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Preface

The present volume brings together a diverse collection of scholarly
contributions that explore the intersections of science, technology, and public
health, offering a multidimensional view of current research and its applications
for society. The chapters compiled herein represent a deliberate effort to address
some of the most pressing health challenges of our time, while also highlighting
innovative approaches and future directions.

The opening discussion focuses on the role of Artificial Intelligence in
pandemic responses, examining its applications in epidemiological modeling,
early detection systems, and vaccine development. This section emphasizes how
machine learning and data analytics have transformed the speed and accuracy
of public health decision-making, enabling better preparedness for future
outbreaks.

The book also delves into the cost-benefit analysis of public health
interventions and explores finance, taxation, and CSR strategies that can
strengthen health infrastructure and make healthcare initiatives more
sustainable. These perspectives are particularly relevant for policymakers and
stakeholders seeking to align economic planning with public health goals.

A significant portion of this work is dedicated to Nigella sativa (black
cumin), with detailed discussions on its morphology, anatomy, economic value,
and therapeutic potential. This theme is expanded through a functional food
approach, combining finger millet (ragi) with a polyherbal blend (black cumin,
ajwain, and dill) to investigate its role in cancer prevention and nutritional
enhancement.

From the molecular level, the book explores receptor-based virtual
screening and molecular dynamics simulations targeting EGFR mutations in
small cell lung cancer, offering a glimpse into how computational biology
accelerates precision medicine. The section on green synthesis of phyto-

nanoparticles highlights environmentally friendly nanotechnology approaches

111



that bridge the gap between sustainability and innovation.

Another key chapter examines public health management in
Maharashtra, analyzing current challenges, opportunities, and strategies for
system-wide improvements. Complementing this, a comparative study of
nanomaterial applications in healthcare between India and foreign countries
provides global insights into how emerging technologies are being adopted
across different regions.

Altogether, this compilation serves as an essential reference for
researchers, academicians, policymakers, and industry professionals. By
combining traditional knowledge, cutting-edge technology, and socio-economic
perspectives, it aims to inspire future studies and practical implementations that

can shape a healthier and more resilient society.
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Abstract
Integrating Artificial Intelligence (AI) across numerous disciplines has
transformed the global landscape of pandemic response. This review investigates
the multidimensional role of Al during pandemics, emerging as a crucial tool in
preparedness and response—from enhanced epidemiological modelling to the
acceleration of vaccine development. The convergence of Al technologies has
ushered in a new era of data-driven decision-making, revolutionizing our ability
to anticipate, mitigate, and treat infectious diseases.
The review begins by exploring the pandemic's impact on emerging countries and
elaborates on the critical significance of Al in epidemiological modelling, which
enables forecasting, mitigation, and informed response strategies. In
epidemiology, Al-driven models like SIR (Susceptible-Infectious-Recovered)
and SIS (Susceptible-Infectious-Susceptible) are utilized to predict disease
spread, prevent outbreaks, and optimize vaccine distribution. Additionally,
Machine Learning (ML) algorithms and predictive analytics enhance our
understanding of disease propagation patterns.
The collaborative role of Al in vaccine discovery and clinical trials is
emphasized, highlighting the development of Al-powered surveillance networks.
The review presents a comprehensive assessment of how Al influences
epidemiological modelling, fosters the creation of dynamic Al-enabled models
through ML and Deep Learning (DL) techniques, and contributes to the
development and implementation of vaccines and clinical testing.
Furthermore, the paper addresses Al applications in screening, forecasting,
contact tracing, and virus monitoring. It advocates for ongoing research, real-
world implementation, ethical considerations, and strategic integration of Al
technologies to strengthen global resilience against health crises.
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Introduction

The sudden spike in fatalities due to a mysterious illness in December 2019
prompted global alarm. Initial reports from Wuhan, Hubei Province, China,
described pneumonia-like symptoms linked to a novel virus. While early cases
were traced to the Huanan Seafood Wholesale Market, some patients had no
market exposure—indicating human-to-human transmission. Investigations led
by the Chinese CDC identified a new coronavirus, later named COVID-19
(Coronavirus Disease 2019), caused by SARS-CoV-2. The World Health
Organization (WHO) declared a Public Health Emergency of International
Concern on January 30, 2020, and officially named the disease in February 2020
[1-7].

By August 2024, over 775 million confirmed cases and 7.1 million deaths had
been reported across 189 countries [4, 5]. The virus shares 79.6% genomic
similarity with SARS-CoV and 96% similarity with bat coronaviruses [8, 9]. Its
median incubation period is approximately three days, and transmission from
asymptomatic individuals is possible. COVID-19 marked the sixth declaration of
a PHEIC, following HINI (2009), polio (2014), Ebola (2014, 2019), and Zika
(2016) [10, 11].

To contain the virus, countries enforced lockdowns and border screenings. This
response, termed “The Great Lockdown,” triggered a global economic crisis.
Unemployment surged—especially in the U.S., where rates reached 14-20%.
Similar disruptions affected Europe and the Americas.

Amid this crisis, Artificial Intelligence (AI) emerged as a vital tool in
biotechnology. Al helped accelerate diagnostics, drug discovery, and response
coordination [12]. Encompassing domains like machine learning, deep learning,
robotics, and natural language processing, Al learns from data to perform tasks
akin to human intelligence. Although Al may not detect entirely novel pandemics
independently, pre-training on diseases like SARS or MERS can facilitate early
threat identification. Timely Al alerts can enable swift preparedness—but
ignoring these insights, as occurred in early 2020, can have serious consequences
[10, 13-22].

Al integration has significantly impacted pandemic survival rates.
Epidemiological modelling powered by machine learning analyzes vast
datasets—including demographic, travel, clinical, and environmental data—to
predict disease spread and assess intervention strategies. These models guide
policymakers in decision-making and containment planning [23-29].

AT’s rapid data-processing and predictive capabilities proved crucial throughout
the pandemic. This review explores Al’s role in pandemic response,
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epidemiological modelling, vaccine development, clinical trials, and ethical
implications. It also examines the challenges and future prospects of Al-driven
public health strategies during crises like COVID-19, emphasizing the need for
responsible, equitable, and ethical Al deployment [30, 31].

Epidemiological Modeling

During the COVID-19 pandemic, epidemiological modeling emerged as an
essential tool for assessing risks, forecasting disease spread, anticipating
healthcare burdens, guiding public health interventions, and optimizing vaccine
distribution strategies. Broadly, "epidemic modeling" refers to a collection of
computational, statistical, and mathematical approaches used to analyze the
dynamics of infectious disease transmission within populations. These models
help elucidate how diseases spread, how populations evolve over time, and what
interventions might be effective in mitigating outbreaks [32—35].

Epidemiology, derived from the Greek roots meaning “study of what befalls a
population,” is a foundational discipline of public health. As defined by John Last
in the Dictionary of Epidemiology, it is “the study of the distribution and
determinants of health-related states or events in specified populations, and the
application of this study to the control of health problems” [36, 37].
Epidemiologists focus not only on diseases but also on health-related events, with
a core mission of improving population health through evidence-based
intervention and disease prevention.

Central to epidemiology is high-quality data—data that is both valid (measuring
what it is intended to measure) and reliable (minimizing measurement error). The
strength of epidemiological evidence depends on standardized data collection
processes that clearly define what data is to be gathered, from whom, and under
what parameters [37—40]. Such rigor ensures that population characteristics and
health indicators are accurately represented and can inform actionable insights.

Epidemiology Is Generally Categorized into Three Major Branches:

Descriptive Epidemiology

Focuses on the who, where, and when of disease occurrence. It characterizes the
frequency and distribution of health-related states or events across populations—
often by person, place, and time. This branch provides key surveillance indicators
such as incidence, prevalence, and survival rates.

Analytical Epidemiology

Aims to investigate the why and how—by identifying and quantifying
associations between exposures (risk factors) and health outcomes. Analytical
methods test hypotheses and uncover potential causal relationships between
variables and disease events.

Public Health: Perspectives, Global Challenges, and Local Solutions
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Evaluative (or Interventional) Epidemiology

Seeks to assess the impact and effectiveness of public health interventions,
programs, or policy measures. It evaluates whether a given strategy leads to
measurable health improvements or reductions in disease burden [41-43].

These types of epidemiology are often represented in a hierarchical framework,
illustrating the complexity and methodological rigor of various study designs,
such as observational studies (cross-sectional, cohort, case-control) and
interventional studies (randomized controlled trials).

Figure 1 illustrates the typology of epidemiological domains and the hierarchy of
study designs used in the field.

Weight of
Evidence

Analytical
Epidemiology

Descriptive
Epidemiology

Schematic Flow of Epidemiological Study Types and Modelling Approaches

Figure 1 presents a dual-panel illustration:

e A schematic representation of the major branches of epidemiology:
descriptive, analytical, and evaluative.

e The hierarchy of epidemiological study designs, showing the methodological
flow from initial observation to controlled experimentation.

Each type plays a unique role in public health research.

e Descriptive epidemiology offers insights into current behaviors and trends
using observational data. It is user-friendly and valuable for identifying
patterns but lacks causal power and struggles to predict future scenarios.

e Analytical modeling, by contrast, uses mathematical tools to provide
theoretical insights and broader applicability. However, it often assumes
idealized conditions and requires significant mathematical expertise.

e Experimental (or interventional) modeling provides empirical evidence
through controlled simulations that test hypotheses and infer causality.
Despite its strengths, it is resource-intensive and sometimes limited by ethical
and logistical constraints [44—46].

In population epidemiology, data sources are increasingly diverse—ranging from
trial registries and cohort studies to routinely collected information from medico-
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administrative, governmental, and environmental systems [47-49]. However,
such databases often lack design for epidemiological analysis, raising questions
about validity, reliability, and regulatory access.

Traditionally, epidemiology has relied on numerical methods to infer insights
from unobservable parameters. Foundational models include:

e SIS (Susceptible-Infectious-Susceptible): for endemic diseases

e SIR (Susceptible-Infectious-Recovered): for epidemic dynamics

e SIR endemic: for chronic infectious settings.

With the growth of big data and Artificial Intelligence (Al), the field is
increasingly integrating complex, heterogeneous datasets for advanced modelling
and prediction. Al introduces new opportunities for describing, understanding,
and influencing population health in real time—transforming the scope and speed
of epidemiological research [50, 51].

The Role of Al in Epidemiology

Al is fundamentally reshaping epidemiology by introducing advanced analytical
techniques capable of handling high-volume, multi-source observational data.
Compared to traditional methods, Al leverages vast, diverse, and often real-time
datasets to identify associations between exposures and outcomes. Al techniques
can be applied not only in the analysis phase but also upstream, in the collection,
extraction, and structuring of data.

Al for Data Collection, Classification, and Structuring

Al supports data collection from a wide array of sources—electronic health
records (EHRs), cohort studies, administrative records, wearable sensors, internet
search logs, social media activity, credit card transactions, and mobile phone
data. Al also enables probabilistic data linkage between sources, especially in
privacy-preserving environments [56—58].

To standardize heterogeneous formats, Al employs interoperability frameworks,
such as the OMOP common data model, which allow for consistent structuring
across disparate sources. One major advancement is federated learning, where
algorithms are trained on decentralized datasets (e.g., hospital-based EHRSs)
without transferring sensitive data. This technique has been used in applications
like predicting drug side effects and epidemiological trends [59—62].

Al for Virtualizing Experimental Designs

In observational studies, multivariable models aim to replicate the conditions of
randomized controlled trials (RCTs) by minimizing confounding variables. Al
pushes this boundary further by enabling the virtualization of experimental
designs using vast data repositories—what some refer to as “virtual RCTs”.

Public Health: Perspectives, Global Challenges, and Local Solutions
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While still theoretical, these models aim to simulate intervention outcomes and
control scenarios with high precision [63—66].

Al in Disease Surveillance and Health Monitoring

Public health surveillance relies on timely data collection, analysis, and
interpretation to guide interventions. The advent of Al and big data allows for
unprecedented speed and accuracy in real-time disease tracking, outbreak
prediction, and resource allocation. The COVID-19 pandemic underscored the
value of such systems in managing public health responses, and similar
frameworks are now expanding to monitor both infectious and chronic diseases
[67-70].

From Data to Decision: AI-Powered Epidemiological Decision-Making

Al’s role in epidemiology spans the full research cycle—from data gathering to
final policy recommendation.

e [t assists in automating complex data analyses,

e Recommends optimal models and predictors,

e And even supports public health policy decision-making.

Al may soon substitute or augment human decision-making, much like robotics
transformed industrial labor. In epidemiology, this transformation could enable
predictive modeling for diseases such as diabetes and cardiovascular conditions,
as seen in 4P medicine (Predictive, Preventive, Personalized, and Participatory).
Some researchers have applied Al to create decades-long health forecasts, like
40-year models in Singapore considering factors such as ethnicity, social
isolation, and disability. Others, such as Romanian studies, have predicted
population health trends for top ten diseases using time-series machine learning
[71-76].

In this evolving paradigm, some scholars challenge traditional theory-based
models, suggesting that Al-driven statistical inference may supersede causal
modeling in public health research.

Ten-Stage Framework for Epidemiological Modeling

Figure 2 illustrates a comprehensive ten-stage process for building robust

epidemiological disease models, adapted from foundational work by Taylor [77],

Law [78], and Sargent [79].

1. Define the disease and research goals: Identify the target condition and
clearly articulate objectives.

2. Comprehensive data collection: Gather relevant epidemiological,
demographic, and contextual data.

3. Develop a conceptual framework: Map out system components and their
interrelationships.
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4-10. (Subsequent steps may include model design, parameter estimation,
simulation, validation, sensitivity —analysis, interpretation, and policy
application—depending on full source details.)

This framework guides modelers in translating complex population health
questions into validated, actionable tools for decision-making in public health.

Objectives and Collecting I nformation and
determination of study D ata for study of
and system to be population and
modelled epidemiology

D eveloping
Concept of
M odel

Check
Validity if not
valid review
these stages

: Program and Validating the
Verify the

formulating the concept of a
model

model model

f error occurs
review the I nterpreting
pages outputs and
results

A ccesing the
validity of
operations

A nalyzing the Start conducting
sensitivity studies on model

Schematic Representation of Epidemiological Model Building

The process of constructing an epidemiological model involves a series of
systematic and interconnected stages, beginning with the clear identification of
the study objectives. This is followed by designing the data collection
framework, developing the conceptual and computational model, and performing
rigorous model evaluation and validation. Finally, the model is used to interpret
results and inform public health decisions.

A critical step is ensuring the validity of the conceptual model, which includes
assessing its internal coherence and consistency with established scientific
knowledge and theoretical constructs. This model is then translated into a
computational framework—often a mathematical or simulation-based script—
that mimics the epidemiological system's dynamics.

Public Health: Perspectives, Global Challenges, and Local Solutions
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Model confirmation ensures that the implemented model accurately reflects the
initial conceptual design and functions as intended. Operational validity assesses
the model’s capability to replicate real-world phenomena and generate useful
outcomes under varying scenarios. Meanwhile, sensitivity analysis is conducted
to evaluate how changes in model parameters influence outcomes, thus
identifying potential uncertainties or biases.

Once validated, the model is deployed in applied research to simulate various
intervention strategies or predict disease progression. The results derived from
the model are interpreted and translated into actionable insights to support
evidence-based policymaking and public health strategies. Effective
communication of these insights is critical for influencing practice and guiding
health authorities.

This methodical approach guarantees that epidemiological models are robust,
scientifically grounded, and capable of enhancing our comprehension of
infectious disease dynamics. It also ensures that such models can reliably support
informed decision-making.

Artificial Intelligence (Al) plays an increasingly central role in this framework,
particularly in response to the COVID-19 pandemic. The review further explores
the integration of AI and Machine Learning (ML) techniques in revising
traditional model-building approaches and implementing dynamic, data-driven
models tailored to pandemic scenarios.

Al-Enabled Dynamic Models for Pandemics

The COVID-19 pandemic has catalysed the rapid deployment of Al and ML
techniques to understand and combat the disease. These technologies have been
crucial in interpreting complex datasets, forecasting disease trends, and designing
adaptive response models.

Al-powered dynamic models are particularly effective due to their ability to
process real-time data and simulate evolving scenarios. With growing
advancements in ML and Deep Learning (DL), these models have shown
significant promise in improving healthcare systems’ responsiveness. As global
healthcare systems experienced substantial strain during the pandemic,
integrating Al into public health infrastructure emerged as a vital strategy.

The core objective of applying Al and ML in this context is to enhance prediction
accuracy, not only for COVID-19 but also for a broad range of infectious and
non-infectious diseases. These technologies bring flexibility, scalability, and
precision to epidemiological modelling, allowing for real-time adaptation to
emerging health threats.

The foundational steps of Al-based model building are illustrated in Figure 3,
which highlights how these tools are systematically developed—from data
acquisition and preprocessing to training, validation, deployment, and result
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interpretation.
Let me know if you’d like visual representation drafts (e.g., diagrams or
flowcharts) for Figure 1 or Figure 3, or if you'd like this content formatted for a
research paper

Raw Data Raw Data

External Training & Model training

Validation Dataset & Validation
f,’jf —— Trained
Model
C?g‘/Model Evaluation

Testing /
Dataset

Data T y
p x i};{g: \ Trained &
PRI ii‘iv Evaluated Model

Schematic Representation of AI-Based Model Creation

The process of creating Al-driven models in epidemiology typically follows a
structured pipeline that includes:

1.

Data Collection & Transformation: Gathering structured and unstructured
data from diverse sources and transforming it into formats suitable for model
development.

Model Building: Constructing machine learning (ML) or deep learning (DL)
architectures tailored to the problem (e.g., classification, prediction).
Training & Testing: Dividing data into training and validation sets to teach
the model and assess its performance.

Evaluation: Measuring accuracy, sensitivity, specificity, and other relevant
metrics to determine the model’s effectiveness.

Deployment: Implementing the validated model into a real-world
environment for clinical or operational use.

Figure 3 illustrates this process flow from data acquisition to Al model
deployment in healthcare applications.

Historical Perspective and Relevance of Al in Healthcare

A notable early Al healthcare application was MYCIN (1976), an expert system
utilizing 450 clinical rules to assist in diagnosing and treating bacterial infections
with antibiotics. This demonstrated early success in integrating expert knowledge
with algorithmic decision-making.

Public Health: Perspectives, Global Challenges, and Local Solutions
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The World Health Organization (WHO) identifies four core pillars in managing
pandemics:

e Identifying the pathogen and its origin

e Understanding transmission pathways and vulnerable populations

e Monitoring infection progression

e Designing epidemiological models to guide control strategies

Integrating Al into these frameworks enables real-time analytics, improved
diagnostics, and scalable predictive modeling capabilities.

Al and ML for Rapid Diagnostics: Imaging Models

Numerous Al-driven image-based models have been developed to assist in
COVID-19 diagnosis through radiographic data. These studies have
demonstrated high accuracy levels (84.3% to 100%) using chest X-rays and CT

scans.

Table 1. Al Models for COVID-19 Diagnosis Using Imaging Modalities

Title Modalit Model Datase Accurac Key Findings Limitations
y t Size y
Al Chest X- | ResNetl8 4,212 100% High Generalization
Approache  ray images detection issues;
s on X- accuracy computationall
rays [98] y expensive
Deep Chest X- | DenseNet- 1,121 93.4% Effective with = Limited
Learning ray 121 images moderate- external
Validation sized datasets = validity
[99]
Early CT CTscan @ VGGI19 1,039 94.1% Strong CT- Low external
Detection images based test
[99] diagnostic generalization
accuracy
COVID- Chest X- = COVID-Net 14,588  92.2% High accuracy | Data
Net [100] | ray images and limitations
generalizabilit = reduce
y performance
External Chest X- = CNN 37,727 | 84.3% Moderately RT-PCR
Validation @ ray images validated performance
[101] externally comparison
needed
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CNN +  Chest X- = CNN, 1,121 96.6% XGBoost Dataset quality
XGBoost | ray XGBoost images superior  to may affect
[102] CNN outcomes
Large- Chest X- | EfficientNet 14,350 @ 93.4% Effective Limited

scale ray -BO images across disease
Multicente populations quantification
r Study

[103]

Al for COVID-19 Detection, Diagnosis, and Drug Discovery

Advanced ML frameworks have extended beyond diagnosis to include:

Treatment prediction
Drug repurposing
Disease modeling

Key Models:

CogMol: Generative model for antiviral compound synthesis.
Time-Dependent SIR: Real-time policy modeling.

Dark COVID Net: X-ray-based diagnostic framework.

Support Vector Regression (SVR): Used for pandemic forecasting.
InstaCovNet-19: Achieved 99.08% accuracy in differentiating COVID-19
from other pneumonia cases.

