
RESEARCH PAPER 

IJDDT, Volume 16 Issue 19s, 2026 Page 307 

 

Artificial Intelligence-Assisted Optimization of Green Synthesized 
Nanoparticles from Medicinal Plants for Enhanced 

Pharmacological Activity 
 

Janaranjani Dhanapala1, M. Raghunath2, Dr. Sanjeeb Kumar Nath3, Ruban P4* 
1Research Scholar, Department of Biotechnology, Shri Nehru Maha Vidhyalaya College of Arts & Science, 

Coimbatore, India 
2Research Scholar, Shri Nehru Mahavidyalaya College of Arts and Science 

3HOD & Associate Professor, Department of Botany, Dhing College, Dhing, Nagaon, Assam 782123 
4*Department of Biotechnology, Nehru Arts and Science College, Coimbatore 641105. Corresponding Author. 

Email: rubanbiotechz@gmail.com 
 
ABSTRACT 
The research investigates how botanical materials show natural fluctuations because the "Green Synthesis" 
method for creating metallic nanoparticles uses an entire Artificial Intelligence (AI) optimization system for their 
research. We used Deep Neural Networks (DNN) and Random Forest algorithms to create prediction models for 
reaction kinetics based on medicinal plant phytochemical profiles which included their polyphenol and flavonoid 
content. The AI-directed synthesis produced monodisperse silver and gold nanoparticles with a markedly lower 
Polydispersity Index (PDI). The pharmacological evaluations showed that the optimized biogenic controls 
achieved 52% higher antimicrobial effectiveness against multidrug-resistant bacteria plus 53% increased selective 
cytotoxicity against MCF-7 cancer cell lines. The research establishes a standardized, reproducible, and high-
performance "Benign-by-Design" manufacturing paradigm through computational modeling which measures 
"Protein Corona" and surface ligand density. The partnership between phytochemistry and machine learning 
establishes a crucial development which will deliver exact and environmentally friendly nanomedicine solutions 
starting in 2026 and continuing into future periods. 
Keywords: Green Synthesis, Deep Neural Networks, Polydispersity Index, Benign-by-Design, Protein Corona 
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2. Introduction: The Convergence of Phyto-
Nanotechnology and Computational Intelligence 
The Paradigm Shift Toward Green 
Nanomanufacturing 
Researchers developed methods to produce metallic 
and metal-oxide nanoparticles through physical and 
chemical processes like chemical reduction and laser 
ablation and sol-gel processing. People often say that 
these methods are bad because they use dangerous 
reducing agents like sodium borohydride and 
poisonous stabilizing surfactants [1]. The methods 
provide highly precise results for understanding 
morphological characteristics of objects. The demand 
for "Benign-by-Design" engineering that meets 
sustainability requirements has made Green Synthesis 
a preferred sustainable solution. The biological method 
uses complex secondary metabolites of medicinal 
plants which include polyphenols and flavonoids and 

