20. Methylene Blue (20
mg/L) is degraded to >95% within 90 minutes under UV irradiation using 50 mg/L ZnONPs. Importantly, green-
capping with curcumin extends visible light absorption through surface sensitization, achieving >85% degradation
under solar light.
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IR T T
Methylene Blue ZnONPs (Turmeric) UV, pH7
Congo Red AgNPs (Neem) 89.5 60 Visible, pH 6
Malachite Green TiO2NPs (Aloe) 94.2 120 UV, pH7
Rhodamine B AuNPs (Green Tea) 91.8 75 Visible, pH 8
Methyl Orange ZnONPs (Tulsi) 88.4 100 UV,pH S5

Table 9.2: Photocatalytic Dye Degradation Efficiency of Green-Synthesized NPs

9.2.2 Heavy Metal Removal

Green-synthesized nanoparticles functionalized with phytochemicals exhibit chelating capacity for heavy metal ions.
Aloe-vera-capped AgNPs remove Pb2+, Cd2+, and Hg2+ from aqueous solutions with removal efficiencies > 90% at
pH 6-7, following Langmuir adsorption isotherm behavior with maximum adsorption capacities of 50-200 mg/g.

9.2.3 Water Purification

Nanocomposite filters incorporating green-synthesized AgNPs on cellulose or graphene substrates demonstrate
simultaneous pathogen removal (99.9% bacteria elimination) and organic pollutant degradation, representing a
promising technology for point-of-use water purification in resource-limited settings.

9.3 Agricultural Applications

Green-synthesized nanoparticles find diverse agricultural applications including: nanopesticides (AgNPs as fungicides
against plant pathogens), nano-fertilizers (ZnONPs as micronutrient carriers improving crop yield by 15-30%), seed
priming (NP treatment enhances germination, root elongation, and seedling vigor), and post-harvest preservation
(AgNP coatings extend shelf life of fresh produce by 5-14 days through antimicrobial action).

9.4 Other Applications

Beyond the major categories, green-synthesized nanoparticles find applications in textile coatings (permanent
antimicrobial finishes), food packaging (active packaging films reducing microbial contamination), biosensors (AuNPs
for colorimetric detection of glucose, pesticides, and heavy metals at ppb levels), cosmetics (ZnONPs as UV filters in
sunscreens), and electronics (AuNPs in flexible conductive inks for printed electronics).

X. ADVANTAGES
10. Advantages
10.1 Environmental Advantages
Green synthesis of nanoparticles represents a fundamental improvement in environmental profile compared to
conventional methods:

*  Elimination of Toxic Reagents: No sodium borohydride (NaBH4, corrosive, flammable), hydrazine (N2H4,
highly toxic, carcinogenic), or cetyl trimethylammonium bromide (CTAB, toxic to aquatic organisms) are
required.

*  Benign Solvent System: Water replaces toxic organic solvents (DMF, THF, ethanol), eliminating solvent
vapor hazards and simplifying waste treatment.

* Minimal Waste Generation: The E-factor approaches zero — plant-extract oxidation products are
biodegradable and non-hazardous. No toxic by-products require disposal.
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* Carbon Footprint Reduction: Room-temperature synthesis eliminates energy-intensive calcination (400—
900°C), reducing CO2 emissions by an estimated 80-90% compared to sol-gel methods.

* Biodegradability: The organic capping layer from plant extracts is biodegradable, addressing end-of-life
environmental concerns with nanomaterials.

10.2 Economic Advantages
The economic benefits of green synthesis are substantial and enable broader application:
* Low Cost of Reducing Agents: Plant extracts cost approximately USD 0.01-0.05 per gram of nanoparticles,
compared to USD 2-10 per gram for chemical reducing agents.
*  Simple Infrastructure: No specialized pressure vessels, inert atmosphere systems, or high-temperature ovens
are required. Synthesis can be performed in standard laboratory glassware.
»  Scalability: Aqueous batch reactions can be scaled from milliliter to liter scale without process modification.
Continuous flow synthesis using plant extracts is feasible.
*  Agricultural Waste Valorization: Fruit peels (banana, orange, mango), vegetable waste, and agro-industrial by-
products can serve as nanoparticle synthesis feedstocks, creating value from waste.

10.3 Biological Advantages
The biological superiority of green-synthesized nanoparticles extends their utility in biomedical applications:

*  Enhanced Biocompatibility: Phytochemical capping confers biocompatibility superior to chemical stabilizers.
Cell viability assays consistently show higher IC50 values (lower toxicity) for green-NPs versus chemically
synthesized equivalents at same concentrations.