Table 2. ML Models and Their Contributions to COVID-19
Model Contribution

DeTraC [114] CNN-based framework using ResNet18, achieving
95.12% accuracy

Drug Repositioning Identified COVID-19 inhibitors from 6,000+ drugs
[115]

AI4COVID-19 [116] Cough-based diagnosis via mobile apps; 97.91%
detection accuracy

Modified Modeled disease spread using WHO data with
Autoencoder [106] <2.5% error rate

Public Health: Perspectives, Global Challenges, and Local Solutions
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Table 3. AI Frameworks in COVID-19 Research
Model Contribution

XGBoost/GBM/SVM >85% accuracy in diagnosis across all age groups
[117]

Prognostic ML [118] Predicted mortality using hs-CRP, LDH, and
lymphocyte levels

LSTM [119] Long-term prediction of pandemic trends

CNN vs. DNN [120] CNN outperformed DNN in sensitivity and
image segmentation

COVID-CAPS [121] Capsule network with 95.7% accuracy, using
transfer learning

Table 4. Dynamic AI Approaches Against COVID-19

Model Contribution

Assistant Accuracy of ~96%, validated across external
Discrimination Tool datasets

[122]

Pre-trained ResNet-101: 99.51% accuracy; Xception also
Architectures [123] highly accurate

a-Satellite System [124] Integrated  epidemiological, = social, and
demographic data for risk assessments

COVID-19 Epidempredict Initiative: Panama Case Study
The Epidepride initiative in Panama exemplifies an Al-powered national
response system. It integrates:

e Relational and non-relational real-time data sources

e Predictive and optimization models

e Dashboards for visualization and decision support

Figure 4 illustrates a secure-access dashboard that includes pandemic trends,
open datasets, inter-country comparisons, vaccination coverage, and document
repositories.

This initiative serves as a practical demonstration of how Al and ML can be
integrated into national health infrastructure for real-time pandemic management.

12 Nature Light Publications



The Role of Artificial Intelligence in Pandemic Responses: From Epidemiological Modelling .....

SV £PIOEMPREDICT sTan wsnca e

COVID-19 Dashboard
_

Retumn to the management portal Comparson of COVID-19 Dashbosrd COVID-19 open data Documentary repository Vaccines
neighboring countries

Numer of cases
Number of desthe

RO tacter vakm
Bata tactor value
€

Date

Artificial Intelligence (AI) has become a critical driver of scientific and
technological progress, particularly in the realm of healthcare and vaccine
development. Leveraging advanced computational tools such as machine learning
(ML), deep learning (DL), and neural networks, Al facilitates complex problem-
solving and accelerates innovation. Within the medical domain, Al functions
across both virtual and physical spectrums. The virtual domain involves the use
of ML and DL algorithms to process vast datasets, uncover hidden patterns, and
enhance predictive modelling, significantly improving our understanding and
response to emerging health threats.

Al-powered applications have already demonstrated transformative potential in
diagnostics, treatment planning, and medical imaging. In the context of vaccine
development, Al contributes to the identification of novel drug targets, prediction
of immunogenic responses, and optimization of vaccine design. Presently, we are
in an advanced era of vaccine development, as illustrated in Fig. 5a, characterized
by faster, more efficient, and targeted approaches enabled by Al.

Al applications in vaccine research are primarily categorized into three ML
paradigms: (1) Supervised Learning, (2) Unsupervised Learning, and (3)
Reinforcement Learning. Each of these contributes uniquely to the analysis and
interpretation of biological data. For example, unsupervised ML algorithms for
protein—protein interaction (PPI) analysis aid in the identification of therapeutic
targets. Innovations such as the “Evolutionary Enhanced Markov Clustering”
algorithm—an integration of modern clustering and adaptive evolutionary
techniques—enhance the precision of such analyses.

Moreover, vaccine development strategies are increasingly tailored to align with
country-specific health priorities and economic contexts. This customization
directly influences the nature and scale of clinical trials as well as the diversity of
vaccines under development. The effectiveness of Al-enabled vaccines in halting

Public Health: Perspectives, Global Challenges, and Local Solutions
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virus transmission is depicted in Fig. 5b, underscoring the crucial role of data-
driven approaches in global health security.
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1. Historical Development of Vaccinations

The journey of vaccination began with Edward Jenner’s development of the first
smallpox vaccine in 1796, marking a major milestone in immunology. Jenner
observed that milkmaids who had contracted cowpox did not develop smallpox,
leading him to test cowpox material on humans—a practice that laid the
foundation for modern immunization.

Over the 19th and 20th centuries, scientists developed vaccines for numerous
diseases including rabies (Pasteur, 1885), diphtheria, tetanus, pertussis,
tuberculosis (BCG), polio, measles, and hepatitis. The advent of recombinant
DNA technology and cell culture methods in the late 20th century propelled the
production of more targeted and safer vaccines.

The 21st century witnessed a paradigm shift in vaccine development with the rise
of genomic and computational tools, enabling more rapid and precise design
strategies, culminating in the unprecedented development of COVID-19 vaccines
within a single year.

2. Vaccination’s Role in Halting Viral Spread and Host Response
Mechanism

Vaccines function by introducing an agent—either weakened, inactivated, or a

fragment of the pathogen—that mimics the infectious microorganism. This agent

stimulates the immune system to:

e Recognize the pathogen’s surface proteins or toxins

e Produce specific antibodies

e Develop immunological memory to fend off future infections

By generating a robust and targeted immune response, vaccines drastically
reduce transmission, morbidity, and mortality of contagious diseases. Herd
immunity through widespread immunization disrupts the chain of infection,
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safeguarding unvaccinated populations as well.

3. COVID-19 Vaccines and the Application of Al in Their Development

The emergence of SARS-CoV-2 demanded rapid vaccine development.
Traditional vaccine timelines were condensed using cutting-edge computational
and Al-based approaches. Approved vaccines such as Covaxin, Covishield,
Corebevax, Johnson & Johnson, Moderna (mRNA-1273), Novavax, Sputnik V,
Sputnik Light, and Zydus Cadila were developed using a variety of platforms
including inactivated viruses, mRNA, protein subunits, and viral vectors.

Al and Machine Learning in COVID-19 Vaccine Development

Artificial Intelligence (AI) played a pivotal role in expediting vaccine design,

trial, and distribution:

e Predictive Models: Al helped simulate viral behavior, optimize mRNA
sequences, and predict protein structures.

e Reverse Vaccinology & ML: Edison and colleagues used reverse
vaccinology integrated with ML to identify 6 potential SARS-CoV-2 vaccine
candidates using the Vaxign tool. Among these, nsp3 protein was identified
as a highly conserved target across coronavirus strains.

e Convolutional Neural Networks (CNNs): Castillo-Hair’s Optimus 5-Prime
CNN model enhanced mRNA vaccine design by analyzing 5’UTR and
protein-coding sequence interactions.

Examples of AI-Enhanced Vaccine Development

Sr. Vaccine Manufacturer Role of AI/ML
No
1 BNTI162b2 / BioNTech/Pfizer Used Smart Data Query (SDQ) for
Comirnaty faster data analysis; optimized lipid
nanoparticles; ML-predicted storage
temperatures

2  BBVI52 /- Bharat Biotech [oT for cold-chain monitoring; real-

Covaxin time storage status; automated alerts
3 AZDI1222 / Oxford- Al-accelerated biomarker discovery;
Covishield AstraZeneca ML-assisted tissue evaluation; IoT for
participant tracking
4  mRNA-1273 Moderna Al for mRNA sequence synthesis;

Robotic automation scaled output
from 30 to 1,000 mRNAs/month
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4. Components of a Vaccine and Their Immune Function
Vaccines consist of:
e Pathogen-like agents (weakened/inactivated virus or subunit)
e Surface proteins to prompt antigen-specific immune responses
e Inactivated toxins to build defense against microbial toxicity

These components teach the immune system to recognize and eliminate
pathogens without causing disease, thus offering both preventive and therapeutic
benefits.

5. Al-Based Implementation and Screening in Vaccine Design
Al and ML have revolutionized early-phase vaccine discovery:

e Screening thousands of molecular candidates

e Prioritizing those with strong antigenicity

e Reducing time and cost compared to traditional "wet lab" trials

Al facilitates preclinical prediction of immunogenicity and safety, followed by in
vivo and in vitro testing. As depicted in Fig. 6, computational models streamline
the candidate selection pipeline from initial screening to clinical validation.
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History and Evolution of Vaccinations: From Smallpox to COVID-19

Historical Development of Vaccines

The history of vaccines began with the development of the first vaccine for
smallpox by Edward Jenner in 1796. Jenner discovered that inoculating
individuals with cowpox protected them against smallpox—a breakthrough that
laid the foundation for modern immunology. Over the centuries, this approach
was extended to combat various infectious diseases such as diphtheria, tetanus,
pertussis, polio, measles, mumps, rubella, and influenza.

The late 20th and early 21st centuries witnessed the development of advanced
vaccines using recombinant DNA technology, subunit vaccines, and mRNA
platforms. The emergence of the COVID-19 pandemic in 2019 spurred
unprecedented global efforts in vaccine development. Several vaccines were
developed and approved at record speed, aided by cutting-edge technologies and
computational models.

Vaccination’s Role in Preventing Virus Spread

Vaccines are biological preparations that mimic the presence of a pathogen,
enabling the immune system to develop adaptive immunity. By presenting
antigens—such as inactivated pathogens, surface proteins, or toxoids—to the host
immune system, vaccines stimulate the production of memory B and T cells.
Upon future exposure, the immune system is primed for a rapid and robust
response, thereby preventing infection or mitigating disease severity.

Vaccination plays a pivotal role in:

e Interrupting transmission chains, thereby reducing the spread of contagious
diseases.

e Establishing herd immunity, protecting even unvaccinated individuals.

e Preventing complications and fatalities associated with infectious diseases.

Vaccines for COVID-19 such as Covaxin, Covishield, Corebevax, Johnson &
Johnson, Moderna, Novavax, Sputnik V, Sputnik Light, and Zydus Cadila have
played a critical role in controlling the pandemic across the globe.

Integration of AI and Computational Models in Vaccine Development

Computational Vaccine Design and Reverse Vaccinology

The integration of computational models has accelerated vaccine design, reduced
time and cost while enhancing precision. One such approach is reverse
vaccinology, which identifies potential antigens by analyzing the pathogen’s
genome rather than relying on traditional "wet lab" methods.

For instance, Edison et al. developed a coronavirus vaccine using reverse
vaccinology coupled with machine learning (ML). The study utilized Vaxign, a
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computational vaccine design tool, to predict six potential protein candidates, of
which nsp3 was identified as a highly conserved adhesin among various
coronavirus strains, suggesting its potential efficacy in broad protection.
Similarly, Castillo-Hair introduced a machine-learning-based approach for
designing next-generation mRNA therapeutics, employing Optimus 5-Prime, a
convolutional neural network model trained on experimental datasets. The study
demonstrated that 5’UTRs consistently influence protein expression across
different coding sequences.

Vaccine Composition and Mechanism of Action

COVID-19 vaccines typically contain:

e Inactivated or weakened pathogens: To stimulate the immune system
without causing disease.

e Surface proteins (e.g., spike proteins): These facilitate host-pathogen
interaction and help the immune system develop specific antibodies.

e Toxoids: Inactivated toxins that help the immune system recognize and
counteract microbial poisons.

These components train the host immune system to recognize and neutralize the
pathogen upon real exposure. This immunological memory forms the core of
vaccine-mediated protection.

Al-Based Implementation in COVID-19 Vaccine Development

Due to the urgency of the COVID-19 pandemic, artificial intelligence (AI) was
rapidly adopted to streamline vaccine development. Al applications span data
analysis, antigen selection, mRNA sequence optimization, and logistics
monitoring.

AI Applications in Vaccine Development
Sr. Vaccine (Manufacturer) AI/ML Utilization
No

1  BNT162b2 / Comirnaty - Smart Data Query (SDQ) for
(BioNTech/Pfizer/Fosun Pharma) rapid data release (within 22
hours)
- ML-predicted storage
temperatures
- Lipid nanoparticle optimization
via supercomputing
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2 BBVI1S2 / Covaxin (Bharat - loT-based real-time temperature
Biotech) monitoring

- Sensor-based alerts for storage

fluctuations and batch preparation

3 AZD1222 / Covishield (Oxford- - AI discovered biomarkers 30x
AstraZeneca) faster
-  ML-assisted tissue sample
evaluation
- [oT for real-time data monitoring
and patient enrollment

4  mRNA-1273 / Moderna - Al-driven synthesis of mRNA
sequences
- Robotic automation enabled
scaling from 30 to 1,000
mRNAs/month

Role of Al in Accelerating Vaccine Research

Moderna, an early leader in COVID-19 mRNA vaccine development, used Al to
clean and process millions of data points. According to Chief Data Officer Dave
Johnson, AI and robotic automation enabled them to produce over 1,000
optimized mRNA sequences monthly. Pfizer leveraged SDQ and supercomputing
to rapidly predict lipid nanoparticle behavior and storage conditions.
AstraZeneca’s Al platforms identified biomarkers using knowledge graphs and
image recognition, expediting drug development timelines.

Cold Chain and Storage Monitoring with IoT

Temperature-sensitive vaccines like Covaxin require storage between 2—8 °C.
Using loT-based sensor networks, real-time environmental monitoring and alerts
ensured optimal storage and transportation conditions, preserving vaccine
efficacy.

Al-Enabled Screening and Testing of Vaccine Candidates

As shown in Figure, Al algorithms facilitate the high-throughput screening of
numerous vaccine candidates. These systems evaluate:

1. Antigenicity

2. Structural stability

3. Epitope accessibility

4. Host-pathogen interactions

Public Health: Perspectives, Global Challenges, and Local Solutions
ISBN-978-93-49938-47-2 19



Dr. Akhilesh Saini

Promising candidates are then selected for preclinical testing on animal models,
followed by clinical trials in humans. Al drastically reduces the time and cost
associated with these stages by identifying the most viable vaccine candidates
early in the process.

The rapid development and deployment of COVID-19 vaccines marked a turning
point in the history of immunization, showcasing how modern science can
respond effectively to global health crises. From traditional vaccine strategies to
the integration of advanced technologies such as artificial intelligence (Al),
machine learning, reverse vaccinology, and IoT, the vaccine landscape has
transformed dramatically.

Al has proven invaluable in accelerating every phase of vaccine development—
from antigen identification and molecular modeling to clinical trials and cold
chain logistics. Computational tools have enabled scientists to predict immune
responses, select effective targets, and design vaccines with improved efficacy
and safety in record time.

The success of COVID-19 vaccines highlights the importance of interdisciplinary
collaboration, data-driven innovation, and digital infrastructure in modern
healthcare. As we prepare for future pandemics and emerging diseases, the
integration of Al into vaccine research will continue to play a vital role in
safeguarding global public health.
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Abstract
Public health interventions are crucial tools for enhancing population health,
reducing disparities, and improving overall quality of life. However, in an era of
limited resources and growing demands for accountability, decision-makers must
justify public health spending through systematic, evidence-based economic
evaluations. Cost-benefit analysis (CBA) has become a core method in this
context, offering a structured way to compare the economic value of health
benefits with the costs of implementing interventions. This chapter critically
examines the methodological foundations, applications, and limitations of CBA
in public health.
Using a qualitative meta-synthesis and systematic literature review, this chapter
draws from empirical studies, health economic theories, and international policy
frameworks to provide a comprehensive understanding of how CBA guides
public health planning and priority-setting. The review includes findings from
peer-reviewed journals, global health agencies, and real-world case studies,
highlighting both the relevance and challenges of applying CBA in diverse
contexts. Key themes include how outcomes are selected and monetized,
discounting future benefits, sensitivity analysis, and ethical issues around valuing
human life. The chapter also identifies common methodological biases and offers
best practices to improve the validity, reliability, and policy impact of CBAs.
Additionally, it discusses integrating equity-focused metrics and using real-world
evidence to make economic evaluations more inclusive and relevant to specific
contexts.
Overall, this chapter argues that while CBA has its limitations, it remains an
important tool for health economists and policymakers. When used with
methodological rigor and ethical awareness, it can support efficient resource
allocation, promote transparency in health decision-making, and ultimately lead
to more sustainable and equitable health outcomes.
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Introduction

In recent decades, public health has made significant advances in improving
population health through strategic interventions like immunization programs,
sanitation improvements, disease surveillance, behavioral health campaigns, and
emergency preparedness. These efforts have not only increased life expectancy
but also contributed to economic growth and social well-being. However,
implementing these initiatives often requires substantial investments in
infrastructure, human resources, logistics, and ongoing maintenance. In a world
with finite resources and competing demands—especially in low- and middle-
income countries—it is crucial to evaluate the economic viability of such
interventions. This makes structured evaluation tools like cost-benefit analysis
(CBA) essential, as they have become central to health economics and policy
development.

Cost-benefit analysis is a methodological approach based on welfare economics
that compares the monetary value of benefits from an intervention with the costs
incurred. Unlike cost-effectiveness analysis (CEA) or cost-utility analysis (CUA),
which focus on health outcomes like life years gained or quality-adjusted life
years (QALYs), CBA converts both inputs and outcomes into a common
monetary scale. This allows decision-makers to directly assess whether an
intervention results in a net societal gain. Such a feature makes CBA especially
useful in cross-sectoral decisions, where public health competes for funding with
sectors like education, infrastructure, or environmental conservation.

The increasing interest in CBA in public health is driven by several factors. First,
global health governance now emphasizes accountability, transparency, and
evidence-based policymaking. Organizations like the World Bank, WHO, and
national public health agencies promote integrating economic evaluation into
health planning to optimize resource use. Second, global health threats such as
the COVID-19 pandemic highlight the need for rapid and economically justified
responses. Third, technological advances and the availability of health data—
from electronic health records (EHRs), disease registries, and big data
analytics—have improved the accuracy and feasibility of conducting CBAs in
diverse settings.

This chapter aims to explore the methods, applications, and limitations of cost-
benefit analysis in public health. It includes a critical review of recent empirical
studies and provides recommendations for incorporating CBA into policy
frameworks. The goal is to equip researchers, practitioners, and policymakers
with a solid understanding of how economic evaluation can enhance the
efficiency, effectiveness, and fairness of public health decision-making.
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From a research perspective, this chapter employs a qualitative research design
with a narrative review approach. Peer-reviewed literature, policy reports, and
economic evaluations from reputable sources such as The Lancet, Health Affairs,
and the Journal of Health Economics were examined. Databases like PubMed,
Scopus, and Google Scholar were used to locate relevant literature using search
terms such as “cost-benefit analysis,” “public health economics,” “economic
evaluation of health interventions,” and “health policy and decision-making.”
Inclusion criteria focused on empirical research, systematic reviews, and high-
impact case studies published between 2000 and 2024.

The review first explores the basic theories behind CBA, then discusses its
methodological steps and challenges. Empirical applications are categorized by
intervention type—such as vaccinations, mental health, environmental health,
and pandemic response—to show the variety of use cases. The chapter concludes
with future directions, including how CBA can incorporate ethical issues, real-
world data, and equity-focused evaluations.

29 ¢

Cost-Benefit Analysis in Public Health:

A Theoretical Structure

Cost-benefit analysis is grounded in welfare economics, where decisions are

evaluated based on their ability to improve societal welfare. In public health,

CBA measures and compares the costs of an intervention—such as financial,

social, and opportunity costs—with the benefits, such as reduced mortality,

improved quality of life, and increased economic productivity.

Two major economic theories underlie CBA in health:

1. Human Capital Approach: This method quantifies the economic value of
life saved or health improved based on an individual's potential productivity
over their lifetime (Weisbrod, 1961).

2. Willingness-to-Pay (WTP): This approach estimates how much individuals
are willing to pay for risk reductions or health improvements, thereby
capturing preferences beyond mere productivity (Drummond et al., 2015).

The choice between these approaches often depends on ethical considerations,

data availability, and policy objectives.

Methodological Framework

A robust cost-benefit analysis in public health typically follows these steps:

1. Problem Definition: Identify the health issue and the intervention being
assessed.

2. Cost Estimation: Include direct costs (e.g., implementation, maintenance)
and indirect costs (e.g., productivity losses).

3. Benefit Estimation: Quantify outcomes in monetary terms, including averted

24 Nature Light Publications



Understanding the Cost-Benefit Analysis of Public Health Interventions

medical expenses, increased productivity, and improved life expectancy.

Literature Review

1. Vaccination Programs

Zhou et al. (2005) demonstrated that childhood immunization in the U.S. yields a
net societal benefit exceeding $68 billion, highlighting vaccines as among the
most cost-effective public health tools.

2. Tobacco Control

Ranson et al. (2002) conducted a global analysis and concluded that tobacco tax
increases could prevent millions of deaths while generating significant revenue,
far outweighing the costs of implementation.

3. Road Safety Measures

Elvik (2001) analyzed road safety interventions across Europe and found that
many measures, such as seatbelt enforcement and traffic calming, had high
benefit-cost ratios, justifying their scale-up.

4. Mental Health Interventions

Knapp and McDaid (2009) provided economic evaluations showing that early
intervention in mental health disorders, particularly in youth, leads to significant
long-term savings in health care and social services.

5. Pandemic Responses

Madhav et al. (2017) stressed the importance of timely interventions in
pandemics, suggesting that every dollar spent on preparedness could save up to
$10 in disaster response and recovery costs.

6. Environmental Health

Priiss-Ustiin et al. (2016) estimated that improvements in water and sanitation
could yield benefits exceeding their costs by a factor of 4.3 globally, especially in
low- and middle-income countries.

Challenges and Limitations

Despite the widespread utility of cost-benefit analysis (CBA) in evaluating public
health interventions, several theoretical, methodological, and ethical limitations
restrict its comprehensive application. These challenges, if not adequately
addressed, can result in suboptimal or even inequitable policy decisions. The
following section provides a detailed examination of these critical limitations.