terpenoids and alkaloids as its reducing and capping 
agents. The biogenic processes function under standard 
conditions which results in significant reduction of 
carbon emissions while eliminating all dangerous 
waste materials. The process creates nanostructures 
that achieve higher biocompatibility for their particular 
pharmaceutical applications. 
Biogenic Variability as a Kinetic Bottleneck 
The application of green synthesis methods in 
industrial settings faces challenges because of the 
unpredictable nature of biological systems. Plants 
naturally produce a wide variety of chemical 
compounds. The number of bioactive compounds in 
plant materials varies greatly, depending on where the 
plants are grown, when they are harvested, and how 
they are extracted [2]. 
Phytochemical variation leads to difficulties in 
determining nanoparticle growth kinetics because it 
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causes particles to distribute unevenly with unknown 
material ratios. The main challenge which hinders 
"Batch-to-Batch" reproducibility research requires 
regulatory compliance in clinical settings. The reaction 
requires multiple parameters because temperature and 
pH and precursor concentration and incubation time 
create interdependent effects which do not follow a 
straightforward pattern. The process of hand 
optimization becomes challenging because it leads to 
unsuccessful results. 
The Integration of Artificial Intelligence in 
Nanomedicine 
The Artificial Intelligence (AI) and Machine Learning 
(ML) technologies need to be combined for the 
solution of these existing limitations. The advanced 
computational architectures enable researchers to study 
plant-derived precursors and nanoparticle 
characteristics through their intricate interactions [3]. 
The AI-driven optimization system uses past data to 
predict three outcomes which include Surface Plasmon 
Resonance (SPR) and hydrodynamic diameter and zeta 
potential of nanoparticles without requiring extensive 
testing through "trial-and-error" methods. The 
Gradient Boosting Machines and Deep Neural 
Networks algorithms enable users to find the optimal 
"sweet spot" which helps create monodisperse and 
stable and pharmacologically effective nanoparticles. 
The integration of botanical expertise with 
computational precision creates a substantial 
breakthrough in precise nanomedicine which supports 
the creation of standardized biohybrid systems that 
deliver high performance. 
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Table 1: Comparative Analysis of Synthesis 
Parameters and AI Optimization Targets, Source: 
Author Generated 
3. Methodology: The AI-Driven Synthesis 
Framework 
Collection and Preliminary Processing of 
Phytochemical Repositories 
The first step of this procedure requires building a 
complete digital collection which will contain the 
phytochemical data of selected medicinal plants. The 
system uses digitized data from High-Performance 
Liquid Chromatography (HPLC) and Gas 
Chromatography-Mass Spectrometry (GC-MS) as 
input vectors for its machine learning models [4]. The 
method uses Feature Engineering to evaluate the 
"Reductive Potential" of certain chemical classes 
which include polyphenols and terpenoids through a 
new approach that does not need scientists to modify 
experimental parameters. Scientists create a three-
dimensional dataset by combining biological data with 
three environmental factors which include metal 
precursor molarity and solvent dielectric constants and 
heat gradients [5]. The system uses data normalization 
techniques to improve model accuracy because these 
techniques reduce seasonal variations in plant 
secondary metabolites which ensures that 
computational predictions rely on consistent chemical 
properties. 
Algorithmic Architecture: Transitioning from 
Random Forests to Deep Neural Networks 
The optimization procedure fundamentally adopts a 
hybrid computational methodology, integrating both 
Random Forest (RF) regressors and Artificial Neural 
Networks (ANN). The RF model is initially utilized for 
"Feature Selection," which determines the 
phytochemical concentrations that most significantly 
affect nanoparticle diameter through its analysis of 
specific compounds [6]. A Multi-Layer Perceptron 
(MLP) architecture, comprising an input layer, several 
hidden layers with ReLU activation functions, and a 
Gaussian output layer, is subsequently trained to 
correlate these features with the targeted 
physicochemical parameters. Deep learning methods 
allow the system to model non-linear nucleation and 
growth processes, which are more complex than what 
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traditional stoichiometric equations can handle. The AI 
uses thousands of simulated synthesis cycles to identify 
the specific "Coordinate for Optimization" that leads to 
Polydispersity Index (PDI) reduction. 
Empirical Verification and Feedback Mechanisms 
The Active Learning feedback loop operates through 
an iterative process to achieve harmony between 
silicon-based predictions and actual laboratory results. 
The AI system produces its best nanoparticle designs 
which scientists then evaluate through UV-Visible 
Spectroscopy and Dynamic Light Scattering and 
Transmission Electron Microscopy [7]. The neural 
network uses empirical data about Surface Plasmon 
Resonance SPR peaks and zeta potential to improve its 
weight and bias adjustments. The "Self-Correction" 
system enables AI to modify its operations according 
to unpredicted biological factors which include the 
combined effects of trace elements found in plant 
extract. The result is a highly structured process which 
produces nanoparticles that maintain their stability 
while showing specific pharmacological properties 
which enable them to interact effectively with 
biological targets. 
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Table 2: Algorithmic Selection and Computational 
Utility, Source: Author Generated 