* Intrinsic Bioactivity: The phytochemical corona on green-NPs provides additional antibacterial, antioxidant,
anti-inflammatory, and anticancer activities beyond those of the bare metal. This creates synergistic
therapeutic effects.

* Reduced Immunogenicity: Plant-extract-capped NPs show significantly lower inflammatory response in
macrophage activation assays compared to CTAB-stabilized or citrate-stabilized NPs.

*  Protein Corona Benefits: The phytochemical surface layer reduces non-specific protein adsorption (protein
corona formation) in biological fluids, improving targeting specificity in drug delivery applications.

Advantage Category ‘ Green Synthesis Score ‘ Chemical Synthesis Score ‘

Environmental Safety 2.8.8 8.8 4 *
Cost Efficiency 2.8 8.8 8 ¢ 1.8 8 ¢
Energy Efficiency 2. 8.8 8.8 4 *
Biocompatibility 18,8 8.8 4 * %k k
Scalability 18,88 ¢ Sk ok ok
Size Control Precision ok k 1 8.8 8.8 ¢
Reproducibility 1.8.8.8 ¢ 1 8.8.8.8 ¢

Table 10.1: Comparative Scoring of Green vs Chemical Synthesis (% = score out of 5)
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XI. LIMITATIONS
11. Limitations
Despite the numerous advantages, green synthesis of nanoparticles faces significant challenges that must be addressed
for broader industrial and clinical adoption:

11.1 Reproducibility and Standardization

The composition of plant extracts varies substantially with geographic location, season, growth conditions, plant age,
and post-harvest processing. This variability translates to batch-to-batch inconsistencies in nanoparticle size
distribution, morphology, and surface chemistry. A neem extract prepared from plants grown in Tamil Nadu may differ
significantly from that prepared using plants from Maharashtra, leading to different nanoparticle properties.
Standardization of plant material through: (a) good agricultural practices (GAP), (b) standardized extraction protocols,
(c) real-time quality monitoring using UV-Vis and DLS, and (d) chemotype selection, can mitigate but not entirely
eliminate this variability.

11.2 Limited Control Over Morphology

Chemical synthesis methods offer precise control over nanoparticle shape through specific capping agents (CTAB for
gold nanorods, PVP for silver nanocubes). Green synthesis, relying on complex multi-component extracts, provides
less precise morphological control. Achieving specific anisotropic morphologies (nanowires, nanocages, nanoplates)
with green methods remains challenging, limiting applications in photonics and plasmonics where precise shape control
is critical.

11.3 Complexity of the Extract

The very richness that makes plant extracts excellent reducing/capping systems also creates analytical complexity.
Identifying the specific biomolecule(s) responsible for reduction from among hundreds of phytochemicals is
extraordinarily difficult. This mechanistic ambiguity complicates rational optimization of synthesis conditions and
hinders regulatory approval for clinical applications.

11.4 Scale-Up Challenges

While laboratory-scale green synthesis is straightforward, industrial-scale production faces challenges including:
consistent quality of plant extract supply, seasonal availability of plants, storage stability of plant extracts (maximum
7-14 days), and downstream processing (concentration, drying, formulation) of nanoparticle suspensions without
compromising stability.

11.5 Regulatory Hurdles

No internationally harmonized regulatory framework currently exists for approving nanomaterials for clinical use. The
complex and variable surface chemistry of plant-extract-capped NPs makes characterization for regulatory submissions
exceptionally complex. The FDA, EMA, and CDSCO require rigorous characterization of nanomaterials, and the
variability inherent in biological synthesis creates significant challenges for obtaining regulatory approval.

Impact Level Current Solutions Future Approaches ‘

L . . Defined phytochemical
Batch variability High Extract standardization cHne p S
mixtures
. S Hybrid bio-chemical
Morphology control Medium Parameter optimization ybrid bio-chemica

methods
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Mechanistic ambiguity Medium HPLC fractionation Omics-based identification
Scale-up complexity High Flow chemistry Bioreactor integration
Regulatory complexity High Enhanced characterization Regziaj;r()};rglllei:?nce
Storage stability Medium Lyophilization Nano-encapsulation

Table 11.1: Key Limitations, Current Solutions, and Future Approaches

XII. CONCLUSION
12. Conclusion
This thesis has comprehensively investigated the green synthesis of nanoparticles using plant extracts, covering
theoretical foundations, experimental methodology, characterization, mechanistic elucidation, and evaluation of
applications across biomedical and environmental domains.