1. Difficulties in Valuing Intangible and Non-Market Benefits

One of the most fundamental challenges in CBA is the difficulty in quantifying
intangible benefits, such as improvements in quality of life, emotional well-
being, social cohesion, or dignity. These outcomes, while central to public health
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goals, often lack market prices and are therefore hard to monetize (Gold et al.,
1996). Tools like willingness-to-pay (WTP) or contingent valuation methods
attempt to approximate the monetary value of such benefits, but these approaches
are sensitive to biases, including hypothetical bias, strategic misrepresentation,
and framing effects (Smith & Sach, 2010). Consequently, CBAs may
underestimate the true value of public health interventions, especially those with
broad societal or intergenerational effects.

2. Equity and Distributional Justice Concerns

CBA primarily aims to maximize net social benefits, often emphasizing
efficiency over equity. This utilitarian orientation may conflict with public health
objectives that prioritize reducing health disparities and protecting vulnerable
populations. For instance, an intervention that delivers large benefits to the
wealthy while excluding low-income groups might appear favorable in a
traditional CBA but fail ethical or justice-based scrutiny (Cookson et al., 2017).
Without deliberate inclusion of equity-weighted approaches or distributional
impact analysis, CBAs risk reinforcing existing inequalities rather than mitigating
them.

3. Uncertainty and Data Limitations

Reliable CBA depends on the availability of high-quality, longitudinal, and
context-specific data on costs, outcomes, and population health metrics.
However, such data are often incomplete, outdated, or entirely lacking,
particularly in low-resource settings (Jamison et al., 2006). Moreover, public
health outcomes typically occur over long-time horizons, making it difficult to
estimate long-term benefits with certainty. Uncertainties surrounding
epidemiological models, behavioral responses, and external socioeconomic
changes further compound the problem, necessitating the use of probabilistic
sensitivity analysis and scenario modeling to validate conclusions (Walker et al.,
2010).

4. Ethical and Philosophical Limitations

Translating human life, health, or suffering into monetary terms raises
fundamental ethical concerns. The human capital approach, for instance, assigns
value based on potential economic productivity, inherently undervaluing
children, the elderly, and individuals with disabilities. Although willingness-to-
pay measures offer a more inclusive framework, they are often influenced by the
ability to pay, introducing socioeconomic bias into valuations (Hammitt, 2002).
This ethical tension challenges the moral legitimacy of using CBA as the sole or
primary decision-making tool in public health.
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5. Attribution and Causality Issues

Public health interventions often operate in complex social and environmental
systems with multiple interacting variables. Isolating the specific impact of an
intervention on a health outcome is methodologically challenging, especially
when multiple concurrent interventions or external factors influence results.
Attribution problems can weaken the credibility of benefit estimations in CBAs
and lead to either over- or underestimation of cost-effectiveness (Weatherly et al.,
2009).

6. Time Horizon and Discounting Controversies

Public health benefits often accrue over long periods, while costs are typically
immediate. The standard practice of discounting future benefits to present value
can significantly reduce the apparent economic value of interventions aimed at
long-term outcomes (e.g., childhood nutrition, climate-related health programs).
Debate continues over the appropriate discount rate in health economics, as lower
rates give more weight to future generations, aligning better with sustainability
and intergenerational equity principles (Griffiths et al., 2011).

7. Political and Institutional Barriers

Even when CBA results indicate a strong economic case for an intervention,
political will and institutional inertia can impede implementation. Decision-
makers may prioritize short-term gains over long-term benefits or respond to
public pressure and lobbying that undermines evidence-based policy (Oliver &
Cairney, 2019). Moreover, the complexity of CBA may hinder its use in fast-
paced policy environments where decisions must be made rapidly.

Future Directions and Conclusion

Future Directions

As the global health landscape continues to evolve, the role of cost-benefit
analysis (CBA) in public health planning and evaluation is expected to expand in
both complexity and importance. Moving forward, researchers, economists, and
policy-makers must work collectively to refine and adapt the methodology to
address the multifaceted realities of modern public health. Several future
directions are crucial to ensure that CBA remains relevant, robust, and responsive
to emerging health and societal needs.

1. Integration of Equity into Economic Evaluation

One of the most pressing needs in future public health CBA is the incorporation
of equity considerations. Traditional CBAs, focused purely on efficiency, may
neglect marginalized or high-need populations. Future research should explore
equity-weighted CBAs that assign higher value to interventions benefiting
disadvantaged groups. Techniques such as distributional cost-effectiveness
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analysis (DCEA) and extended CBA frameworks can provide nuanced insights
that align with social justice and health equity goals (Asaria et al., 2016).

2. Embracing Real-World Evidence and Big Data

The digital transformation of health systems offers new opportunities to improve
the quality and timeliness of data used in CBAs. Real-world evidence derived
from electronic health records (EHRs), mobile health (mHealth) applications, and
social media analytics can supplement traditional data sources. The use of big
data analytics, machine learning, and artificial intelligence can enhance model
accuracy, simulate long-term health outcomes, and reduce uncertainty in benefit
estimations (Bates et al., 2018).

3. Developing Global Standards for Public Health CBA

Currently, there is a lack of standardized guidelines for conducting and reporting
CBAs in the public health context, particularly in low- and middle-income
countries. The development of global best-practice frameworks, endorsed by
bodies such as the World Health Organization (WHO), could help ensure
consistency, transparency, and comparability across studies. Harmonization of
discount rates, benefit valuation methods, and ethical considerations would
significantly enhance the quality and utility of CBAs worldwide (Hutubessy et
al., 2003).

4. Incorporation of Behavioral Economics Insights

Human decision-making is often influenced by cognitive biases, heuristics, and
contextual factors. Behavioral economics can inform CBA models by accounting
for how individuals perceive risk, value time, and respond to health interventions.
Including these insights can result in more realistic projections of behavior
change, adherence, and uptake rates, which are critical to accurate benefit
estimation (Loewenstein et al., 2013).

S. Enhanced Capacity Building and Training

To improve the integration of CBA into public health planning, there must be an
emphasis on developing local capacity in health economics. Training programs,
postgraduate courses, and professional workshops can equip public health
officials, policymakers, and researchers with the skills necessary to interpret,
conduct, and utilize CBAs effectively. Moreover, encouraging interdisciplinary
collaboration between economists, epidemiologists, sociologists, and public
health practitioners can foster more holistic and informed evaluations.

6. Expansion of CBA to Non-Traditional Domains

Emerging public health challenges such as climate change, mental health, digital
health governance, and global pandemics require a broadened scope of CBA.
Future applications should include environmental co-benefits, digital access
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equity, psychosocial well-being, and preparedness planning. This holistic
evaluation can capture the multi-dimensional nature of health and its
determinants, supporting a more sustainable and proactive public health strategy
(Watts et al., 2015).

Conclusion

Cost-benefit analysis represents a vital tool in the arsenal of public health
economics. It offers a systematic, quantitative framework to guide decisions
about the allocation of limited resources across competing health priorities. By
expressing both costs and benefits in monetary terms, CBA enables comparisons
not only between health interventions but also between investments in health and
those in other societal sectors such as education, transportation, or environmental
protection.

Throughout this chapter, the theoretical foundations of CBA were discussed,
along with its methodological features, applications across diverse domains, and
limitations. Empirical evidence overwhelmingly suggests that many public health
interventions—especially those focusing on prevention, early intervention, and
health promotion—deliver net economic benefits to society. Vaccination
programs, tobacco control measures, road safety initiatives, and environmental
sanitation efforts are just a few areas where CBA has demonstrated clear value.
Nevertheless, the limitations of CBA, including ethical concerns, valuation
challenges, data constraints, and a lack of equity focus, must be acknowledged
and addressed. Moving forward, cost-benefit analysis must evolve to meet the
growing demands of a rapidly changing global health context. Future research
and policy must embrace more inclusive, dynamic, and ethically grounded
approaches, integrating advances in technology, behavioral science, and social
equity frameworks.

Ultimately, a well-executed and context-sensitive cost-benefit analysis can
support evidence-informed public health decision-making. It can help
governments and stakeholders prioritize investments that deliver the greatest
value for money while fostering health equity and sustainable development. By
refining the methodology and aligning it with contemporary ethical and scientific
standards, CBA can continue to be a cornerstone of effective public health
planning in the decades to come.
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Abstract
Public health is vital for sustainable and equitable development in India’s diverse
socio-economic context. Businesses can actively contribute to public health by
leveraging finance, tax incentives, and Corporate Social Responsibility (CSR)
while aligning these actions with their strategic objectives. This article discusses
how innovative financing tools like health bonds and social impact investments
can fund healthcare infrastructure, preventive care, and health education, leading
to lasting community health improvements. Tax benefits under the Income Tax
Act and GST exemptions encourage businesses to support health projects in
sanitation, vaccination, and nutrition, improving healthcare access. CSR,
mandated by the Companies Act, 2013, provides a structured approach for
businesses to undertake long-term health initiatives, enhancing community health
and strengthening corporate trust.
The article also identifies challenges businesses face, such as navigating complex
regulations, delays in approvals, and difficulties in measuring the impact of
health programs. Ensuring financial sustainability is another challenge, as many
health programs need long-term funding, while businesses often focus on short-
term projects with clear visibility within annual CSR budgets. To overcome these
challenges, the article suggests simplified compliance processes, standardised
tools for impact measurement, and innovative funding models to support
effective and accountable health programs.
By aligning finance, tax planning, and CSR within a supportive policy
framework, businesses can strengthen public health while achieving their
strategic goals. This integrated approach positions the private sector as a key
partner in advancing Sustainable Development Goals and improving equitable
healthcare access in India and beyond.

Keywords: Public Health, CSR, Finance, Taxation
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Introduction

Public health is crucial for achieving sustainable and equitable development,
particularly in India, where disparities in healthcare access persist across regions
and socio-economic groups (WHO, 2022). The Sustainable Development Goals
(SDGs) emphasise health and well-being for all, but realising these objectives
requires joint efforts from governments, communities, and the private sector
(United Nations, 2015). While public health has often been seen as a government
responsibility, there is a growing recognition that businesses can significantly
contribute through targeted financial investments, tax-aligned health initiatives,
and structured corporate social responsibility (CSR) practices (Lee & Goodman,
2020).

In India, the Companies Act, 2013 mandates CSR activities for eligible
companies, providing a framework to direct corporate resources towards public
health and social welfare initiatives (Government of India, 2013). Additionally,
tax incentives under the Income Tax Act, 1961 encourage businesses to invest in
health-related projects by offering deductions for expenditures on preventive
care, nutrition, sanitation, and maternal health programs, strengthening financial
flows for essential services (Ministry of Finance, 2023). Innovative financing
models, including health bonds and social impact investments, further enable
businesses to align profit goals with community health needs, ensuring long-term
sustainability of interventions (Bhattacharya, Korschun, & Sen, 2009).

This paper explores the intersection of finance, taxation, and CSR in advancing
public health goals in India and globally. It examines relevant policies, legal
frameworks, and case studies illustrating corporate engagement in health,
showing how aligning corporate financial strategies with public health priorities
can improve community well-being while enhancing corporate reputation and
trust (Lee & Goodman, 2020). The study highlights the need for collaborative
efforts to address public health challenges sustainably and transparently.

Objectives Of the Study

e To analyse the role of corporate finance in advancing public health initiatives.

e To study taxation policies and incentives supporting CSR in public health.

e To examine the impact of CSR practices on improving community health.

e To explore integrated strategies for finance, tax, and CSR in supporting
sustainable health goals.

Research Methodology

The study uses a qualitative descriptive approach, collecting secondary data from
government policy documents, CSR reports of selected Indian corporations,
WHO reports, and relevant academic literature. Case studies of CSR initiatives in
healthcare and analysis of taxation frameworks under Indian law have been
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utilized to identify effective strategies and practical implications for integrating
business approaches with public health objectives.

Public Health Goals

Public health focuses on organised efforts to prevent diseases, increase life
expectancy, and improve well-being through informed choices made by
individuals, communities, and institutions (WHO, 2022). Aligned with the
Sustainable Development Goals (SDGs), public health goals seek to ensure
healthy lives at all ages, addressing essential determinants such as sanitation,
clean water, nutrition, and education, along with access to quality healthcare
services (United Nations, 2015).

Key objectives include reducing maternal and child mortality, preventing and
managing communicable and non-communicable diseases, and strengthening
health systems to improve care accessibility and quality (WHO, 2022). In this
framework, businesses play a vital role in advancing public health by addressing
environmental and social factors that influence community health outcomes (Lee
& Goodman, 2020).

Corporate actions in nutrition, such as food fortification programs and
community awareness initiatives, help combat malnutrition and encourage
healthier lifestyles. Business-supported sanitation projects, including toilet
construction and clean water provision, directly reduce waterborne diseases and
enhance hygiene practices (Bhattacharya et al., 2009).

Preventive healthcare is another area where businesses can contribute
significantly through vaccination drives, health screening camps, and awareness
programs focused on lifestyle diseases and mental health. Collaborations between
corporations, healthcare providers, and government agencies can improve
maternal and child health by supporting prenatal care, safe deliveries, and
nutritional interventions (Ministry of Health and Family Welfare, 2023).

By aligning CSR initiatives, tax-supported programs, and financial planning with
public health priorities, businesses can help advance health equity, build
community trust, and promote sustainable development. Recognising public
health as a shared responsibility enables businesses to actively bridge healthcare
gaps and support healthier, more inclusive societies (Lee & Goodman, 2020).

Role Of Finance in Advancing Public Health

Finance plays a vital role in strengthening public health by mobilising resources,
supporting sustainable interventions, and fostering innovation in healthcare
systems (World Bank, 2021). Today, corporate financing goes beyond traditional
donations, including strategic investments in healthcare infrastructure, preventive
health programs, and community awareness initiatives. Many businesses now
contribute to building hospitals, conducting health camps, and supporting
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vaccination drives, aligning these actions with business objectives while
improving community health (Bhattacharya, Korschun, & Sen, 2009).

Social impact investing has emerged as an effective tool for addressing public
health needs while generating financial returns. This approach channels
investments into healthcare startups, telemedicine platforms, and affordable
medical technologies, expanding healthcare access, especially in underserved
areas (Lee & Goodman, 2020). Such investments ensure that financial resources
directly support scalable and impactful health interventions, promoting
sustainable improvements in healthcare delivery.

Additionally, innovative financing mechanisms like health bonds and pooled
funding models allow for structured and targeted investments in health initiatives.
Health bonds enable investors to fund projects linked to achieving specific health
outcomes, with returns tied to the attainment of measurable targets, ensuring
accountability and efficiency (WHO, 2022). Pooled funds, which aggregate
resources from multiple stakeholders, facilitate large-scale initiatives addressing
key health issues such as maternal and child health, sanitation, and disease
prevention (World Bank, 2021).

By strategically using these financial models, businesses can align their
objectives with community health needs while reinforcing their corporate social
responsibility (CSR) commitments. Financial investments in health initiatives not
only lead to healthier communities but also contribute to building a productive
workforce and fostering trust between businesses and society, highlighting
finance as a catalyst in advancing public health (Lee & Goodman, 2020).

Tax Strategies and Public Health

Tax policies are essential in mobilising resources for public health, creating
opportunities for businesses to support health initiatives while adhering to
financial and regulatory requirements (Ministry of Finance, 2023). In India, the
Income Tax Act, 1961, offers structured benefits, including deductions under
Section 80G and other provisions, encouraging corporate contributions to
healthcare efforts. These include sanitation projects, vaccination drives, nutrition
programs, and building health infrastructure (Government of India, 2013).

The Goods and Services Tax (GST) system directly affects the cost and
accessibility of healthcare in India. Essential medicines and many healthcare
services are exempted or taxed at lower rates under GST, reducing costs for
patients and ensuring access to necessary services (World Health Organization,
2022). However, higher tax rates on certain medical devices and diagnostic tools
can increase operational costs for healthcare providers, influencing the
affordability of healthcare delivery (Ministry of Finance, 2023).

National frameworks like the National Health Policy 2017 emphasise using tax
structures to encourage private sector participation in healthcare, promoting
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investments in underserved regions and supporting public-private partnerships to
improve healthcare access (Ministry of Health and Family Welfare, 2017). These
policies help businesses align their tax planning with public health goals,
ensuring corporate investments lead to tangible improvements in community
health (Lee & Goodman, 2020).

By using tax incentives strategically and integrating them with CSR and financial
planning, businesses can effectively support health initiatives while maintaining
operational efficiency. This alignment creates a collaborative space where
government policies, business strategies, and community health needs work
together, improving equitable healthcare access and contributing to sustainable
development in the health sector (WHO, 2022).

Corporate Social Responsibility (CSR) And Public Health:

Corporate Social Responsibility (CSR) has become an important tool for
promoting public health while aligning business goals with social priorities (Lee
& Goodman, 2020). In India, the Companies Act, 2013 requires eligible
companies to allocate at least 2% of their average net profits towards CSR
activities, with healthcare recognised as a priority area (Government of India,
2013). Globally, CSR practices are guided by frameworks such as the UN Global
Compact and the Sustainable Development Goals (SDGs), encouraging
businesses to reduce health inequalities and support community well-being
(United Nations, 2015).

Case studies show the effectiveness of CSR in improving health outcomes. Many
Indian companies have organised vaccination drives for employees and nearby
communities, helping expand immunisation coverage during the COVID-19
pandemic (World Health Organization, 2022). Corporate investments in health
infrastructure, including mobile clinics, telemedicine services, and rural health
centres, have improved healthcare access for underserved populations (Ministry
of Health and Family Welfare, 2023). Additionally, CSR initiatives focusing on
health education have increased community awareness about preventive
healthcare, nutrition, sanitation, and lifestyle-related diseases, promoting
healthier behaviours (Bhattacharya, Korschun, & Sen, 2009).

CSR supports long-term engagement in public health beyond one-time donations.
By aligning CSR initiatives with business strategies, companies can sustain
health projects, build trust within communities, and collaborate with government
and non-profit organisations for greater outreach (Lee & Goodman, 2020).
Effective CSR can also improve employee engagement, enhance corporate
reputation, and support workforce health, aligning corporate interests with public
health advancement (Bhattacharya et al., 2009).

By using the CSR legal framework and aligning corporate strategies with public
health goals, businesses can help bridge healthcare gaps, promote inclusive
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growth, and advance SDG targets while fulfilling ethical and legal
responsibilities (United Nations, 2015).

Integrating Finance, Tax, And CSR for Public Health

Integrating financial investments, tax benefits, and Corporate Social
Responsibility (CSR) provides a strong pathway for businesses to support public
health while aligning with corporate goals and community needs (Lee &
Goodman, 2020). Well-planned financial investments enable businesses to fund
impactful health programs, while tax incentives under CSR laws encourage
continuous support for health initiatives (Ministry of Finance, 2023). This
combined approach ensures that corporate funds address essential public health
issues such as maternal and child health, sanitation, nutrition, and preventive care
in a structured manner (WHO, 2022).

Collaboration between businesses, government agencies, and NGOs further
strengthens these efforts. Public-private partnerships help combine financial,
technical, and logistical resources, bringing healthcare services to underserved
communities (United Nations, 2015). For example, companies can partner with
government health missions to conduct vaccination drives, set up rural health
centres, and run health education programs, using government networks for wider
reach while maintaining accountability through corporate management systems
(Bhattacharya, Korschun, & Sen, 2009).

Strong corporate governance plays a key role in aligning financial plans, tax
efficiency, and CSR with public health goals. Governance frameworks and ESG
practices promote transparency, compliance, and effective monitoring of health
programs. Board-level commitment and CSR committees can ensure that health
projects are prioritised within business plans, aligning them with stakeholder
expectations and contributing to the Sustainable Development Goals (Lee &
Goodman, 2020).

By integrating finance, tax strategies, and CSR, businesses can strengthen
healthcare systems while building community trust and ensuring long-term
impact. This holistic approach positions businesses as important partners in
addressing public health challenges, balancing financial efficiency with social
responsibility to advance equitable healthcare access (WHO, 2022).

Challenges In Implementing Business Strategies for Public Health

While finance, tax incentives, and CSR frameworks offer structured ways for
businesses to support public health, several challenges Ilimit effective
implementation. Navigating complex regulatory systems is a key concern, as
businesses must comply with CSR laws, tax policies, and health regulations,
requiring significant administrative resources. Differences in state-level policies
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and approval delays further slow project execution, discouraging businesses from
expanding health initiatives.

Measuring the impact of health-focused CSR activities also poses challenges.
Unlike infrastructure projects, public health interventions involve behavioural
changes and long-term outcomes that are difficult to quantify within annual
reporting cycles. The lack of standard frameworks for impact assessment limits
transparency and makes it harder for businesses to demonstrate the value of their
contributions. Additionally, many businesses lack technical expertise in health
monitoring, and collaboration with specialised health agencies remains
underused.

Financial sustainability is another constraint, as public health programs need
consistent funding while businesses often prioritise initiatives with quick results.
Simplified compliance procedures, clear impact measurement frameworks, and
innovative financing models are needed to support long-term investments.

Findings And Observations

This study finds innovative financing, tax benefits, and CSR encourage

businesses in India to support health initiatives, boosting community trust and

brand value, though regulatory and impact measurement challenges remain.

1. Finance Supports Public Health: Businesses can use financial tools to
invest in healthcare infrastructure, preventive care, and health education
programs. This approach allows companies to contribute to community health
while maintaining their business objectives.

2. Tax Benefits Encourage Health Spending: Tax deductions and lower tax
rates on health-related activities encourage businesses to invest in health
programs. This helps companies align their financial plans with actions that
benefit society.

3. CSR Strengthens Community Health: Mandatory CSR in India has led to
many health-related projects by businesses, including vaccination camps,
clean water initiatives, and health awareness drives. CSR has moved from
occasional charity to a long-term approach for improving community health.