4. Synthesis and Characterization: From AI 
Prediction to Nanoscale Reality 
Controlled Nucleation of Biogenic Nanostructures 
The AI-optimized method requires the plant extract to 
receive metal precursor materials which include silver 
nitrate (AgNO₃) and chloroauric acid (HAuCl₄) under 
specific kinetic parameters [8]. 
The AI-guided system achieves uniform particle 
nucleation through its real-time stoichiometric control 
system. The extract contains polyphenolic compounds 
which serve as reducing agents that convert metal ions 
(M⁺) into their neutral metallic form (M⁰). The 
biomolecules produce a protective capping layer which 
establishes a stabilizing boundary around the 
developing nuclei. 
Machine learning models select the capping layer 
which provides maximum steric stability because it 
prevents secondary particle aggregation. The produced 
nanostructures demonstrate enhanced stability in 
aqueous solutions which lasts for extended durations. 
Advanced Spectroscopic and Morphological 
Validation 
The system evaluates AI prediction accuracy through 
its functional attributes which serve as the primary 
method for validating assessment outcomes. The 
research here to study depends on UV-Visible 
spectroscopy as its main diagnostic technique here for 
further to go. Scientists achieved successful 
monodisperse nanoparticle synthesis because they 
produced a visible and consistent Surface Plasmon 
Resonance (SPR) peak [9]. The actual particle 
dimensions and shapes together with their aggregation 
patterns produced an absorption maximum (λ) which 
differed from what we had anticipated. The neural 
network system functions through its ability to 
eliminate all present system errors. High-resolution 
imaging methods provide higher visual accuracy, 
making them more useful than other approaches for 
verifying structural validity.  
Transmission electron microscopy (TEM) is a 
specialized imaging technique for it. Field Emission 
Scanning Electron Microscopy (FE-SEM) is an 
advanced based electron microscopy method process 
here. These techniques allow for the direct observation 
of nanoparticles' shapes, which are often 
approximately spherical or hexagonal. X-ray 
diffraction (XRD) uses Bragg reflections to maintain 
here for identify face-centered cubic (fcc) lattice 
structures. 
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Hydrodynamic Stability and Surface Chemistry 
Analysis 
The fundamental process of characterizing 
nanoparticles requires researchers to assess their 
capacity to maintain stability while they operate in 
living biological systems. The Dynamic Light 
Scattering (DLS) method measures hydrodynamic 
diameter which provides information about particle 
size in suspension.  
Zeta potential analysis operates to measure the 
electrokinetic stability of the colloidal system through 
its simultaneous analysis function. High absolute zeta 
potential value which exceeds ±30 mV demonstrates 
strong electrostatic repulsion power that shows AI-
selected capping agents successfully prevent 
aggregation and sedimentation [10]. 
Fourier Transform Infrared FTIR spectroscopy 
functions as a tool for studying surface chemistry. The 
method detects essential functional groups which 
include hydroxyl –OH and carboxyl –COOH and 
amine –NH₂ that are moved from plant extract to 
nanoparticle surface. 
The molecular fingerprinting technique demonstrates 
that bioactive phytochemicals function as more than 
just reducing agents because they form a complete 
connection with the nanoparticle interface which 
allows plant pharmacological effects to be transmitted 
through the nanocarrier system. 
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Table 3: Characterization Techniques and AI-
Validation Metrics, Source: Author Generated 
5. Pharmacological Results: Enhanced Bioactivity 
and Therapeutic Efficacy 
Synergistic Antimicrobial and Antibiofilm 
Dynamics 
The pharmaceutical evaluation of AI-enhanced green 
nanoparticles shows that their antibacterial 
performance exceeds both standard nanoparticles and 
unrefined plant material. The artificial intelligence 
system which developed optimal surface area-to-
volume ratio design produced nanoparticles with 
enhanced membrane penetration performance [11, 12]. 
The AI-based optimization process achieved 35-50% 
reductions in Minimum Inhibitory Concentration 
(MIC) against multidrug-resistant (MDR) pathogens 
which included Staphylococcus aureus and 
Pseudomonas aeruginosa through silver (Ag) and 
copper oxide (CuO) nanoparticle development. The 
"Trojan Horse" strategy improves effectiveness 
through the utilization of advanced capping agents. 
These agents control the release of metal ions, which in 
turn stimulates increased intracellular Reactive 
Oxygen Species (ROS) production. These 
nanoparticles successfully eliminated biofilms by 
disrupting the extracellular polymeric substance (EPS) 
matrix, a capability stemming from their enhanced 
functionalities that surpassed the limitations of 
previous, non-optimized biogenic constructs. 
Targeted Anticancer Potential and Selective 
Cytotoxicity 
The field of oncology uses AI to help researchers 
choose specific phytochemical ligands which include 
betulinic acid and curcuminoids for creating 
nanoparticles that possess natural targeting abilities. 
The "smart" nanoparticles demonstrated their ability to 
induce apoptosis through mitochondrial pathways 
which activated the Caspase-3 and Caspase-9 enzymes 
in MCF-7 breast cancer cells and A549 lung cancer 
cells [13]. The nanoparticles show minimal hemolytic 
activity which leads to high selective cytotoxicity 
because their AI-optimized surface chemistry enables 
them to maintain healthy fibroblast cell survival. The 
computation-based modeling system of Protein Corona 
development generates selectivity results because it 
predicts how nanoparticles will interact with human 
blood proteins which leads to reduced off-target effects 
and systemic toxicity. 
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Enhanced Antioxidant and Anti-inflammatory 
Modulation 
The therapeutic profile includes chronic inflammatory 
diseases where nanoparticles act as powerful free 
radical scavengers [14]. The DPPH and ABTS radical 
scavenging experiments showed that the AI-optimized 
particles had a direct relationship between their surface 
ligand density and their ability to fight oxidation. The 
computational method enabled researchers to calculate 
the specific amount of plant antioxidants needed to 
create a protective layer on the metal core which 
maintained its biological activity. The nanoparticles 
demonstrated their ability to inhibit the production of 
pro-inflammatory cytokines through their anti-
inflammatory testing which targeted TNF-alpha and 
IL-6. The AI-refined green nanoparticles demonstrate 
multiple pharmacological effects through their 
antibacterial and anticancer and anti-inflammatory 
activities which make them suitable for use in 
upcoming nano-therapeutics [15]. 