12.1 Summary of Findings
The following principal conclusions emerge from this research:

11. All five plant species (A. indica, O. sanctum, A. barbadensis, C. longa, C. sinensis) successfully mediated the
synthesis of stable, monodisperse silver nanoparticles, confirmed by characteristic SPR peaks between 410—
445 nm.

12. Optimized synthesis conditions (1 mM AgNO3, pH 8.5, 60°C, 60 min, 10% extract v/v) yielded spherical
AgNPs with hydrodynamic diameter 25-45 nm and zeta potential —32 to —41 mV, confirming excellent
colloidal stability.

13. XRD analysis confirmed FCC crystalline silver structure; FTIR confirmed polyphenols and proteins as
primary capping agents; TEM revealed spherical to slightly irregular morphology with narrow size
distributions.

14. Green Tea-mediated AgNPs showed the strongest antibacterial activity (MIC 4 pg/mL against S. aureus),
attributed to the high EGCG content enabling dense phytochemical surface functionalization.

15. Turmeric-mediated ZnONPs exhibited the highest photocatalytic dye degradation (97.3% Methylene Blue in
90 min under UV), attributed to curcumin surface sensitization extending visible light absorption.

16. MTT assay data showed IC50 values of 1545 pg/mL against cancer cell lines with selectivity indices > 3,
indicating potential for anticancer applications with acceptable biocompatibility.

12.2 Broad Significance

This research demonstrates that plant-extract-mediated nanoparticle synthesis is not merely an academic curiosity but a
scientifically robust and practically viable alternative to conventional chemical synthesis. It achieves the dual objectives
of producing high-quality nanomaterials with useful properties while substantially reducing the environmental and
health footprint of the synthesis process. The work aligns with and advances the United Nations Sustainable
Development Goals, particularly SDG 3 (Good Health), SDG 6 (Clean Water), SDG 12 (Responsible Consumption),
and SDG 15 (Life on Land).
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XIII. FUTURE SCOPE

13. Future Scope
The field of green nanoparticle synthesis is rapidly evolving. The following directions represent the most promising
avenues for future research and development:

13.1 Mechanistic and Molecular Understanding

Application of proteomics, metabolomics, and advanced mass spectrometry to identify the specific
phytochemical species responsible for reduction and capping in each plant system.

In situ synchrotron X-ray scattering (SAXS/WAXS) studies to track nucleation and growth dynamics in real
time during green synthesis.

Computational molecular dynamics (MD) simulation of phytochemical-nanoparticle surface interactions to
guide rational selection of plant species.

13.2 Advanced Biomedical Applications

Development of targeted drug delivery systems combining green-NPs with antibodies, aptamers, or folate
receptors for tumor-specific drug delivery, potentially overcoming multidrug resistance.

Theranostic nanoplatforms: single formulations combining photothermal therapy (AuNPs), fluorescence
imaging, and drug delivery for simultaneous cancer diagnosis and treatment.

Antimicrobial coatings on medical devices, implants, and catheters to address hospital-acquired infection
(HAI) challenges.

Nerve regeneration scaffolds incorporating green-NPs that modulate inflammatory signaling to promote
peripheral nerve repair.

13.3 Environmental Remediation

Development of floating photocatalytic nanocomposites for large-scale treatment of industrial wastewater and
dye effluents.

Green-NP-functionalized membranes for simultaneous heavy metal removal and desalination.

Soil remediation applications using green-NPs to detoxify pesticide and herbicide residues.

13.4 Process Innovation

Integration of green synthesis with continuous flow microreactor technology for scalable, reproducible
production with real-time quality control.

Bioreactor-based production using plant cell cultures (hairy roots, callus) to provide standardized, seasonal-
independent phytochemical supply.

Microwave-assisted and ultrasound-assisted green synthesis to dramatically reduce reaction times and energy
input.

13.5 Regulatory Science

Copyright to IJARSCT
www.ijarsct.co.in

Development of standardized analytical methods for comprehensive characterization of green-synthesized NPs
that satisfy regulatory requirements.

International harmonization of regulatory guidelines for nanomaterial evaluation in clinical applications,
incorporating the specific considerations relevant to biogenic nanomaterials.

Life Cycle Assessment (LCA) studies comparing green vs conventional NP synthesis across environmental,
economic, and social dimensions to provide data-driven evidence for policy decisions.
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