4. Integration Increases Impact: Combining financial planning, tax strategies,
and CSR efforts makes health initiatives more effective. Collaborations with
government agencies and NGOs help businesses reach more people while
maintaining program quality.

5. Challenges Remain: Businesses face regulatory complexities, delays in
approvals, and difficulties in measuring the outcomes of health programs.
Long-term funding can also be uncertain due to changing corporate priorities.

6. Potential for Sustainable Impact: With better planning, simplified
regulations, and innovative funding models, businesses can play a strong role
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in improving public health while achieving their strategic goals.

Recommendations

To strengthen business contributions to public health, three actions are
recommended. First, the government should encourage private sector
participation by offering tax benefits, reducing approval delays, and recognising
companies supporting health programs. This will motivate businesses to invest in
healthcare infrastructure, preventive care, and health education.

Second, a clear system for monitoring and reporting health-related CSR activities
should be developed. Simple guidelines and standard formats will help
businesses track progress, ensure transparency, and demonstrate their impact on
community health.

Third, companies should align financial planning with public health goals by
including health initiatives in their CSR and financial strategies. This will ensure
consistent funding for long-term health projects, strengthen community trust, and
support sustainable development goals.

By implementing these steps, businesses can effectively support public health
while meeting their strategic objectives, helping to build a fair, sustainable
healthcare system for all.

Conclusions

Public health is vital for sustainable and equitable development in India’s diverse
socio-economic context. Businesses can actively contribute to public health by
leveraging finance, tax incentives, and Corporate Social Responsibility (CSR)
while aligning these actions with their strategic objectives. This article discusses
how innovative financing tools like health bonds and social impact investments
can fund healthcare infrastructure, preventive care, and health education, leading
to lasting community health improvements. Tax benefits under the Income Tax
Act and GST exemptions encourage businesses to support health projects in
sanitation, vaccination, and nutrition, improving healthcare access. CSR,
mandated by the Companies Act, 2013, provides a structured approach for
businesses to undertake long-term health initiatives, enhancing community health
and strengthening corporate trust.
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Introduction

Nigella sativa L., commonly known as black cumin, or kalonji, is an annual
flowering plant belonging to the Ranunculaceae, family. This plant has garnered
significant attention due to its widespread traditional uses and scientific evidence
supporting its diverse properties.

Botanical Classification and Nomenclature

The scientific classification of Nigella sativa places in the plant kingdom, as
detailed in Table 1. The genus name Nigella is derived from the Latin word
'niger,' meaning 'black,' a direct reference to the distinctive color of its seeds.

Geographical Distribution and Cultivation

Nigella sativa is indigenous to specific regions of Eastern Europe, notably
Bulgaria and Romania, and Western Asia, encompassing Cyprus, Turkey, Iran,
and Iraq (Dabeer et al., 2022). From these native origins, the plant has naturalized
and spread extensively across a much wider geographical area, including various
parts of Europe, northern Africa, and eastward into Myanmar. Its adaptability has
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led to its widespread cultivation in Mediterranean countries, Central Europe, and
Southwest Asia. In India, its cultivation is prominent in states such as Bengal,
Assam, and Maharashtra.

Table 1: Classification for Nigella sativa: (J. Bentham and J.D. Hooker)

Rank Classification
Kingdom Plantae

Class Dicoteledons
Sub-Class | Polypetalae
Series Thalamiflorae
Order Ranales
Family Ranunculaceae
Genus Nigella
Species N. sativa

Historical Significance and Traditional Uses

The history of Nigella sativa uses dates back millennia, with archaeological
evidence pointing to its earliest cultivation approximately three thousand years
ago (Salih et al., 2009). Seeds have been unearthed in ancient Egyptian sites,
including the tomb of Tutankhamun, and in a Hittite flask in Turkey from the
second millennium BC (Salih et al., 2009). Historically, it was a valued
condiment in the Old World, used to flavor food.

Beyond its culinary role, N. sativa holds deep-rooted significance in numerous
folk medicinal practices and traditional wisdom systems across the globe. Its use
is well-documented in Islamic, Arabic, Unani, Ayurvedic, Chinese, Malay,
Greek-Roman, Jewish, and Tibb-e-Nabawi (Prophetic Medicine) traditions (Khan
& Rehman, 2021).  N. sativa has been revered, often hailed as a "universal
healer," a "miraculous plant," or "the herb from heaven." In Arabic, it is
affectionately known as "Habbatul barakah," meaning 'the seed of blessing,' a
testament to its perceived wide-ranging benefits (Kruk, 2024).

The consistent and broad application of N. sativa in traditional medicine for a
vast array of ailments, including dyspnea, cough, asthma, headache,
dysmenorrhea, obesity, diabetes, hypertension, gastrointestinal issues, skin
disorders, inflammation, fever, and rheumatism, is notable. This extensive
historical empirical observation of its efficacy is now increasingly supported by
modern scientific validation, which demonstrates a wide spectrum of
pharmacological activities such as antioxidant, anti-inflammatory, antimicrobial,
antidiabetic, anticancer, immunomodulatory, hepatoprotective, and renal
protective properties (Alberts, 2024). This convergence of ancient wisdom and
contemporary research highlights the significant potential for traditional medicine
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systems to serve as valuable guides for modern drug discovery.

Morphology

The morphology of Nigella sativa encompasses its visible structural
characteristics, from its overall growth habit to the intricate details of its flowers,
fruits, and seeds (Plate- 1).

General Plant Characteristics

Nigella sativa is characterized as an annual herbaceous flowering plant,
completing its life cycle within a single year. It typically attains a height of 20-30
cm, though some reports indicate it can grow taller, reaching up to 45 cm or even
60 cm. The plant exhibits a rather stiff, erect, and branching stem, which can be
slightly hairy and possess a shiny green appearance. Observations suggest
variations in branching patterns, with some accessions showing dense branching
at the base, while others branch predominantly in the upper regions. The stem is
herbaceous, cylindrical, and covered with fine hairs, including glandular ones.
The leaves of N. sativa are finely divided and linear, though not thread-like. They
are arranged alternately along the stem. Leaf blade length typically ranges from
25-50 mm and is described as linear to lanceolate in shape. The plant anchors
itself with a well-developed taproot system, characterized by stout, elongated,
cylindrical, and branched roots.

Flower Morphology

The flowers of Nigella sativa are noted for their delicate appearance. They are
typically colored pale blue and white, although variations in color, including
yellow, pink, or pale purple, have been reported. Each flower usually bears five
to ten petals, with some descriptions specifically mentioning five petals. The
flowers are borne solitarily on long peduncles. Within the flower, numerous
stamens are present, along with five or six elongated, fused carpels.

Fruit and Seed Morphology

The fruit of Nigella sativa is a prominent feature, described as a large and
inflated capsule. This capsule is typically composed of three to seven united
follicles, with some sources specifying five or six segments. Each of these
follicles contains numerous seeds. The mature capsule is black-colored and may
present an "odd, toothed" appearance.

The seeds, which are the most economically important part of the plant, are small
and somewhat compressed. They are typically three-cornered, or trigonous, with
two sides appearing flat and one convex. Externally, the seeds are black or dark
brown, while internally they are white and oleaginous (oily). Their shape is often
described as angular or funnel-shaped. The dimensions of the seeds are generally
around 2-3.5 mm in length and 1-2 mm in width. A distinguishing characteristic

Public Health: Perspectives, Global Challenges, and Local Solutions 43

ISBN-978-93-49938-47-2



Dr. Cherkupally Rama Raju and et.al.

of N. sativa seeds is their strong, agreeable aromatic odor, often likened to
nutmeg. Their taste is spicy, pungent, and notably bitter, with some individuals
detecting a faint hint of strawberries.

Plate.1

Fig. A. Nigella sativa plant B. Flower & Fruit C. Seeds

Anatomy
The internal structure, or anatomy, of Nigella sativa reveals intricate cellular and
tissue arrangements that underpin its macroscopic features and biological
functions.
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Nigella sativa (black cumin) primarily exhibits the fundamental anatomical
features characteristic of a dicotyledonous plant in its root, stem, and seed
structures. For instance, its stem has vascular bundles arranged in a ring and an
angular outline, while the root shows a central vascular cylinder for water and
nutrient transport. However, it also possesses prominent oil droplets within the
root xylem, suggesting a role in storing or transporting valuable lipid compounds.
Additionally, its seeds are particularly distinctive, featuring a protective
epidermis with papillose outgrowths, a clear hypodermis, and a notable reddish-
brown pigmented layer rich in thick-walled, rectangular cells (Pandey, 2024).
The endosperm of the seed is densely packed with oil globules, serving as a
primary reservoir for the plant's bioactive oils, with the tiny embryo nestled at its
core (Plate-2).

Economic Importance

The economic significance of Nigella sativa is multifaceted, stemming from its
widespread use in culinary traditions, its valuable oil production, and its
emerging roles in agriculture and as an ornamental plant.

Culinary and Food Applications

The seeds of Nigella sativa are extensively utilized as a spice in numerous
cuisines globally, with a particular prominence in Arab and Halal culinary
traditions. These versatile seeds are ground to create bitter qizha paste in
Palestine and are a key ingredient in dry-roasted form to flavor curries, various
vegetables, and pulses. They serve as a popular seasoning in recipes
incorporating pod fruits, salads, and poultry. They are also an essential
component of the traditional Bengali spice mixture known as panch phoron
(Sarkar, 2019), which translates to a 'mixture of five spices'.

A significant factor contributing to the economic importance and widespread
acceptance of N. sativa in the food industry is its classification by the Food and
Drug Administration (FDA) in the United States. The FDA designates Nigella
sativa L. as Generally Recognized as Safe (GRAS) for use as a spice, natural
seasoning, or flavoring.

Oil Production and Industrial Uses

Nigella sativa seeds are a rich source of valuable oils, containing approximately
36-38% fixed oil and 0.4-2.5% essential oil. Other reports indicate fixed oil
content ranging from 30-44.2% and essential oil from 0.4-1.49% (Liao, 2020).
The essential oil is particularly rich in bioactive compounds, with gas
chromatography (GC) and gas chromatography-mass spectrometry (GC-MS)
analyses identifying p-cymene, thymoquinone, a-thujene, longifolene, B-pinene,
a-pinene, and carvacrol as its main components, collectively accounting for
approximately 85% of the total content (Aksu, 2020). The fixed oil is also
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nutritionally dense, comprising 26% protein, 25% carbohydrates, 8.4% crude
fiber, 4.8% ash, carotene, and essential minerals such as copper, phosphorus,
zinc, and iron. Overall, the seeds contain 13.5-22% protein, 38-40% fat, 3.7%
moisture, 3.7% ash, and 17-32% carbohydrates.

The oil derived from N. sativa is utilized in folk medicine, as a flavoring agent
for bread and cheese, and as a spice in various meals. Beyond culinary
applications, the essential oils find use in the perfume and pharmaceutical
industries.

Medicinal Properties and Pharmacological Activities

Nigella sativa has been extensively studied for its medicinal properties, with a
vast array of pharmacological activities attributed to its rich phytochemical
profile.

Key Bioactive Compounds

The therapeutic efficacy of Nigella sativa is primarily linked to its diverse array
of bioactive compounds (Table. 2), which are predominantly concentrated in the
essential oil extracted from its seeds. Oils are 32% to 40% of the total
composition. N. sativa oil contains linoleic acid, oleic acid, palmitic acid, and
trans-anethole, and other minor constituents, such as nigellicine, nigellidine,
nigellimine, and nigellimine N-oxide. Aromatics include thymoquinone,
dihydrothymoquinone, p-cymene, carvacrol, a-thujene, thymol, a-pinene, B-
pinene and trans-anethole (Aksu, 2020). Protein and various alkaloids are
present in the seeds (Hannan, 2021).

Furthermore, N. sativa contains tocols, which are important natural antioxidants
like tocopherols (alpha, beta, gamma, and delta isomers), with y-tocopherol
typically being the most abundant (Suri & Sareen, 2022).

The presence of multiple compounds, each with its own biological activity (e.g.,
antioxidants, antimicrobials, anti-inflammatories), may lead to enhanced or
complementary therapeutic effects (universal healer) that are greater than those of
any single isolated compound. This suggests that isolating individual compounds
may not fully capture the plant's comprehensive therapeutic potential, advocating
for continued research into the efficacy of whole extracts or combinations of
compounds.

Traditional Medicinal Applications across Cultures

Nigella sativa holds profound historical and religious significance, having been
utilized in various ancient and traditional medicinal systems, including those of
ancient Egypt, Greece, Rome, as well as Islamic, Arabic, Unani, Ayurvedic,
Chinese, Malay, Jewish, and Tibb-e-Nabawi traditions (Table. 3).
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Plate. 2
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Table 2: Major Bioactive Compounds of Nigella sativa and Their Pharmacological

Activities

Compound Primary Pharmacological
Class Specific Compounds Activities

Thymoquinone (TQ), p-

cymene, a-thujene, | Antioxidant, Anti-

longifolene, B-pinene, o- | inflammatory, Antimicrobial,
Terpenes/Ter | pinene, carvacrol, t- | Antidiabetic, Anticancer,
penoids anethole Immunomodulatory

47

Public Health: Perspectives, Global Challenges, and Local Solutions
ISBN-978-93-49938-47-2



Dr. Cherkupally Rama Raju and et.al.

Nigellicine, Nigellimine,
Nigellidine, Nigelamines | Lipid metabolism-promoting,
Alkaloids Al1-AS various others
Phenolic  acids  (e.g.,
caftaric, caffeic, ferulic),
Flavonoids (e.g.,
quercetin, kaempferol, | Antioxidant, Anti-
Polyphenols rutin) inflammatory, Anti-aging
Unsaturated fatty acids,
Oleic acid, Glycerolipids,
Fatty Acids Phospholipids Nutritional, various others
[-sitosterol, Stigmasterol,
AT7-stigmasterol, AT-
avenasterol, Campesterol,
Phytosterols | Cholesterol Cholesterol-lowering
Proteins, Carbohydrates,
Crude fiber, Ash,
Minerals, Saponins,

Miscellaneous | Tannins Nutritional, various others
Table 3: Traditional Medicinal Uses of Nigella sativa
Cultural/Traditional Specific Application

System Ailment/Condition (Examples)
Seeds/oil for
Unani, Ayurvedic, bronchodilator,

Chinese, Islamic

Respiratory Issues

expectorant effects

Metabolic & Endocrine | Seeds/oil for blood

Islamic, Arabic, | Disorders (Diabetes, | sugar & lipid

Unani, Ayurvedic Obesity, Dyslipidemia) management

Islamic, Arabic, | Cardiovascular Health | Seeds/oil as

Unani, Ayurvedic (Hypertension) hypotensive agent
Seeds as digestive,

Islamic, Arabic, carminative,

Unani,  Ayurvedic, anthelmintic, appetite

Folk Medicine Gastrointestinal Disorders | stimulant

Islamic, Arabic, Seeds/oil for

Unani, Ayurvedic, analgesic, anti-

Folk Medicine Inflammation & Pain inflammatory effects
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Various

Islamic, Arabic, Seeds/oil for
Unani, Ayurvedic, | Infections (Bacterial, | antimicrobial, anti-
Folk Medicine Fungal, Viral, Parasitic) parasitic properties
Islamic, Arabic, | Skin Disorders (Eczema,
Unani, Ayurvedic, | Boils, Nasal  Ulcers, | External application of
Folk Medicine General Skin Diseases) seeds/oil

Women's Health

(Dysmenorrhea, Seeds as
Islamic, Arabic, | Menstrual Regulation, | emmenagogue,
Unani, Ayurvedic Lactation) lactagogue

Other (Fever, Jaundice,

Paralysis, Kidney Stones, | Seeds/oil for febrifuge,

Diuretic, Liver Tonic,
Regaining  Sense  of
Smell)

diuretic,
hepatoprotective, renal
protective effects

Scientifically Validated Pharmacological Actions
Extensive scientific research over recent decades has rigorously investigated and
substantiated many of the traditional claims regarding Nigella sativa, while also
uncovering additional pharmacological properties (Table. 4).

Table 4: Scientifically Validated Pharmacological Activities of Nigella sativa

Key Bioactive
Activity Class Specific Actions Compounds
Thymoquinone,
Scavenges free radicals, | Polyphenols (flavonoids,
Antioxidant inhibits ROS production | phenolic acids), Tocols

Anti-inflammatory

Inhibits NO radical
excretion, blocks

cyclooxygenase enzymes

Thymoquinone,
Polyphenols

Antibacterial, Antifungal,

Thymoquinone,
Carvacrol, t-anethole, 4-
terpineol, other volatile

Antimicrobial Antiviral, Anti-parasitic oils
Antidiabetic, Antiobesity,

Metabolic Hypolipidemic  (lowers | Thymoquinone,

Regulation cholesterol, triglycerides) | Phytosterols
Inhibits cancer cell line
growth, tumor

Anticancer suppression Thymoquinone

Public Health: Perspectives, Global Challenges, and Local Solutions

ISBN-978-93-49938-47-2

49



Dr. Cherkupally Rama Raju and et.al.

Increases immune system
Immunomodulatory | activity Thymoquinone
Hepatoprotective, Renal
Protective,
Neuroprotective, Thymoquinone, other
Organ Protective Gastroprotective compounds
Bronchodilator, Thymoquinone, other
Respiratory Spasmolytic compounds
Thymoquinone,
Cardiovascular Antihypertensive Phytosterols
Thymoquinone, other
Analgesic Pain relief compounds

Challenges and Future Directions in Research

Black cumin is an important plant with a long history of use in cooking and
medicine. Its seeds are popular spices, and its oils, full of beneficial compounds
like thymoquinone, are increasingly valuable. New processing methods, like
decortications, are helping to improve the quality of these oils for commercial
use. Scientifically, black cumin is recognized for its wide range of health
benefits, including antioxidant, anti-inflammatory, antidiabetic, and anticancer
effects, which are due to the combined action of its many natural compounds.
This makes it a promising natural remedy for various complex diseases.

While black cumin offers significant therapeutic potential, it's crucial to use it
responsibly. Its safety depends on the dose and duration of use and special care is
needed for sensitive individuals. It can also interact with other medications,
potentially altering their effects. Therefore, professional medical advice is
essential, especially if you're taking multiple drugs. Future research should focus
on its antimicrobial properties, how it interacts with different foods, and rigorous
clinical trials to confirm its health claims in humans, ensuring its safe and
effective use.
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Abstract
Small cell lung cancer (SCLC) is a high-grade malignancy that has limited
therapeutic options and a poor prognosis that is often due to advanced-stage
detection and therapeutic resistance. Epidermal growth factor receptor (EGFR)
mutations (G719S and T790M) are emerging as potential therapeutic targets in
SCLC, particularly those agitated from NSCLC. This study applied an integrated
computational method of receptor-based virtual screening and dynamic molecular
(MD) simulations to identify FDA-approved drugs that could be repurposed as
EGFR inhibitors in SCLC. The mutant-form EGFR structure was obtained then
processed using PDB-REDO for refinement, and validated by SAVES v6.0,
ProSA-web, and ERRAT. Drug Rep screening method identified Dolutegravir,
Entrectinib, and Dihydroergotamine as the best candidates with strong binding
affinity. The IMODS platform preformed MD simulations and confirmed that
these ligand-receptor complexes generated favourable dynamics and were stable.
Our study provides support for the repurposing of Dolutegravir and Entrectinib as
therapeutic agents against EGFR mutant SCLC, yet will require further
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experimental validation.

Keywords: Small Cell Lung Cancer (SCLC); EGFR Mutations; G719S; T790M;
Drug Repurposing; FDA Approved Drugs; Virtual Screening; Molecular
Docking; Molecular Dynamics Simulation; Dolutegravir;  Entrectinib;
Computational Drug Discovery

Introduction

Small Cell Lung Cancer (SCLC) — a unique and aggressive subtype of lung
cancer which accounts for approximately 10—15% of lung cancer cases [1] — has
rapid rates of proliferation, early capacity for metastatic spread, and strong
association with smoking behavior[2]. Although SCLC often initially responds to
chemotherapy and radiotherapy, it is, without fail, destined to recur, and
generally carries a grim prognosis (5-year survival rate < 7%) [3]. Unlike Non-
Small Cell Lung Cancer (NSCLC), which has been radically improved by its
wide range of targeted therapies, the situation with SCLC is vastly different, in
part because of its molecular complexity, and because there is no obvious
druggable target [4].

The epidermal growth factor receptor (EGFR) is a transmembrane receptor
tyrosine kinase that is principally involved in regulating cell proliferation,
survival, angiogenesis, and metastasis through downstream signaling pathways
like the PI3K/AKT pathway and the RAS/RAF/MEK/ERK pathway [5]. The role
of EGFR mutations as oncogenic drivers for NSCLC has been known for a long
time and well-established as targets for therapy with tyrosine kinase inhibitors
(TKIs), whereas recent literature has only begun to casually mention EGFR
mutations as acting as oncogenic drivers in SCLC [6]. There is now an
acceptance that EGFR mutations would be rare in de novo SCLC, but emerging
data do reveal that EGFR mutations could be present more frequently in tumors
with SCLC histology arising from a histological transformation from NSCLC [7].
Additionally, it is likely that in these tumors where this transformation occurs, the
original EGFR mutation is maintained as a mechanism of resistance to TKI
therapy directed at the EGFR as a target [7]. The transformed tumors often
contain the original EGFR mutation, providing the opportunity to maintain
targeting of the original EGFR mutation even after a phenotypical transformation
has occurred [8].