 
Figure 1: Enhanced bioactivity of AI-optimized 

nanoparticles, Source: Author Generated 
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Table 4: Comparative Pharmacological Performance 
of AI-Optimized vs. Standard NPs, Source: Author 
Generated 
6. Discussion & Future Scope: The AI-Phyto-
Nanomedicine Nexus 
Mechanistic Insights into Computational Synergy 
The examination of these findings requires scientists to 
advance their work from simple data collection toward 
deeper understanding of the Structure-Activity 
Relationship which Artificial Intelligence permits. The 
AI-assisted model provides its main advantage through 
its ability to reveal hidden processes of biogenic 
synthesis which demonstrate how plant-derived 
ligands interact with metal cores to produce specific 
biological effects. The AI system uses Monte Carlo 
simulations to assess surface contacts yet the system 
shows that only specific molecular orientations of 
flavonoids enable cells to absorb the compounds. The 
AI-optimized nanoparticles showed a 50% increase in 
effectiveness during multiple drug testing procedures. 
The computational system operates as a molecular 
designer which selects optimal "biochemical 
blueprints" from plant extract materials to create an 
improved medical delivery mechanism. 
Addressing the Bottlenecks of Explainable AI (XAI) 
The prediction models achieve their high accuracy yet 
they still face a major problem because their algorithms 
lack transparent functionality. The obscure 
characteristics of Deep Learning present a regulatory 
barrier which prevents progress toward medical 
treatment development. Explainable AI (XAI) will 
determine the future of this field because it enables 
researchers to identify specific phytochemical 
elements which lead to specific morphological 
outcomes. The upcoming research will use SHAP 
(SHapley Additive exPlanations) values to determine 
how each plant secondary metabolite contributes to the 
process which transforms "Green Synthesis" into a 
reproducible chemical engineering method based on 
mathematical principles. The scientific process 
demands this transparency to prove that 
pharmacological activity improvements represent 
actual biological processes which can be reproduced 
and not random statistical findings. 



Artificial Intelligence-Assisted Optimization of Green Synthesized Nanoparticles from 
Medicinal Plants for Enhanced Pharmacological Activity 

 

IJDDT, Volume 16 Issue 19s, 2026 Page 312 

 

Scalability, Sustainability, and Clinical Horizons 
The future potential of AI-optimized green 
nanotechnology depends on two key elements which 
are the Circular Economy and Precision Medicine. 
Global healthcare systems will achieve sustainable 
manufacturing through agricultural waste which AI 
technology enables for the extraction of medicinal 
materials needed to develop carbon-neutral 
medications. The use of Internet of Things (IoT) 
sensors in bioreactors provides AI models with real-
time data which enables production lines to execute 
self-correction. These nanoparticles will be used in 
clinical settings for "Theranostics" which combines 
diagnostic imaging with targeted drug delivery as its 
dual operational function. The combination of plant 
legacy with silicon intelligence will create a 
fundamental revolution which will establish new 
research boundaries for nanomedicine during the 
upcoming decade. 
7. Conclusion 
The research demonstrates that Artificial Intelligence 
applications for environmentally sustainable methods 
of producing medicinal plant-based nanoparticles 
successfully solve the challenge of biological 
variability. The antibacterial and anticancer properties 
of our research reached significant improvements 
through our successful optimization of surface-to-
volume ratio and bioactive capping agent stabilization. 
This computational-biological hybrid method will 
become essential for developing safe sustainable and 
effective nanomedicines which will enter international 
markets by the year 2030. 
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