Although these insights have provided new knowledge of SCLC
pathophysiology, treatment options have not changed. The current standard of
care for SCLC remains platinum-based chemotherapy and etoposide, possibly
with an immune checkpoint inhibitor (atezolizumab, durvalumab) [9]. However,
the improvement in overall survival has been limited, and none of the therapies
for relapsed or refractory SCLC have been effective [10]. In NSCLC, treatment
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options have included molecularly targeted drugs, whereas there are currently no
approved therapies for SCLC with molecular targets. Therefore, there is a strong
need to determine new approaches to identify and molecularly target
vulnerabilities such as EGFR mutations [11].

Computational drug development is a concise and innova-tive solution to a
problem that has many documented rea-sons for non-optimized traditional
approaches to drug dis-covery[12], which can be long, expensive, and high in
fail-ure rate [13]. Receptor-based virtual screens, which have developed as part of
computational drug development, have enabled researchers to quickly screen
large drug libraries and identify candidate molecules (drug candidates) based on
their predicted binding affinity to the target protein [14]. Molecular dynamics
(MD) have improved the understanding of the time-dependent and multi-scale
nature of protein-ligand interactions [15] and how it influences stability,
flexibility, and potential efficacy under physiologically-relevant prescriptions
[16]. This is important, particularly when considering personalized
chemotherapeutics that may be targeting mutant-specific drug therapies [17].

The present study seeks to use an integrated in silico approach to identify and
analyze small-molecule inhibitors [18] with the capacity to target relevant mutant
forms of EGFR in SCLC. This involves the generation of accurate three-
dimensional models of both mutant and wild-type EGFR [19], using receptor-
based virtual screening to identify the highest binding compounds, assessing
pharmacokinetic and dynamic characteristics of the best candidates through
molecular docking [20], MD simulation, and binding free energy calculations
[21]. The overarching goal of the study is to provide promising lead candidates
for experimental validation as the basis for the development of targeted therapies
for EGFR-mutant SCLC [22].

Material And Methods

Protein Structure Retrieval and Refinement

The structure of the protein that was analyzed in this study was obtained from the
RCSB Protein Data Bank (PDB) [23]. More specifically, the structure was the
crystal structure of the EGFR protein kinase domain that had been mutated ('PDB
ID 3UG2’) [24]. The structure contained the G719S and T790M mutations that
have been identified in SCLC (small cell lung cancer) [25]. G719S was present in
the ATP-binding pocket of the EGFR kinase domain and T790M was located in
the gate keeper region [26]. These mutations are associated with changes in
binding affinity to EGFR inhibitors and also contribute to acquired resistance
towards first line therapies (i.e. gefitinib, erlotinib) [27]. For this reason, it is
important to analyze the structural effects of both EGFR mutations in the quest to
find potential new therapeutic interventions that would target EGFR in SCLC
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[28].

To confirm that the downloaded model accurately depicts the mutated EGFR and
can proceed to further computational work, the model was refined [29]. The
refinement of protein structures serves a purpose in improving the geometric
quality of the model while eliminating inaccuracies stemming from the original
PDB data [30]. The models were refined using the program PDB-REDO, which
refines protein structures by correcting for errors in bond lengths, angles, and
position of atoms [31]. PDB-REDO methodically applies real-space and Fourier-
space refinement to improve the fit of the electron density and narrow down
structural parameters for the model to be optimized as closely as possible to the
true three-dimensional structure [32].

After the refinement, we assessed the structural quality of the protein using
SAVES V6.0, a widely used suite of validation tools that evaluates structural
correctness in protein models [33]. The assessment provided a complete
assessment of a range of structural parameters related to stereochemistry, bond
lengths, bond angles, and steric clashing [34]. SAVES V6.0 contains a number of
validation modules including, Procheck, which evaluates the protein geometry
using calculations of side-chain and backbone torsion angles and evaluated
overall structure quality using Errat, which provides an overall quality score on
the structure based on atomic packing and solvent accessibility [35]. The refined
protein structure underwent these validation checks to confirm that the refined
protein model passed all quality thresholds [36]. These validation checks
confirmed that the refined protein model was free of significant errors and was
qualified for additional computational studies including receptor-based virtual
screening and/or use in molecular dynamics simulations [37].

Receptor-Based Virtual Screening

After improving and validating the protein structure of the mutated EGFR kinase
domain, the structure was uploaded to DrugRep, an online tool for receptor-based
virtual screening [38]. DrugRep uses an algorithm for drug discovery to suggest
potentially useful compounds, such as FDA-approved drugs, by predicting small-
molecule binding to the active site of a target protein [39]. DrugRep first
performs the docking of the validated EGFR protein structure to identify a range
of compounds that were virtually fit into the active site of the protein, and then
DrugRep continued to offer predictions of each compound's predicted binding
affinities [40]. The validated EGFR protein structure containing mutations G719S
and T790M was used in DrugRep as a receptor model to accurately screen for
compounds predicted to bind to the mutated kinase domain and inhibit its
dysregulated activity [41].

After submitting the modified scaffold onto DrugRep, a complete receptor-based
virtual screening was performed, resulting in the deliverable list of FDA-
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approved drugs that were predicted to bind to the EGFR kinase domain [42]. The
screening generated docking scores for each drug within the context of its drug-
specific mechanism of action [43]. The scores serve as measures of interaction
strength and stability between the drug and EGFR [44]. The docking scores
generated from the simulation represent a valuable metric in prioritizing drug
candidates to design follow-up experimental studies with the drug [45]. Binding
affinity is inversely proportional to the docking scores, whereas lower (more
negative) binding implies comparatively strong binding [46]. The resulting list of
drugs consisted of several FDA-approved drugs that utilize distinct mechanisms
of action [47]. A thorough review of corresponding docking scores allowed for
the selection of FDA-approved drugs that were predicted to have the most
meaningful binding scores towards the mutated EGFR kinase domain [48]. These
drugs may represent an opportunity for repurposing FDA-approved drugs to
address small cell liver cancer (SCLC) based on EGFR mutations associated with
tumor progression [49]. Performing virtual screening as part of the drug
discovery process serves as a vital step prior to continuing investigation into any
corresponding FDA-approved drugs [50], as the screening required modeling the
expansive drug library down to the most likely candidates with therapeutic
potential [51].

Molecular Dynamics Simulations

Upon completion of the results generated by receptor-based virtual screening, a
subsequent step was the address of the stability and the dynamics of the protein-
ligand complex using molecular dynamics (MD) simulations [52]. The refined
protein-ligand complex was entered into a software tool, called IMODS, which
determines flexibility and dynamics of the protein [53]. MD simulations make it
possible to address impulse response to the complex on time dependent basis by
simulating the motion of atoms and molecules according prediction by physical
principles [54]. MD simulations enable the exploration of how the protein in the
bound ligand partner interacts in an approximation of physiologic conditions in
order to ultimately determine binding stability and the in vitro efficacy of drug
candidates [55].

We have reported on B-factors, eigenvalues, variance-covariance maps, and
molecular deformability through the MD simulations [56]. The protein's
molecular deformability measures the protein's capacity to undergo a
conformational change upon ligand binding, or in other words, capturing
structural flexibility [57]. B-factors (also known as temperature factors) indicate
atomic displacement and flexibility of regions of the protein structure [58].
Through B-factor analysis, we can assess which portions of the protein might be
more flexible upon binding the ligand, which gives significant insight into the
mechanism of binding and stabilization of a protein-ligand complex [59]. In
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addition to B-factors, we tracked eigenvalues and variance-covariance maps [60].
Eigenvalues quantitatively track the overarching mobility of the protein and
provide information about collective motion in the system within the MD
simulations [61]. The variance-covariance map provides information to see how
the motions of other atoms correlate and indicates which regions of the protein
might display correlated motion [62]. All of this analysis is informative for
predicting how binding a ligand influences overall dynamics of the protein,
especially how it stabilizes or destabilizes various conformational states [63]. In
addition, the Elastic Network Model (ENM) was also utilized to evaluate the
flexibility and stability of the protein-ligand complex throughout the simulations
[64]. ENM is a type of computational model that treats the protein as a network
of interconnected nodes (i.e., atoms) bonded by springs, indicating interatomic
forces [65]. The utility of this model lies in its simplified, yet still effective, way
of depicting the low-frequency motions of the protein that often govern
functional dynamics [66]. ENM analysis provided a way to discriminate
neighboring flexible regions of the protein that may be particularly important for
drug binding [67]. Further, the ENM model helped evaluate how the global
flexibility of the superfamily protein might change with ligand binding, thus
providing even greater perspective for the stability of the protein-ligand
complex[68].Overall, the MD simulations, in conjunction with molecular
deformability, B-factors, eigenvalues, variance-covariance maps as well as ENM
analysis, produced complementary results that increased our comprehensive
understanding of the identifiers interactions and the dynamic behavior of the
mutated EGFR kinase domain[69]. These results were important indicators of the
potential therapeutic efficacy of the identified compounds and their binding to the
target protein, thus providing clarity towards conducting future experimental
validation and additional drug framework potential [70].
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Figure 1: Computational Drug Repurposing Strategy to Overcome Therapy Resistance
in Small Cell Liver Cancer (SCLC)

Result And Discussion

Protein Refinement

PDB-REDO Results

Table 1: Validation Metrics before and after PDB REDO Refinement of mutant structure

Validation Metric Original PDB REDO

Crystallographic refinement

R 0.1898 0.1696
R-free 0.2494 0.1277
Bond length RMS Z-score | 1.735 0.518
Bond Angle RMS Z-score | 1.265 0.671

Model quality raw scores percentiles
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Ramchandran plot | 13 34
normality

Rotamer normality 27 60
Coarse packing 69 66
Fine packing 48 78
Bump severity 23 33
Hydrogen bond satisfaction | 43 562

The validation metrics for the mutant structure before and after refinement using
PDB-REDO show a marked increase in validation metrics, demonstrating the
effectiveness of the refinement procedure for improving the quality of the
structure model. The R-value decreased from 0.1898 to 0.1696, suggesting an
improved correspondence of the model to the experimental results in quality of
fitted model to experimental data, and the R-free value decreased from 0.2494 to
0.1277, indicating an improvement in generalizability and accuracy of the
structure in comparison to the experimental data set. In relation to bond
geometry, the Bond Length RMS Z-score decreased from 1.735 to 0.518 and the
Bond Angle RMS Z-score decreased from 1.265 to 0.671, indicating more ideal
bond length and angle structures in comparison to experimental data. Some
aspects of overall model quality were also measured using raw scores percentiles,
with Ramchandran plot normality quality of model backbone angles increasing
from 13 to 34 and Rotamer normality score increasing from 27 to 60 indicating
improved dihedral angles and side chain representations after refinement.
Although the Coarse packing score slightly decreased from 69 to 66, Fine
packing showed a marked increased from 48 to 78 indicating the refined structure
for the mutant was better packed into and optimized to the experimental data. The
change in Bump severity, measuring steric clashes, also showed a significant
improvement from 23 to 33, meaning there are fewer atomic clashes in the
refined structure. Hydrogen bond satisfaction saw the most remarkable increase,
going from 43 to 562, indicating a much-improved hydrogen bonding network
that provides an improved stability to the refined structure. These improvements
demonstrated the successful PDB-REDO refinement of the printed structure
improving structural quality and accuracy of the structure based on the mutant for
future computational study and drug screening.
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Figure 2: Comparision of Model Quality Metrics between original and PDB REDO
Structures

The image illustrates a comparison of model quality as assessed by Original and
PDB-REDO protein structures, incorporating three important metrics: R-Free,
Ramachandran Plot Z-score, and Rotamer Quality Z-score. For R-Free, which
evaluates the predictive capability of the model against the experimental data
(lower is better), the values show some improvement for PDB-REDO compared
to original structures but are still centered around ~25% for both. The
Ramachandran Plot Z-scores evaluate the geometry of the backbone and show an
average improvement for PDB-REDO since those models were closer to zero, but
also had higher median values than the original models. Rotamer Quality Z-
scores for PDB-REDO also improve and have a tighter distribution, along with
an improved median value. In the end, there does appear to be a consistent
improvement for the structural quality grade using the PDB-REDO process;
especially when measuring geometric accuracy, those structures performed
better, which will increase reliability in structural biology investigations.
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Figure 3: kleywegt like Raamchandran plot

The diagram shows a Kleywegt-type plot (which is a specific type of
Ramachandran plot), as utilized to represent the backbone dihedral angles (¢ and
y) of peptide units in protein backbone coordinates. The background is color-
coded based on degree of favored who the red color highlights highly favored
regions, yellow the allowed regions of conformational space, and white indicates
the disallowed (or less favored) regions of conformational space. Each point in
this plot corresponds to a pair of dihedral angles (¢ and y) for a residue, and the
blue points and orange points indicate the position of that residue before and after
refinement (likely portraying Original and PDB-REDO models). The lines
connecting points indicate how refinement has allowed shifts of the
corresponding dihedral angles. The data indicate that many residues were moved
from the less favored regions (white/yellow) into the more favored red areas,
indicating that the refinement process improved the geometry of the backbone to
be more relative to conformations usually seen in high quality protein works.

Protein Validation Results

SAVES V6.1 Results
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Figure 4: ERRAT?2 Quality Analysis of Chains A, B of EGFR Mutant Receptor

ProSA-web and ERRAT, two well-known techniques for evaluating the
dependability of protein structures, were used to structurally validate the
predicted protein model. The Z-score plot produced by the ProSA-web analysis
showed that the model's Z-score fell well within the range typical of
experimentally established protein structures that were deposited in the Protein
Data Bank (PDB). Structures determined by both NMR spectroscopy and X-ray
crystallography fall within this region.The position of the model's Z-score within
this acceptable zone suggests that the overall fold quality and statistical reliability
of the model are consistent with those of native proteins, indicating a high-quality
structure.

ERRAT, which assesses the quality of protein structures by analyzing the
statistics of non-bonded interactions between various atom types, was used for
additional validation. The ERRAT analysis yielded an overall quality factor of
100.000, which is an exceptional score and strongly indicates a well-refined
model with very low probability of serious structural errors. The bar graph in the
ERRAT plot, representing the error values across the residue sequence, showed
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that the vast majority of residues had error values below the 95% confidence
threshold. This suggests that the local environment of the residues is
appropriately modeled and that the backbone and side-chain interactions are
consistent with those found in reliable protein structure
Together, these results from ProSA-web and ERRAT confirm the structural
soundness and high reliability of the predicted protein model, making it suitable
for further computational analyses such as docking, dynamics simulations, or

functional annotation.

Pdbsum Results
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Figure 5: Ramachandran Plot of Dihedral angles for mutant protein structure

Table 2: Ramachandran Plot Statistics

Region Number of Residues | Percentage
Most favoured regions [ A, B, L] 234 89.7%*
Additional allowed regions[a,b,l,p] 23 8.8%
Generously allowed regions [~a, ~b, | 3 1.1%
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~1, ~p]

Disallowed regions [ XX] 1 0.4%*
Non-glycine and non-proline residues | 261 100.0%
End — residues (excl. Gly and Pro) 7

Glycine residues 16

Proline residues 15

Total number of residues 299

Table 3: G — factors

Parameter Score Average Score
Dihedral angles:
Phi-psi distribution -0.17
Chil-chi2 distribution -0.17
Chil only -0.05
Chi3 & chi4 0.37
Omega -0.71*
-0.28
Main-chain covalent
forces:
Main-chain bond lengths | -0.10
Main-chain bond angles -0.04
-0.07
OVERALL AVERAGE -0.20

The analysis presented here, the Ramachandran (Kleywegt) plot and statistical
values, provides a thorough assessment of the geometric quality of the protein
structure. The Ramachandran plot presents the phi (@) and psi (V) dihedral angle
distributions for each residue, shown on a heat map that incorporates bond angles
in a known protein structure determined to be conformationally favored (red).
The majority of residue angles cluster in these favored (red) regions, particularly
in regions associated with alpha helix or beta sheet formation, suggesting that
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most of the polypeptide backbone exists in stable, commonly observed regions.
Only a few residues exist in areas deemed less favorable (yellow) and only one
residue exists in disallowed spaces (white), which may indicate localized strain or
an error in the modeling of the protein structure. The statistical information
corroborates this analysis. Of the 261 non-proline and non-glycine residues,
89.7% are classified as in the most favored regions, 8.8% are classified as in
additionally allowed regions, while 0.4% are disallowed. This distribution
represents a well-modeled protein backbone. The G-factor scores, which assess
their normalcy of torsion angles and bond geometry, display values that are
generally acceptable. The omega angle has a notably lower score of -0.71,
indicating that the peptide bond geometry is somewhat unusual and should be
evaluated further. Regardless, the overall mean G-factor is -0.20, which suggests
a reasonably modeled structure, but there are a few areas for improvement.
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Figure 6: Overall Model Quality Analysis for Mutant Receptor

The scatter plot illustrates the relationship between the number of residues in
protein structures and their corresponding Z-scores, which reflect the overall
quality of the models. The x-axis represents the number of residues, while the y-
axis shows the Z-score, with values closer to zero indicating higher structural
quality. The data points are color-coded based on the experimental method used:
light blue for X-ray crystallography and dark blue for NMR spectroscopy. From
the plot, it is evident that smaller protein structures (with fewer residues) display
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a wide range of Z-scores, particularly among NMR-derived models, which tend
to have greater variability and generally lower Z-scores. As the number of
residues increases, the Z-scores tend to decrease, suggesting that larger protein
models often exhibit reduced structural quality or greater deviations from ideal
geometry. Additionally, X-ray structures consistently show better (less negative)
Z-scores compared to NMR structures, especially for larger proteins. This reflects
the higher resolution and reliability typically associated with X-ray
crystallography. Overall, the plot emphasizes that protein model quality tends to
decline with increasing size, and that X-ray-based structures are generally more
accurate than those derived from NMR.

Figure 7: Local Model Quality Analysis for mutant receptor

The provided plot depicts the fluctuation of knowledge-based energy across a
portion of the protein sequence—tresidue 697 to 1018. The plot has two curves
indicating smoothing window sizes, a light green curve representing a window
size of 10 and a dark green curve with a window size of 40. The y-axis shows the
values for knowledge-based energy; generally, when the values are negative, i.e.,
energetically favorable or stable, and when they are positive, i.e., less favorable
or less stable. The light green curve depicts the energy fluctuation more locally
and provides more variability in energy states, whereas the dark green curve
depicts less variability as it smooths trends over a longer segment of the protein
sequence. In sum, the plot shows that most of the sequence has mechanically
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stable energy values, with minimal regions increasing favorable energy that may
indicate less stable/less favorable energies. This analysis can be interpreted
qualitatively to assess the quality and stability of specified protein structures.

Results of Virtual Screening Outcomes

Table 4: FDA-Approved Compounds ldentified Through Receptor-Based Virtual
Screening and Their Binding Scores

No | ID Name Score | No | ID Name Score

1 DB08930 | Dolutegravir -9.2 51 | DB00734 | Risperidone -7.4

2 DB11986 | Entrectinib -8.9 52 | DB01126 | Dutasteride -7.4

3 DB00320 | Dihydroergotamin | -8.7 53 | DB00295 | Morphine -7.4
e

4 DB12457 | Rimegepant -8.6 54 | DB00714 | Apomorphine -1.4

5 DB00966 | Telmisartan -8.5 55 | DB01267 | Paliperidone -7.4

6 DB00496 | Darifenacin -8.3 56 | DB00931 | Metacycline -7.4

7 DB13345 | Dihydroergocristi | -8.3 57 | DB05294 | Vandetanib -7.4
ne

8 DB06717 | Fosaprepitant -8.2 58 | DB04908 | Flibanserin -1.4

9 DB06800 | Methylnaltrexone | -8.2 59 | DB00776 | Oxcarbazepine -7.4

10 | DB00878 | Chlorhexidine -8.2 60 | DB11760 | Talazoparib -7.3
11 | DB14840 | Ripretinib -8.2 61 | DB01183 | Naloxone -7.3
12 | DB15465 | Benzhydrocodone | -8.1 62 | DB00751 | Epinastine -7.3
13 | DB09048 | Netupitant -8.1 63 | DB06401 | Bazedoxifene -7.3
14 | DB08875 | Cabozantinib -8.1 64 | DB09074 | Olaparib -7.3
15 | DB09280 | Lumacaftor -8.0 65 | DB12020 | Tecovirimat =13
16 | DB15477 | Alloin -8.0 66 | DB12887 | Tazemetostat -7.3
17 | DB00611 Butorphanol -8.0 67 | DB06267 | Udenafil -7.3
18 | DB11263 | Polydatin -8.0 68 | DB13246 | Quinupramine -7.3
19 | DB11652 | Tucatinib -8.0 69 | DB04835 | Maraviroc -7.3
20 | DB11799 | Bictegravir -8.0 70 | DB12523 | Mizolastine -7.2
21 | DB08896 | Regorafenib -8.0 71 | DB11942 | Selinexor -7.2
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22 | DB06626 | Axitinib -8.0 72 | DB01208 | Sparfloxacin -7.2
23 | DB00619 | Imatinib -7.9 73 | DB13270 | Dibekacin -7.2
24 | DB01026 | Ketoconazole -7.9 74 | DB00153 | Ergocalciferol -7.1
25 | DB06016 | Cariprazine -7.9 75 | DB11274 | Dihydro-alpha- -7.1
ergocryptine
26 | DB00844 | Nalbuphine -7.9 76 | DB00370 | Mirtazapine -7.1
27 | DB00549 | Zafirlukast -7.9 77 | DB04794 | Bifonazole -7.0
28 | DB01184 | Domperidone -7.9 78 | DB06230 | Nalmefene -7.0
29 | DB09274 | Artesunate -7.9 79 | DB00377 | Palonosetron -7.0
30 | DB00693 | Fluorescein -7.8 80 | DB11591 | Bilastine -6.7
31 | DB04824 | Phenolphthalein -7.8 81 | DB00514 | Dextromethorph | -6.7
an
32 | DB06684 | Vilazodone -7.8 82 | DB05039 | Indacaterol -6.7
33 | DB09119 | Eslicarbazepine -1.7 83 | DB04861 | Nebivolol -6.7
acetate
34 | DB00293 | Raltitrexed -1.7 84 | DB08865 | Crizotinib -6.7
35 | DB00836 | Loperamide =17 85 | DB09054 | Idelalisib -6.7
36 | DB12978 | Pexidartinib -1.7 86 | DB09219 | Bisoxatin -6.7
37 | DB06210 | Eltrombopag -7.6 87 | DB15035 | Zanubrutinib -6.7
38 | DB00642 | Pemetrexed -7.6 88 | DB11614 | Rupatadine -6.7
39 | DB01601 Lopinavir -7.6 89 | DB01209 | Dezocine -6.7
40 | DB00210 | Adapalene -7.6 90 | DB11712 | Tezacaftor -6.7
41 | DB00358 | Mefloquine -7.6 91 | DB00257 | Clotrimazole -6.7
42 | DB00579 | Mazindol -7.6 92 | DB01392 | Yohimbine -6.7
43 | DB01426 | Ajmaline -7.6 93 | DB11730 | Ribociclib -6.7
44 | DB12095 | Telotristat ethyl -7.5 94 | DB08934 | Sofosbuvir -6.7
45 | DB13931 Netarsudil -7.5 95 | DB08815 | Lurasidone -6.7
46 | DB06148 | Mianserin -7.5 96 | DB01192 | Oxymorphone -6.7
47 | DB13851 | Artemotil -1.5 97 | DB12500 | Fedratinib -6.7
48 | DB11732 | Lasmiditan -1.5 98 | DB14082 | Betiatide -6.7
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49 | DB08881 Vemurafenib -7.5 99 | DB01395 | Drospirenone -6.7

50 | DB05015 | Belinostat -7.4 100 | DB00696 | Ergotamine -6.7

The data set is a ranked list of 100 drug compounds file with Drug Bank ID, drug
name and associated binding affinity (kcal/mol) or docking scores. The binding
affinity scores provide an approximate an estimate of the strength of interaction
of a drug compound to a biological target that is usually a protein in a disease
pathway. The more negative the docking score, then the greater estimated
binding affinity through the drug compound, which usually correlates to possible
therapeutic efficacy. The drug family of Dolutegravir (DB08930) is the first
listed drug compound, which is a well-studied antiretroviral agent for HIV
infections, with a -9.2 kcal/mol docked score, which is the rounded highest
binding interaction of the data set. This score indicates that Dolutegravir has a
very high binding interaction with the target protein, representing one of the most
promising drug candidates for further studies, possibly for other uses. Entrectinib
(DB11986) is next in proximity with a binding interaction of -8.9 kcal/mol.
Entrectinib is an anti-cancer drug that inhibits some tyrosine kinases, indicating it
may also have some off-target benefits in diseases related to the protein in
question. Dihydroergotamine (DB00320), a medication for treating migraines,
has a binding affinity score near the top drugs at -8.7 kcal/mol, and Rimegepant
(DB12457), another medication for migraines, is near the top as well with a score
of -8.6 kcal/mol. The presence of multiple migraine-related drugs being near the
top of the ligand list suggests that the target protein may have a neurological role.
Telmisartan (DB00966), an antihypertensive medication, is next on the list with a
score of -8.5, suggesting cardiovascular drugs might also have a positive binding
score. A number of drugs including Darifenacin (DB00496), Ripretinib
(DB14840), Netupitant (DB09048), and Cabozantinib (DB08875) all score
between -8.3 kcal/mol and -8.1 kcal/mol, to indicate a moderately strong
interaction. These drug types vary across many distinct areas of therapeutics
including anticancer, gastrointestinal, neurological, and cardiovascular indicating
the value of drug repurposing.

Public Health: Perspectives, Global Challenges, and Local Solutions
ISBN-978-93-49938-47-2 69



Sakshi S. Khamkar and et.al.

b d . .
§ £ 0 =g
Loy 0.8 Rl 7P .
R & O 3 K, P P S
) N N TREGS— P 5 1
¥ 5 AR~ P K S >
oA T o6L/ ﬁ > o o
™ ! Y/ A - - .S
I N S g =<Q :\ <
S L4 D

Curpocket ID : C1

Cavity Volume (A%): 531

3
Curpocket ID :C2

Cavity Volume (A3):292

Curpocket ID :C3

Cavity Volume (A%):185

Curpocket ID : C4 Curpocket ID :C5

Cavity Volume (A%): 18 Cavity Volume (A%): 143

Figure 8: Structural Analysis of Binding Cavities with CurPocket IDs and Their
Respective Volumes

This image provides a comparative visualization of the five different protein
structures and their ligand-binding pockets produced from a computational
analysis (CurPocket). Each structure is shown as a ribbon diagram with the
protein backbone shown in yellow. The binding pockets of the proteins are
highlighted in pink/purple and have a semi-transparent surface mesh shown in
grey. Each sub-image is labeled with a CurPocket ID (C1 through CS5). Each
binding pocket cavity volume is labeled inAngstrém cubed (A3). The cavity
volumes range from 531 A? for C1 (the largest cavity) to 114 A3 for C5 (the
smallest). The cavity volumes tell us how big the pockets are and give us an
indication of the amount of binding site possibility; usually the larger the cavity,
the more binding possibilities. These types of structural representations can be
commonly utilized to visualize binding sites and evaluate potential binding sites
of small molecules or drug candidates to a protein.
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Figure 10: Interaction Analysis of Dolutegravir with Mutant Receptor

The illustration presents a fairly basic two-dimensional way to show the
molecular interactions that are a common way to show molecular docking and
drug design work. As shown in the figure is a ligand molecule interacting with
particular amino acid residues in the binding pocket of a protein receptor. The
ligand is shown with both hexagonal and pentagonal rings in the centre of the
interaction and interacts with surrounding amino acid residues (these residues are
labelled with their name and chain position, e.g., LEU A:788, SER A:719, MET
A:793). The different colours of the dashed lines show different types of
molecular interactions; the green dashed lines are most likely hydrogen bonds,
the cyan dashed lines show hydrophobic interactions, the magenta dashed lines
show Pi interactions, and the blue dashed lines show water-mediated contacts
(the water molecule is labelled HOH A:36). This way of showing molecular
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interactions allows investigators to identify critical binding residues and
interactions, thus allowing investigators to develop a deeper understanding of
ligand binding modes and spatial arrangements leading to optimizing compound
development processes for the generation of potential drug products.

Table 5: Potential mechanism of action and relevance of High-Ranking

Compounds

Compound Mechanism of Action Relevance

Dolutegravir Inhibits ~ HIV-1 integrase, | Antiretroviral therapy for
blocking viral DNA integration | HIV-1; high potency, low
into host genome resistance

Entrectinib Inhibits TRK (NTRKI1/2/3), | Targeted therapy for NTRK
ROS1, and ALK tyrosine | fusion-positive and ROSI-
kinases positive cancers

Dihydroergotamine | 5-HT:B/:D receptor agonist; | Acute treatment of migraines
causes cranial vasoconstriction | and cluster headaches
and inhibits neuroinflammation

Rimegepant CGRP receptor antagonist; | Acute and preventive
blocks CGRP-mediated | treatment of migraines; non-
vasodilation and pain signaling | vasoconstrictive  alternative

to triptans

Telmisartan Angiotensin II AT: receptor | Treatment of hypertension,
blocker; also, partial PPAR-y | heart failure, diabetic
agonist nephropathy; potential

metabolic benefits

Molecular Dynamics Simulation Analysis

Deformability

50 100 150 200 250 300
Atom index
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Figure.11: "B-Factor and Deformability Analysis of EGFR Mutant Receptor
Complexed with Dolutegravir

The two diagrams convey substantial information about the dynamic flexibility of
a protein from a B-factor and mobility perspective. The first plot, titled B-
factor/Mobility, illustrates the main-chain deformability of the protein, or
deformability for each atom index in the protein. The x-axis of the plot is the
atom index and the y-axis is the deformability index, which is the index reflecting
how easily each part of the molecule can move. The plot is represented as a green
area graph to illustrate regions of high deformability (peaks), typically hinge
points, loops, or unstructured regions are deformed significantly, and therefore
are considered dynamic structures of the protein, which indicates flexibility and
function of the protein in its physiological role. Regions with low deformability,
as shown on the y-axis as troughs, indicate rigid domains of the protein that may
or may not contribute to flexibility. Rigid domains often show up as stable
secondary structure elements in proteins like alpha helices or beta sheets. This
type of analysis is helpful to identify potential functional, or even binding, sites
in the protein that may experience conformational changes.

The second plot compares experimental B-factors from Protein Data Bank files
with theoretically predicted B-factors using Normal Mode Analysis (NMA). The
x-axis on this plot again displays the atom index, while the y-axis shows the gene
objects, which can measure atomic motion or flexibility. The pink shaded region
indicates the B-factors generated from the NMA, which are shown based on their
rank along the vertical value axis and shown as pink lines, versus the
experimental B-factors from the crystal structure represented by the black lines.
Comparing these 2 sets of data directly displays outcomes you can validate
reliable predictions from the simulated NMA against experimental
measurements. Where the 2 dataset ratios showed agreement indicates the model
is capturing the molecule dynamic motion. Discrepancies can indicate artifacts
from the sample or inadequacies from the computational model. Overall, the
comparison is significant validation that the dynamic simulation models are
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accurate or approximate to the real event or event data and may be useful to
indicate flexible or dynamic portions of the protein that may be important in

protein function somewhere along protein binding or structural destabilization.
14
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Figure. 12: Eigenvalue Analysis of Normal Modes for the EGFR Mutant Receptor
Complexed with Dolutegravir

The image illustrates a bar plot of normalized eigenvalues based on the first 20
normal modes of a molecular system. The x-axis shows the mode index (1
through 20), and the y-axis shows the eigenvalue normalized by the first
eigenvalue (Eigenvalue/Eigenvalue (1)). The eigenvalue of mode 1 is shown to
be approximately 2.14 x 107, which acts as the original mode reference for the
normalization. Each purple bar represents the degree of relative stiffness
associated with a given mode; higher eigenvalues indicate stiffer motions that
require more energy to deform the structure. Lower eigenvalues imply softer
modes, and thus may be deformed more easily, which, in practice for biological
systems, most likely corresponds to large-scale biologically relevant motions.
Moreover, the plot shows that as mode increases, the eigenvalue also increases,
which would indicate the modes associated with larger index values correspond
to stiffer modes that allow less significant structural fluctuations. This analysis is
fundamental for interpreting the mechanical properties and intrinsic flexibility of
biomolecular systems from normal mode analysis (NMA)
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Mode index

Figure. 13: Variance Analysis of Normal Modes for the EGFR Mutant Receptor
Complexed with Dolutegravir
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The image displays a Variance Bar Plot that shows the role of normal modes in
the overall variance in a molecular system, such as a protein. The x-axis is the
mode index (1-20) and the y-axis is the variance (as a percent), which shows how
much each mode contributes to the total motion. The purple bars show the
individual variances associated with each mode and are inversely related to the
eigenvalue of each normal mode (a lower normal mode then has a higher
variance). The cumulative variances, shown by the green, are overlaid with the
purple bars and show the sum of the contributions of all modes up to that index.
The cumulative variances demonstrates that the first few normal modes
contribute to most (if not all) of the variance in the overall motion, and therefore
represents the majority of the relevant motion of the structure. This is the type of
analysis used in normal modes analysis (NMA) when we often look at a very
small, low frequency modes to represent biological movement.
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Figure 14: Covariance Map of Residue Interactions in EGFR Mutant Receptor
Complexed with Dolutegravir

The image depicts a Covariance Map that shows the dynamic coupling of pairs of
residues in a protein structure as a function of movement. Each variable of the
map refers to a pair of residues, where the x- and y-coordinates refer to the
structural indexes of the residues. The color varies to represent the direction and
magnitude of the correlation of the fluctuations of the pairs of residues, red
indicates correlated motions, blue indicates anti-correlated motions, and no
coloring or light coloring indicates that there was limited or no correlation. The
bold red diagonal line shows the degree of perfect correlation associated with
each residue of itself. The covariance map is calculated from the Cartesian
coordinates of the Ca atoms and it shows how different regions of a protein move
in relation to one another and one region of the protein. The calculations and
covariance analysis are good foundations for assessing the collective motions and
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dynamic character of proteins, often used for understanding the dynamic
behaviors of functionally important domains of proteins. The measure for the
analysis follows that of Ichiye and Karplus for measuring atomic fluctuations of
correlated motions in proteins (1991).
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Figure 15: Elastic Network Model Analysis of EGFR Mutant Receptor Complexed
with Dolutegravir

The image shows Elastic Network Model (ENM) matrices which define the
stiffness associated with each of the springs representing pairs of atoms in the
system. Each dot in the matrix represents a spring connecting the two atoms
represented by the index names of the corresponding x- and y-axis. The stiffness
of that potential connection is illustrated by the color intensity of the dot (darker
grays equal stiffer springs, lighter represents a flexible or weaker spring). This
matrix format is symmetric and does exhibit strong diagonal line indicating that
most of the connections are bonding neighboring atoms with stiffness values
ranked high. The side color indicators depict a stiffness scale of 0.0 - 60.0. This
matrix type is a common method of displaying data in molecular dynamics and
structural biology applications for modeling and analyzing flexibility and
mechanical properties of biomolecular structure.

Conclusion

This research project, utilizing receptor-based virtual screening and molecular
dynamics simulations, evaluated FDA approved molecules' potential as inhibitors
of EGFR mutations (G719S and T790M) small cell lung cancer (SCLC) models.
The protein model of EGFR mutant protein was improved substantially through
refinement of the initial model from PDB-REDO and enhanced specific measures
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including R-free (0.2494 to 0.1277) and hydrogen bond satisfaction (40 to 562)
while 89.7% of residues are in Ramachandran allowed regions. Improvements
made to the model confirm it was structurally valid to perform comprehensive
computational tools. Dolutegravir, Entrectinib, and sindes demonstrated
improved binding affinty from 100 FDA approved drugs (all binding values of -
9.2, -8.9, and -8.7 kcal/mol respectively). Overall, molecular dynamics studies
corroborate flexibility and favorable interaction of the EGFR-Dolutegravir
complex with eigenvalue of 2.14 x 10 which indicated that their motions are
flexible and relevant to biological motions. Overall, these explorations provide
strong candidates for drug repurposing, and further validation studies in vitro and
in vivo will support these developments to be developed as potential targeted
therapies in EGFR-mutant SCLC.
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Abstract

Green synthesis of phyto-nanoparticles, utilizing plant extracts and biological
materials, offers a sustainable alternative to conventional chemical and physical
methods, which often rely on toxic reagents and energy-intensive processes. This
chapter examines recent advancements in green synthesis, focusing on eco-
friendly approaches that employ phytochemicals—such as polyphenols and
flavonoids—as natural reducing and stabilizing agents. We explore diverse plant
sources, including leaves, fruits, and agricultural waste, alongside innovative
techniques like microwave- and ultrasound-assisted synthesis. Applications span
biomedicine (e.g., antimicrobial and cancer therapies), environmental
remediation (e.g., pollutant degradation), energy (e.g., solar cells), and
agriculture (e.g., nanofertilizers). Key challenges, including scalability,
morphological consistency, and long-term environmental impacts, are evaluated,
with insights into future prospects through interdisciplinary research, novel plant
sources, and robust regulatory frameworks to drive commercialization. Green
synthesis is poised to revolutionize nanotechnology, balancing efficacy with
environmental responsibility.

Keywords: Toxic reagents, environmental remediation, nanotechnology, green
synthesis.

Introduction

Nanotechnology has revolutionized medicine, environmental science, and energy
by harnessing nanoparticles with unique physicochemical properties, such as high
surface area and tunable reactivity. However, traditional synthesis methods often
rely on toxic chemicals, such as hydrazine, and energy-intensive processes that
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harm the environment. Green synthesis, particularly using plant-derived phyto-
nanoparticles, offers a sustainable, cost-effective, and biocompatible alternative.
By leveraging phytochemicals—polyphenols, flavonoids, and alkaloids—as
natural reducing and capping agents, this approach eliminates hazardous reagents
and minimizes ecological impact. Plant extracts from leaves, fruits, or
agricultural waste provide renewable resources, reducing reliance on synthetic
chemicals while enhancing nanoparticle stability and functionality. This eco-
friendly method supports applications in drug delivery, antimicrobial coatings,
wastewater treatment, and renewable energy systems. For instance, silver
nanoparticles (AgNPs) combat antibiotic-resistant bacteria, while titanium
dioxide (TiO2) nanoparticles degrade pollutants via photocatalysis. Recent
advancements, including microwave- and ultrasound-assisted synthesis, improve
efficiency and scalability, making green synthesis viable for industrial use. This
chapter explores these innovations, highlighting sustainable strategies that
balance efficacy with environmental responsibility. It also discusses the diverse
applications of phyto-nanoparticles and their promising future potential, driven
by ongoing research and regulatory frameworks, positioning green
nanotechnology as a cornerstone for addressing global challenges in health,
environment, and energy sustainably.

Nanotechnology has revolutionized medicine, environmental science, and energy
by harnessing nanoparticles with unique physicochemical properties, such as high
surface area and tunable reactivity. However, traditional synthesis methods often
rely on toxic chemicals, such as hydrazine, and energy-intensive processes that
harm the environment. Green synthesis, particularly using plant-derived phyto-
nanoparticles, offers a sustainable, cost-effective, and biocompatible alternative.
By leveraging phytochemicals—polyphenols, flavonoids, and alkaloids—as
natural reducing and capping agents, this approach eliminates hazardous reagents
and minimizes ecological impact. Plant extracts from leaves, fruits, or
agricultural waste provide renewable resources, reducing reliance on synthetic
chemicals while enhancing nanoparticle stability and functionality. This eco-
friendly method supports applications in drug delivery, antimicrobial coatings,
wastewater treatment, and renewable energy systems. For instance, silver
nanoparticles (AgNPs) combat antibiotic-resistant bacteria, while titanium
dioxide (TiO2) nanoparticles degrade pollutants via photocatalysis. Recent
advancements, including microwave- and ultrasound-assisted synthesis, improve
efficiency and scalability, making green synthesis viable for industrial use. This
chapter explores these innovations, highlighting sustainable strategies that
balance efficacy with environmental responsibility. It also discusses the diverse
applications of phyto-nanoparticles and their promising future potential, driven
by ongoing research and regulatory frameworks, positioning green
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nanotechnology as a cornerstone for addressing global challenges in health,
environment, and energy sustainably.

Principles of Green Synthesis
Green synthesis aligns with green chemistry principles, prioritizing non-toxic
reagents, energy efficiency, and minimal waste to create sustainable nanoparticle
production methods. By harnessing plant-based extracts, this approach utilizes
phytochemicals—such as polyphenols, flavonoids, and alkaloids—to reduce
metal ions into nanoparticles while stabilizing them to prevent aggregation. This
bottom-up process enables precise control over nanoparticle size, shape, and
functionality, offering tailored solutions for diverse applications. The key
advantages of plant-based green synthesis include:

e Utilization of renewable resources: Plant extracts and bio-waste, such as
fruit peels or leaf residues, serve as abundant, eco-friendly raw materials,
reducing reliance on synthetic chemicals.

e Elimination of hazardous solvents: Unlike traditional methods that employ
toxic reducing agents like hydrazine or sodium borohydride, green synthesis
uses natural phytochemicals, minimizing environmental and health risks.

e Energy-efficient processes: Operating under ambient conditions, such as
room temperature and pressure, green synthesis significantly lowers energy
consumption compared to high-temperature or high-pressure conventional
methods.

e Biocompatibility for advanced applications: Phyto-nanoparticles exhibit
excellent biocompatibility, making them ideal for biomedical uses, including
drug delivery, imaging, and antimicrobial therapies.

Furthermore, green synthesis supports scalability and cost-effectiveness, as plant
materials are widely available and inexpensive. By integrating these principles,
green synthesis not only addresses environmental concerns but also paves the
way for innovative, sustainable nanotechnology. Ongoing research continues to
optimize these processes, enhancing nanoparticle stability and functionality for
broader industrial and medical applications.

Recent Advancements in Phyto-Nanoparticle Synthesis

Diverse Plant-Based Sources

Plant extracts from leaves, stems, roots, fruits, and seeds are rich in
phytochemicals like polyphenols, flavonoids, and alkaloids, enabling eco-friendly
nanoparticle synthesis. For example, Cannabis sativa extracts yield silver
nanoparticles (AgNPs) with sizes ranging from 5—-100 nm, ideal for antimicrobial
and diagnostic applications due to their high surface area and reactivity [1].
Similarly, Phyllanthus species, abundant in bioactive compounds, facilitate the
synthesis of metallic and metal oxide nanoparticles with
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enhanced stability and functionality. Additionally, phytomining plants like
Medicago sativa naturally accumulate metals as nanoparticles, offering a
sustainable method for metal extraction and nanoparticle production [2]. These
diverse plant sources underscore the versatility of green synthesis, leveraging
renewable resources to minimize environmental impact.

Advanced Synthesis Techniques

Recent innovations in green synthesis have improved efficiency and precision:

e Microwave-Assisted Synthesis: This technique uses microwave energy to
accelerate reaction rates, producing uniform AgNPs in minutes with
controlled size distribution, enhancing scalability for industrial applications.

e Ultrasound-Assisted Synthesis: Employing ultrasonic waves, this method
yields magnetic iron oxide nanoparticles (11 = 2 nm) suitable for mercury
biosensing, offering high sensitivity and environmental compatibility [3].

e Supercritical Hydrothermal Synthesis: Utilizing water as a solvent under
supercritical conditions, this approach synthesizes lithium iron phosphate
nanoparticles with minimal environmental footprint, ideal for energy storage
applications [4].

Optimizing parameters such as pH, temperature, and extract concentration allows
precise control over nanoparticle morphology, size, and yield, ensuring
reproducibility and tailored properties for specific applications.

Hybrid Approaches

Hybrid methods combining plant extracts with microbial enzymes or agricultural
waste, such as rice husks or fruit peels, enhance sustainability. These approaches
reduce energy consumption by approximately 30% and costs by 40% compared
to conventional methods, while boosting production output by up to 50% [5].
Additionally, microalgae and cyanobacteria are emerging as efficient
nanofactories due to their rapid growth, high metal sequestration capabilities, and
ability to produce nanoparticles under mild conditions. These hybrid strategies
not only improve resource efficiency but also align with circular economy
principles by repurposing bio-waste.

Types of Phyto-Nanoparticles

e Silver Nanoparticles (AgNPs): Synthesized using Chaenomeles japonica or
Achillea fragrantissima, AgNPs exhibit potent antimicrobial and antiviral
properties, making them valuable for medical devices and environmental
remediation [6].

e Gold Nanoparticles (AuNPs): Known for their optical properties and
biocompatibility, AuNPs synthesized from plant extracts are widely used in
drug delivery and cancer theranostics, offering targeted treatment options [7].
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e Metal Oxide Nanoparticles: TiO2, ZnO, and CuO nanoparticles, produced
using Nyctanthes or Cymbopogon citratus, excel in photocatalysis and
antimicrobial coatings, supporting applications in water purification and
surface protection [8].

e Quantum Dots: Eco-friendly Cd-free quantum dots, such as CulnS2,
synthesized from plant extracts, are employed in sustainable solar cells,
enhancing energy conversion efficiency [9].

Environmentally Friendly Approaches

Green synthesis of phyto-nanoparticles prioritizes sustainability by integrating
eco-friendly methods that minimize environmental impact while maintaining
efficiency and scalability. These approaches align with green chemistry
principles, offering innovative solutions for nanotechnology applications.

Non-Toxic Solvents and Reagents

Green synthesis employs environmentally benign solvents such as water, ethanol,
or supercritical fluids, replacing hazardous organic solvents like toluene or
chloroform commonly used in traditional methods. Phytochemicals, including
polyphenols, flavonoids, and polysaccharides derived from plant extracts, serve
as natural reducing and capping agents. These compounds effectively reduce
metal ions to form nanoparticles while stabilizing them to prevent aggregation,
eliminating the need for toxic chemicals like sodium borohydride or hydrazine.
This shift not only reduces health and environmental risks but also enhances the
biocompatibility of nanoparticles for applications in medicine and food safety
[10].

Energy Efficiency

Energy-efficient techniques are central to green synthesis, significantly reducing
the carbon footprint of nanoparticle production. Methods such as ultrasound-
assisted synthesis utilize acoustic cavitation to accelerate reactions, producing
uniform nanoparticles with minimal energy input. Similarly, sunlight-driven
photocatalysis leverages renewable solar energy to synthesize nanoparticles, such
as TiO2, which are used in wastewater treatment to degrade organic pollutants
efficiently [10]. These processes operate under ambient conditions, avoiding the
high temperatures and pressures of conventional methods, thereby lowering
energy consumption by up to 40% and supporting sustainable industrial practices.

Waste Reduction

Green synthesis promotes a circular economy by repurposing agricultural waste,
such as orange peels, rice husks, or coffee grounds, as reducing agents for
nanoparticle synthesis. This approach transforms bio-waste into valuable raw
materials, significantly reducing landfill contributions and environmental
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pollution. The resulting phyto-nanoparticles exhibit high biocompatibility,
minimizing ecological and biological toxicity compared to chemically
synthesized counterparts. By integrating waste valorization, green synthesis not
only addresses waste management challenges but also enhances resource
efficiency, aligning with global sustainability goals.

Scalability

The abundance of plant resources and straightforward synthesis protocols make
green synthesis highly scalable. Plant extracts are readily available, cost-
effective, and renewable, supporting large-scale production without
compromising environmental integrity. Furthermore, certification schemes like
ISO 14001 and USDA Organic ensure that commercial production adheres to
stringent environmental and quality standards. These certifications facilitate the
adoption of green nanotechnology in industries such as pharmaceuticals,
agriculture, and energy, ensuring sustainable practices from lab to market.

Applications of Phyto-Nanoparticles

Phyto-nanoparticles, synthesized using plant extracts, offer versatile, eco-friendly
solutions across multiple sectors due to their unique properties and
biocompatibility.

Biomedical Applications

Phyto-nanoparticles have transformative potential in healthcare:

e Antimicrobial Activity: Silver nanoparticles (AgNPs) and copper oxide
(CuO) nanoparticles exhibit potent antimicrobial and antiviral properties,
effectively combating antibiotic-resistant pathogens. These nanoparticles
disrupt bacterial cell membranes, making them ideal for wound dressings and
medical coatings [11].

e Cancer Therapy: Gold nanoparticles (AuNPs) and zinc oxide (ZnO)
nanoparticles enhance targeted drug delivery and photohyperthermia,
improving cancer treatment precision. Their optical properties enable tumor
imaging and localized therapy, minimizing damage to healthy tissues [12].

e Diabetes Management: Plant-metal nanoparticles improve the stability and
pharmacokinetics of antidiabetic drugs, enabling controlled release and
enhanced bioavailability for better glucose management [13].

Environmental Remediation

Phyto-nanoparticles play a crucial role in environmental sustainability. Titanium
dioxide (TiO2) and manganese dioxide (MnO2) nanoparticles, synthesized from
plant extracts, degrade organic pollutants in wastewater through photocatalysis,
leveraging solar energy for efficient purification. Iron oxide nanoparticles derived
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from orange peel extracts effectively remove toxic dyes from industrial effluents,
reducing water pollution and supporting eco-friendly waste management [ 14].

Energy Applications

In energy sectors, phyto-nanoparticles enhance efficiency and sustainability.
Quantum dots, such as CulnS2, and metal oxide nanoparticles improve solar cell
performance by optimizing light absorption and charge transfer. Similarly, plant-
derived nanoparticles enhance lithium-ion battery storage capacity and cycling
stability, supporting renewable energy solutions [15].

Agriculture and Food

AgNPs revolutionize agriculture by serving as nanofertilizers and pest control
agents, improving crop yields and reducing chemical pesticide use. In food
packaging, their antimicrobial properties extend shelf life and enhance safety,
ensuring sustainable food preservation [16].

Challenges and Future Prospects
Challenges

Green synthesis of phyto-nanoparticles faces several hurdles:

e Morphological Control: Achieving uniform size and shape during large-
scale production is challenging due to variations in plant extract composition,
impacting nanoparticle performance.

e Long-Term Impacts: The environmental accumulation of nanoparticles and
their ecological effects require extensive research to ensure safety and
sustainability.

e Cost of Optimization: Modifying plant extracts or microbial strains to
enhance yield or specificity can increase production costs, limiting
commercial viability.

Future Prospects

The future of green synthesis is promising, with opportunities to overcome

current limitations:

e Interdisciplinary Research: Integrating advanced characterization
techniques, such as FTIR and surface plasmon resonance, will improve
understanding of nanoparticle formation and enhance quality control.

e Novel Plant Sources: Exploring underutilized plants and bio-waste, like
agricultural residues, can expand resource availability and reduce costs.

e Regulatory Frameworks: Establishing global standards for eco-friendly
nanoparticles will ensure safety, promote consumer trust, and facilitate
market adoption.

e Hybrid Approaches: Combining plant-based and microbial synthesis can
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boost yield and efficiency, leveraging the strengths of both systems for
scalable, sustainable production.

Conclusion

Green synthesis of phyto-nanoparticles marks a transformative shift toward
sustainable nanotechnology. Leveraging plant-based sources rich in
phytochemicals, advanced techniques like microwave- and ultrasound-assisted
synthesis, and diverse applications, this approach addresses pressing global
challenges in healthcare, environmental remediation, and energy. Phyto-
nanoparticles, such as AgNPs and AuNPs, offer biocompatible solutions for
antimicrobial treatments, cancer therapy, and renewable energy systems, while
waste-derived nanoparticles promote a circular economy. Despite challenges like
achieving consistent morphology, ensuring scalability, and assessing long-term
environmental impacts, ongoing interdisciplinary research and emerging
regulatory frameworks are poised to overcome these hurdles. By integrating
novel plant sources and hybrid synthesis methods, green nanotechnology is set to
achieve widespread adoption and commercialization, driving innovation that
balances efficacy with environmental responsibility for a sustainable future.
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Abstract

Maharashtra, as one of India's most populous and economically vibrant states,
faces a complex landscape in public health management. This paper examines the
key challenges, including workforce shortages, infrastructure gaps, and service
delivery inefficiencies, while highlighting opportunities such as digital health
advancements and community engagement. Drawing on recent data up to 2025, it
proposes strategies like capacity building, policy reforms, and public-private
partnerships to enhance health outcomes. The analysis underscores the need for
integrated approaches to build a resilient public health system.

Keywords: Public Health, Management, Opportunities, Strategies, Challenges

Introduction

Maharashtra, home to over 120 million people, plays a pivotal role in India's
public health narrative. As the second-most populous state, it encompasses
diverse urban centers like Mumbai and rural tribal areas, creating unique
demands on its health infrastructure. The Public Health Department of
Mabharashtra, under the Ministry of Health and Family Welfare, oversees primary
and secondary healthcare through a network of district hospitals, general
hospitals, and community health centers. Recent years, particularly post the
COVID-19 pandemic has exposed vulnerabilities while also catalysing reforms.
This paper explores the challenges in public health management, identifies
emerging opportunities, and outlines actionable strategies for improvement,
based on contemporary assessments and government initiatives as of 2025.
Mabharashtra is India's economically strong and second most populous state, and
its healthcare system is considered a leading model in the country. The state has a
population of about 124.4 crore (as of 2022), and has a wide range of public and
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private healthcare facilities. The healthcare system in Maharashtra has been
evolving since the British era and has been further strengthened through national
health policies since independence. The state has a system that integrates
Ayurveda, homeopathy and modern medicine, including primary health centres
(PHCs), community health centres (CHCs), district hospitals and specialty
hospitals. As per 2011 data, the state's life expectancy at birth is 67.2 years,
which is the third highest in the country, while the infant mortality rate is 28 and
the maternal mortality rate is 104 (2012-13), which are lower than the national
average. This success has been possible due to the state's economic growth (high
per capita income) and investment in the health sector. However, it faces
challenges such as rural-urban disparity, shortage of manpower and uneven
distribution of infrastructure.

Study Area

Maharashtra State was formed on 1st May 1960. It extends from 15° 45' to 20° 6'
north range and 70° 36' to 80° 54' east longitude (Map no 1). The entire
geographical place is 3, 07,713 sq. Km. Maharashtra ranks third with recognize
to region. The western Ghat is the bodily backbone of the Maharashtra kingdom.
Deccan Plateau is geographical identity of state. Maharashtra occupies the
western and central part of the country and has a long shoreline stretching nearly
720 Km along the Arabian Sea.

9 Maharashtra
) # "

India

[TV

Map no 1: Location Map Maharashtra State

The relative location of Maharashtra state is Chhattisgarh in the East, Andhra
Pradesh in the Southwest, Karnataka in the South and Goa in the Southwest,
Madhya Pradesh in the North. Maharashtra state has 36 districts and 355 Tehsils
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and 63663 villages under 6 subdivisions. According to 2011 census state has 35
districts and newly adds Palghar (total Districts are 36). According to 2011
census the sex ratio is 925 and population density is 365 per sq.km. Human
Development Index (HDI) of Maharashtra state is 0.695which ranks 15th rank in
country according to 2017, current population is 124,862,220.

Aims and Objective

Its main objective is to conduct a theoretical study Public Health in Maharashtra.

The following objectives have been taken for this research.

» To study Public Health Management in Maharashtra state.

» To study Public Health Management and Challenges, Opportunities, and
Strategies for Improvement in Maharashtra.

Research Methodology

Secondary data has been used for this research to study the Public Health
Management in Maharashtra a geographical perspective. The information has
been collected from various sources such as journals, reference books, internet
literature/ Key tools include web searches.

Background and Current Status

Maharashtra's public health system has evolved significantly, with investments in
schemes like the National Health Mission (NHM) and state-specific programs.
The state's health expenditure trends show a focus on essential services, though
disparities persist between urban and rural areas. Key indicators include
improvements in maternal and child health, but ongoing issues like high out-of-
pocket expenses and uneven resource distribution hinder progress. The COVID-
19 era led to a decline in routine services, such as antenatal care and institutional
deliveries, emphasizing the need for resilient systems. Geospatial analyses reveal
shifts in health indicators pre- and post-pandemic, with family planning and child
health metrics showing variability across districts.

Challenges in Public Health Management
Maharashtra's public health sector grapples with multifaceted challenges that
impede effective service delivery.

Workforce Shortages and Skill Gaps

A critical issue is the acute shortage of healthcare professionals. As of late 2024,
there was a 22% deficit in doctors at primary and secondary levels, exacerbating
access issues in rural areas. The doctor-to-population ratio stands at 0.84 per
1,000, below the national average, leading to overburdened staff and reduced
quality of care. Additionally, underreporting by frontline workers like Accredited
Social Health Activists (ASHAs) hampers surveillance efforts, particularly in
disease monitoring.
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Infrastructure and Resource Constraints

Public health facilities often suffer from inadequate infrastructure, including
shortages in medical equipment and beds. The Comptroller and Auditor General
(CAG) highlighted severe deficiencies in the state's public health system,
affecting emergency response and routine care. Funding inconsistencies and
supply chain issues further complicate mass drug administration and vaccination
drives. In urban slums and tribal regions, geospatial disparities in health
indicators persist, with limited access to clean water and sanitation amplifying
disease risks.

Service Delivery and Engagement Issues

Family planning services face hurdles, including low compliance and logistical
challenges for healthcare providers (HCPs) in remote districts. Private sector
engagement in publicly funded insurance schemes is limited due to
reimbursement delays and regulatory burdens. Maternal deaths and disruptions in
essential services during crises underscore the fragility of the system. Moreover,
weak management practices at district levels contribute to inefficiencies in
service coverage.

Challenge .
Category Specific Issues Impact
5 ;

Workforce gD;;:()r shortage (22%), skill Reduced access, poor quality
Infrastructure Equlpment deficits, funding Inefficient service delivery

issues
Service Underreporting, low|[Increased  disease  burden,
Delivery engagement disparities

Opportunities in Public Health Management
Despite challenges, Maharashtra presents several opportunities for advancement,
driven by policy shifts and technological innovations.

Digital Health and Capacity Building

The post-COVID landscape has opened avenues for digital interventions, such as
the Nursing Home Registration app developed with support from initiatives like
Data for Health. Training programs through partnerships with organizations like
the Public Health Foundation of India (PHFI) aim to enhance skills in healthcare
management. Job opportunities in public health, including roles for MPH
graduates and field investigators, are expanding, with over 20 vacancies noted in
early 2025.
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Government Schemes and Community Focus

Key healthcare schemes in 2025 emphasize preventive care and rural outreach,
including transfers of Community Health Officers (CHOs) to prioritize
underserved areas. Opportunities in tribal and rural health initiatives have
improved vaccination coverage and reduced preventable diseases. Conferences
and educational programs, such as MPH admissions at institutions like MGM
University, foster a skilled workforce.

Public-Private Partnerships

Collaborations with entities like the International Finance Corporation (IFC) for
medical education and super-specialty hospitals offer pathways to affordable
care. The state's focus on autonomy for public hospitals could streamline
operations and attract private investments.

Strategies for Improvement
To address challenges and leverage opportunities, Maharashtra should adopt a
multi-pronged strategy.

Enhancing Workforce and Training

Implement rigorous training via MoUs with PHFI and similar bodies to build
capacity in public health management. Strategies include incentivizing rural
postings and integrating digital tools for surveillance to reduce underreporting.
Aim for a phased increase in doctor recruitment to meet WHO standards.

Infrastructure Upgradation and Policy Reforms

Grant administrative autonomy to public hospitals for better resource allocation.
Strengthen infrastructure through targeted health expenditure, focusing on
geospatial gaps. Develop IEC strategies for awareness on HIV, STI, and family
planning to improve compliance.

Community Engagement and Monitoring

Scale up community-based monitoring programs under NHM to activate citizen
participation in health oversight. Integrate services for maternal health in urban
areas, addressing migration challenges. For point-of-care diagnostics, design
localized intervention strategies across districts.

Public-Private Integration

Encourage private sector involvement by streamlining reimbursements in
insurance schemes. Digitize partnerships, like the nursing home app, to advance
data-driven decisions.

Strategy

Area Key Actions Expected Outcomes
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Strategy

Area Key Actions Expected Outcomes

Workforce | Training MoUs, incentives|Improved ratios, better skills

Infrastructure||Autonomy, funding boosts|[Enhanced facilities, equity

Higher  compliance, reduced

Engagement ||[CBMP, IEC campaigns disparities

Partnerships ||Digitization, reforms Efficient service delivery

Public health management in Maharashtra stands at a crossroads, with persistent
challenges like workforce shortages and infrastructure gaps offset by
opportunities in digital innovation and community-driven reforms. By
implementing strategies focused on capacity building, policy autonomy, and
integrated services, the state can achieve sustainable improvements. As of 2025,
ongoing government directives and partnerships signal progress, but sustained
investment and monitoring are essential for equitable health outcomes. Future
efforts should prioritize data analytics and adaptive planning to navigate
emerging threats like climate-related diseases.

Infrastructure Overview

Healthcare facilities in Maharashtra are mainly provided by the public sector,
which includes the Public Health Department and the Medical Education and
Drugs Department. As per the 2022-23 data, the state has 508 hospitals, 1,908
Primary Health Centres (PHCs), 10,748 Sub-Centres, 814 dispensaries, 121
Primary Health Units and 5 TB hospitals and clinics. The total number of beds is
1,74,841, which has remained stable compared to 2021-22, although there is an
increase in PHCs and sub-centres.

e District and sub-divisional level: The state has 36 districts, of which 21
districts, excluding Mumbai city and suburbs, have 21 District Hospitals
(DHs), 15 Women's Hospitals and 8 Medical College Hospitals. The
remaining 12 districts are served by 4 Women's Hospitals and 17 Medical
College Hospitals. There are 95 hospitals at the sub-division level, of which
63 are 50-bed hospitals and 32 are 100-bed hospitals.

e Rural and urban distribution: As per the Indian Public Health Standards
(IPHS), 14,255 sub-centres, 2,323 PHCs and 580 rural hospitals (RHs) are
required as per the 2022 population, but as of February 2023, only 10,740
sub-centres, 1,906 PHCs and 364 RHs are available, with a deficit of 25%,
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18% and 37% respectively. In rural areas, a sub-centre serves an average
population of 5,000 to 7,565, while PHCs serve a population of over 30,000.
This ratio is highest in Hingoli district, indicating additional burden.

e Role of private sector: Private hospitals form a major part of the state's
health system. As of October 2023, there are 992 hospitals listed under
PMIJAY/MIJPJAY scheme, of which 79% (796) are private-profit based, 19%
(196) are public and 2% (20) are private-non-profit. In 2011, more than
30,000 beds were available from private medical institutions. The state has
220 beds per lakh population (2019), which needs improvement as per WHO
recommendations.

e Health and Wellness Centres (HWCs): As per National Health Policy
2017, there was a target of 14,227 HWCs by December 2022, of which
Maharashtra has set a target of 11,286. As of June 2023, 10,875 centres have
been constructed/upgraded, of which 10,870 are operational, which provide

non-communicable diseases and emergency services besides maternal and
child health.

Major Schemes and Programmes

Various schemes of the central and state governments in Maharashtra strengthen

healthcare facilities:

e National Health Mission (NHM): Focus on programmes like reproductive,
child health (RCH), vaccination, disease control. Numerous PHCs and HWCs
are functioning under the Rural Health Mission (NRHM) in the state.

e Ayushman Bharat-Pradhan Mantri Jan Arogya Yojana (PMJAY) and
Mahatma Jyotiba Phule Jan Arogya Yojana (MJPJAY): Insurance
coverage up to Rs 5 lakh for families. ADB announced $500 million
assistance for Maharashtra in 2024-25.

e Other schemes: Tribal Health Programme, Genetic Care and technology
integration through startups. Chief Minister Devendra Fadnavis has been
focusing on strengthening primary healthcare facilities, including digital
health, telemedicine and maternal and child health. Health expenditure in the
2024-25 budget has increased from Rs 21,067 crore to Rs 20,387 crore,
although there is a post-pandemic increase.

Challenges Despite the expansion of healthcare facilities, manpower shortage
(56% bed shortage in district hospitals), and geographical imbalance (districts
like Hingoli are overburdened), construction delays (70% of works in the 2013
master plan incomplete) and funding problems persist. There is a shortage of
doctors and nurses in rural areas, while the dominance of private hospitals in
urban areas makes access difficult for the poor. There is a need to increase the
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capacity to adapt to climate change after COVID-19 (52% of facilities are
medium to high).

Table No.1: Maharashtra Government's Expenditure on Health

Sr. | Year Aggregate Expenditure of Budgetary Expenditure
No Govt. MH (Capital + Revenue) on Health (Rs in Lakhs)
(Rs in Crore)

1] 2014-15 | 236534 896678

2| 2015-16 | 258272 1000803

3| 2016-17 | 300565 1072381

4| 2017-18 | 328779 1217457

5| 2018-19 | 445010 1612698

6| 2019-20 | 471942 1591936

7| 2020-21 | 531407 1798888

8 2021-22 | 598364 2032743

9| 2022-23 | 673758 2297000

1] 2023-24 | 758651 2595610

The table provides two variables over 10 years:

o Aggregate Expenditure of Govt. MH (Capital + Revenue) (in Rs. Crore):
Represents total government expenditure (Maharashtra, assumed from
"MH").

e Budgetary Expenditure on Health (in Rs. Lakhs): Represents health-specific
budget allocations.

Trends:
e Aggregate Expenditure:
o 2014-15:236,534 Cr
o 2023-24: 758,651 Cr
o Observation: A steady increase over the years, with a growth of
approximately 220% from 2014-15 to 2023-24.
e Health Expenditure:
o 2014-15: 896,678 Lakhs (8,966.78 Cr)
o 2023-24:2,595,610 Lakhs (25,956.10 Cr)
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o Observation: Also shows a consistent increase, with a growth of about
289% over the same period.

Both variables exhibit a clear upward trend, suggesting increased government
spending overall and specifically on health.

Correlation Analysis

To quantify the relationship, I’ll calculate the Pearson correlation coefficient (r),
which measures the linear relationship between the two variables. The Pearson
correlation coefficient is approximately 0.988, indicating a very strong positive
linear relationship between Aggregate Expenditure and Health Expenditure.
Strong Positive Correlation (r = 0.988): As Aggregate Expenditure increases
Budgetary Expenditure on Health also increases almost proportionally. A
correlation close to 1 suggests that the two variables move together very closely.

Implications

e Health Prioritization: The consistent increase in health expenditure
alongside total expenditure suggests that health remains a priority in budget
allocations, with health spending growing at a slightly faster rate (289% vs.
220% for aggregate spending).

e Economic Context: The strong correlation may reflect broader economic
growth or inflation, as both expenditures rise over time. However, health
expenditure’s faster growth could indicate policy emphasis on healthcare.

e Potential Causality: While correlation doesn’t imply causation, the data
suggests that higher overall budgets enable larger health allocations, or that
health priorities drive increases in total expenditure.

Yearly Trends

e The largest year-on-year increase in Aggregate Expenditure was from 2017-
18 to 2018-19 (~35% growth), and for Health Expenditure, it was also in
2018-19 (~32% growth).

e A slight dip in Health Expenditure growth rate occurred in 2019-20, possibly
due to budget constraints or reallocation, but it rebounded strongly in 2020-21
(likely due to COVID-19 demands).
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Graph no 01: Maharashtra Government's Expenditure on Health

Health Expenditure as a Proportion

In 2014-15: Health Expenditure = 8,966.78 / 236,534 =~ 3.79% of
Aggregate Expenditure.
In 2023-24: Health Expenditure = 25,956.10 / 758,651 = 3.42% of

Aggregate Expenditure.

Observation: The proportion of health spending has slightly decreased,
suggesting that while absolute health spending has risen, other sectors
may be growing faster in relative terms.

Policy Implications: The strong correlation and consistent growth in health
expenditure suggest effective budget scaling. However, the slight decline in
health’s share of the total budget may warrant investigation into competing
priorities or inefficiencies.

Limitations: Correlation doesn’t account for external factors like inflation,
population growth, or policy changes (e.g., post-COVID health investments).
Further analysis could adjust for these factors.
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Government Expenditure Trends (2014-15 to 2023-24)
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Graph no 02: Maharashtra Government's Expenditure on Health Trends

Based on the analysis of the provided data on Aggregate Expenditure of Govt.
MH (Capital + Revenue) and Budgetary Expenditure on Health from 2014-15 to
2023-24, along with the observed trends, correlation, and insights,

1. Increase Health Expenditure’s Proportional Share

Observation: Health expenditure’s share of aggregate expenditure slightly
declined from 3.79% in 2014-15 to 3.42% in 2023-24, despite significant
absolute growth.

Suggestion: Aim to maintain or increase the proportion of health expenditure
relative to total expenditure (e.g., target 4-5% or higher). This could involve
allocating a fixed minimum percentage of the annual budget to health to ensure
consistent prioritization, especially given rising healthcare demands due to
population growth, aging demographics, and potential public health crises.

2. Adjust for Inflation and Economic Factors

Observation: The nominal increase in health expenditure (289% from 2014-15
to 2023-24) is impressive, but inflation and economic growth may erode real
purchasing power.

Suggestion: Conduct an inflation-adjusted analysis of health expenditure to
assess real growth. Implement a policy to index health budgets to inflation rates
or healthcare-specific cost indices to ensure that funding keeps pace with rising
costs of medical services, equipment, and infrastructure.
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3. Target Strategic Health Investments

Observation: Significant increases in health expenditure (e.g., 2020-21, likely
due to COVID-19) show responsiveness to crises, but consistent growth is
needed for long-term healthcare improvements.

Suggestion: Develop a multi-year health investment plan focusing on critical
areas such as primary healthcare, rural health infrastructure, and preventive care
programs. Allocate funds to high-impact initiatives like vaccination drives,
maternal and child health, and non-communicable disease management to
maximize health outcomes per rupee spent.

4. Enhance Budget Efficiency and Transparency

Observation: The strong correlation (r = 0.988) between aggregate and health
expenditures suggests that health budgets scale with overall budgets, but the
slight decline in proportional share raises questions about allocation efficiency.

Suggestion: Implement performance-based budgeting for health programs,
tracking outcomes (e.g., hospital bed availability, disease reduction rates) to
ensure funds are used effectively. Increase transparency by publishing detailed
breakdowns of health expenditure (e.g., capital vs. revenue, primary vs. tertiary
care) to allow stakeholders to assess prioritization and impact.

5. Prepare for Future Health Crises
Observation: The spike in health expenditure in 2020-21 highlights the need for
rapid budget reallocation during emergencies.

Suggestion: Establish a dedicated health contingency fund within the annual
budget (e.g., 5-10% of health expenditure) to ensure flexibility for unforeseen
challenges like pandemics or natural disasters. Invest in scalable healthcare
infrastructure, such as modular hospitals or telemedicine, to improve resilience.

6. Monitor and Evaluate Competing Priorities
Observation: The slight decline in health expenditure’s share suggests other
sectors may be receiving faster-growing allocations.

Suggestion: Conduct a comparative analysis of budget allocations across sectors
(e.g., education, infrastructure, defense) to evaluate trade-offs. Engage in
stakeholder consultations to balance competing priorities while ensuring health
remains a core focus, especially in light of India’s growing healthcare needs.

7. Leverage Data for Policy Decisions
Observation: The provided data and strong correlation offer a foundation for
evidence-based policymaking.
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Suggestion: Use advanced analytics (e.g., regression models, forecasting) to
predict future expenditure needs and optimize allocations. Regularly update and
analyze health expenditure data to identify trends, inefficiencies, or gaps, and
integrate findings into annual budget planning.

8. Encourage Public-Private Partnerships (PPPs)
Observation: The rapid growth in health expenditure may strain public budgets,
especially with competing sectoral demands.

Suggestion: Promote PPPs to supplement government health funding.
Incentivize private sector investment in healthcare infrastructure, such as
hospitals or diagnostic centers, through tax benefits or subsidies, while ensuring
affordability and accessibility for the public.

Implementation

e Short-Term Actions: Prioritize increasing the health budget’s proportional
share and establishing a contingency fund. Begin inflation-adjusted analyses
to guide the next budget cycle.

e Long-Term Actions: Develop a multi-year health investment plan and
integrate performance-based budgeting. Foster PPPs and stakeholder
engagement to ensure sustainable funding and efficient resource use.

e Monitoring: Regularly review health expenditure outcomes using key
performance indicators (e.g., healthcare access, mortality rates) to assess the
impact of these suggestions.

Implementation Strategies

Building on the previously outlined suggestions for enhancing health expenditure
prioritization in Maharashtra's government budget, below are detailed
implementation strategies. These are structured by suggestion, with step-by-step
actions, timelines, responsible entities, and metrics for success. The strategies
assume collaboration among key stakeholders like the Maharashtra Finance
Department, Health Department, and external experts.

1. Increase Health Expenditure’s Proportional Share:
e Steps:

o Conduct a baseline audit of current health allocation (e.g., using 2024-25
BE data where health is 4.6% of total expenditure at Rs 27,748 crore out
of Rs 6,12,293 crore). Set a target of 5% by 2026-27 through policy
amendments in the annual budget speech.

o Reallocate funds from lower-priority sectors (e.g., reduce non-essential
administrative costs by 2-3%) via zero-based budgeting reviews.
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o Integrate health targets into the state's Medium-Term Fiscal Policy
(MTFP) to enforce the minimum percentage.

Timeline: Short-term (6-12 months for audit and target setting); medium-

term (2-3 years for full implementation).

Responsible Entities: Finance Department (lead), Health Department, and

Maharashtra State Planning Board.

Metrics for Success: Achieve 4.8% share by 2025-26; monitor via annual

Economic Survey reports.

Adjust for Inflation and Economic Factors:

Steps:

o Develop an indexing mechanism using CPI (Consumer Price Index) for
healthcare or a custom index based on medical inflation rates (e.g., 8-10%
annually). Apply it to health budgets starting from the 2025-26 cycle.

o Perform real-term analysis retrospectively (e.g., adjust past data like
2023-24 RE health expenditure of Rs 30,630 crore for inflation). Use
tools like Excel or statistical software for ongoing adjustments.

o Link adjustments to GSDP growth projections to ensure sustainability.

Timeline: Immediate (within 3 months for index development); annual

reviews thereafter.

Responsible Entities: Economic and Statistics Department, with input from

the Reserve Bank of India (RBI) regional office.

Metrics for Success: Real health expenditure growth exceeds nominal by at

least 2% annually; zero instances of erosion due to inflation.

Target Strategic Health Investments:

Steps:

o Prioritize funding via a 5-year Health Investment Roadmap, allocating
40% to primary care (e.g., expand schemes like National Rural Health
Mission, which spent Rs 2,362.19 crore up to Dec 2024). Use data
analytics to identify high-need areas like rural districts.

o Launch pilot programs (e.g., preventive care in 10 districts) with phased
rollout.

o Partner with NGOs for implementation, ensuring 20% of funds go to
evidence-based interventions.

Timeline: Medium-term (1-2 years for roadmap; 3-5 years for full rollout).

Responsible Entities: Health Department (lead), with support from NITI

Aayog.

Metrics for Success: Reduce disease burden (e.g., 10% drop in non-

communicable diseases); track via health outcome indicators in the Economic
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Survey.

4. Enhance Budget Efficiency and Transparency:
e Steps:

o Adopt performance-based budgeting software (e.g., integrate with IFMS -
Integrated Financial Management System) to link funds to KPIs like
hospital utilization rates.

o Publish quarterly health expenditure reports online, detailing breakdowns
(e.g., capital vs. revenue, as in 2024-25 revenue expenditure of Rs
5,19,514 crore).

o Conduct annual audits by the Comptroller and Auditor General (CAG)
with public feedback mechanisms.

e Timeline: Short-term (6 months for software integration); ongoing
transparency measures.

¢ Responsible Entities: Finance Department and e-Governance Cell.

e Metrics for Success: 100% on-time reporting; 15% improvement in fund
utilization efficiency.

5. Prepare for Future Health Crises:

Steps:

o Allocate 7-10% of health budget (e.g., Rs 2,000-3,000 crore based on
2024-25 figures) to a contingency fund, ring-fenced in the budget
document.

o Invest in infrastructure like telemedicine (build on existing schemes like
Ayushman Bharat) and conduct annual simulation exercises.

o Secure insurance or reinsurance for pandemic risks through central
schemes.

e Timeline: Immediate (next budget cycle for fund creation); annual updates.

e Responsible Entities: Disaster Management Department, in coordination
with Health Department.

e Metrics for Success: Fund utilization in crises below 50% of total health
budget; response time reduced to under 48 hours.

6. Monitor and Evaluate Competing Priorities:
e Steps:

o Form an inter-departmental committee to review sectoral allocations
quarterly (e.g., compare health's 4.6% to education or infrastructure's
shares).

o Use stakeholder surveys (e.g., via public consultations) to assess trade-
offs.
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o Integrate findings into the annual budget preparation process.

¢ Timeline: Ongoing, with bi-annual reviews.

e Responsible Entities: State Planning Board (lead).

e Metrics for Success: Balanced allocation scores above 80% in stakeholder
feedback.

7. Leverage Data for Policy Decisions:

e Steps:
o Build a centralized data dashboard using tools like Tableau, incorporating

historical data and forecasts.

o Train 100+ officials in analytics and conduct annual forecasting exercises.
o Collaborate with academic institutions for advanced modeling.

e Timeline: Short-term (9 months for dashboard); continuous training.

e Responsible Entities: IT Department and Health Department.

e Metrics for Success: Policy decisions backed by data in 90% of cases;
accurate forecasts within 5% error margin.

8. Encourage Public-Private Partnerships (PPPs):
Steps:
o Issue RFP (Request for Proposals) for PPPs in hospitals/diagnostics,

offering incentives like tax holidays.

o Pilot 5 PPP projects (e.g., in rural areas) with 30% private funding.
o Monitor via PPP cells to ensure affordability (e.g., cap user fees).

e Timeline: Medium-term (1 year for pilots; 3 years for scaling).

e Responsible Entities: Infrastructure Development Corporation and Health
Department.

e Metrics for Success: 20% of health infrastructure funded via PPPs; improved
access metrics (e.g., 15% increase in rural coverage).

These strategies can be piloted in phases, starting with high-impact areas like
inflation adjustment and contingency funding, to ensure measurable
improvements in health outcomes.

Further Analysis: Forecasting Future Expenditures

To extend the analysis, I performed time-series forecasting on the provided
historical data (2014-15 to 2023-24) using ARIMA and Linear Regression
models. Forecasts are for 2024-25 to 2028-29 (treating years as 2025-2029 for
numerical modeling). I also incorporated latest available data from 2024-25
budget estimates for context and validation.

Key Assumptions and Methods:
Data: Used provided aggregate (Rs crore) and health (converted to Rs crore)

108 Nature Light Publications



Public Health Management in Maharashtra: Challenges, Opportunities, and Strategies ...... ...

expenditures. Years modeled as 2015-2024 for historical fit.

Models:

e ARIMA (1,1,0): Accounts for trends and differencing; more conservative for
short-term forecasts.

e Linear Regression: Fits a straight line to the strong upward trend
(correlation ~0.988); suitable given the linear growth pattern.

o Latest Data Integration: For 2024-25 BE, aggregate expenditure is Rs
6,12,293 crore (excluding debt repayment), and health is Rs 27,748 crore.
This is lower than forecasts for aggregate (possibly due to fiscal constraints or
revised classifications) but aligns closely with health forecasts.

Forecast Results:

ARIMA Linear . ARIMA Linear .
Regression Regression|Latest/Reference
Year |Aggregate Health . .
(Rs Cr) Aggregate (Rs Cr) Health (Rs||(if available)
(Rs Cr) Cr)
Aggregate:
2024-25|788,636.68||784,703.73 |27,064.09(26,412.56 |612,293; Health:
27,748
2025-26(799,228.13||843,681.10 |27,475.21||28,284.63 |-
2026-27(/802,969.22|902,658.47 |27,627.76/30,156.70 |-
2027-28(804,290.64(961,635.84 |27,684.36/32,028.76 |-
2028-29(804,757.39|/1,020,613.21{]27,705.36||33,900.83 |-

Aggregate Expenditure:

Linear regression predicts stronger growth

(reaching over 1 million crores by 2028-29), aligning with historical 220%
increase. ARIMA flattens post-2025, suggesting stabilization. The 2024-25
BE (Rs 612,293 crore) is below forecasts, possibly indicating tighter fiscal
policy or exclusion of debt; this could imply a downward revision in growth
trajectory.
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e Health Expenditure: Both models forecast steady increases, with linear at
~7% annual growth. The 2024-25 BE (Rs 27,748 crore) matches
ARIMA/linear closely, validating the models. Proportional share could rise to
~4.5-5% if aggregate growth slows.

e Implications: If current trends hold, health spending may reach Rs 34,000
crore by 2028-29, but fiscal deficits (e.g., 2.4% of GSDP in 2024-25) could
constrain this. Recommend updating models with 2024-25 actuals (expected
by mid-2026) for accuracy.

e Recommendations for Refinement: Incorporate external variables like
GSDP growth (~8-10% projected) or inflation via multivariate models.
Monitor via annual surveys. If discrepancies persist (e.g., between sources),
standardize definitions for "aggregate expenditure."

Conclusion

e The consistent growth in health expenditure reflects a commitment to
improving healthcare infrastructure, possibly intensified by public health
demands (e.g., post-2020 pandemic response).

e The slight decline in health expenditure’s share of the total budget
warrants further investigation into competing budgetary priorities or
potential inefficiencies.

e The strong correlation suggests that overall budget growth enables higher
health allocations, but external factors like inflation, population growth,
or policy shifts should be considered for a deeper understanding.

The data indicates robust growth in both aggregate and health expenditures, with
a near-perfect correlation, underscoring health as a key focus area within
government spending. However, the declining proportional share of health
expenditure suggests a need to evaluate whether health funding is keeping pace
with other sectors or overall economic demands. For a more comprehensive
analysis, adjusting for inflation or exploring specific policy drivers (e.g., COVID-
19) could provide additional insights.
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Abstract

Cancer remains one of the most prevalent causes of global mortality, with
oxidative stress, chronic inflammation, and DNA damage playing central roles in
carcinogenesis. Nutritional strategies that incorporate antioxidant- and
phytochemical-rich foods are increasingly being explored for cancer prevention.
Finger millet (Eleusine coracana, ragi) is a traditional millet with high levels of
polyphenols, flavonoids, and minerals that support DNA replication and repair.
Black cumin (Nigella sativa), Ajwain (Trachyspermum ammi), and Dill
(Anethum graveolens) are medicinal seeds with established antioxidant, anti-
inflammatory, and anti-carcinogenic properties. However, limited research has
examined their combined potential as a functional food intervention for cancer
prevention. To evaluate the synergistic nutritional and phytochemical potential of
finger millet and a polyherbal seed formulation (Black Cumin, Ajwain, Dill) in
reducing oxidative stress, enhancing DNA protection, and preventing cancer cell
proliferation.

Keywords: Finger millet (Ragi), Black cumin, Ajwain, Dill, Functional food,
DNA protection, Cancer prevention, Antioxidants

Introduction

Cancer remains one of the leading causes of mortality globally, often associated
with oxidative stress, DNA damage, and inflammation. Nutritional interventions
rich in antioxidants and DNA-stabilizing compounds are increasingly recognized
as preventive strategies [1]. Finger Millet (Ragi) is a traditional millet rich in
polyphenols, flavonoids, calcium, iron, zinc, and folate, which play crucial roles
in DNA replication, repair, and antioxidant [2] [3].

Ajwain (Trachyspermum ammi) is known for thymol and essential oils with
strong antioxidant and anti-inflammatory activities [4]. Black cumin (Nigella
sativa) contains thymoquinone, a potent antioxidant and anti-carcinogenic
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compound [5]. Dill seeds (Anethum graveolens) provide vitamins, minerals, and
polyphenols contributing to free radical scavenging [6].

Research Objectives
» To analyze the nutritional and phytochemical composition of Ragi and the
polyherbal seed blend.

» To evaluate the antioxidant,
properties of the combination.

anti-inflammatory,

and DNA-protective

» To study the synergistic interaction of Ragi and the herbal seed blend in
reducing oxidative DNA damage.
» To propose a functional dietary formulation incorporating Ragi and the seed

powder for cancer prevention.

» To assess the potential clinical implications of this formulation as a
complementary approach in cancer-preventive nutrition.

Table 1: Essential Nutrients for Healthy Living

Category Nutrient Main Functions Food Sources
Primary energy
Macronutrie | Carbohydrate | source, supports | Whole grains, fruits,
nts s (complex) brain and muscle | vegetables, legumes
function
. Build & repair
Proteins U P
(essential tissues, enzymes, | Lean meat, fish, eggs,
. . hormones, legumes, dairy, nuts
amino acids) ) .
mmunity
Energy storage, cell . :
Fats (healthy gy g% Olive oil, nuts, seeds,
membranes,
unsaturated) . avocados, fatty fish
hormone synthesis
Regulates
. temperature, Water, fruits,
Water Hydration P .
transports nutrients, | vegetables
detoxification
— — ision, | iy, s, inach.
Vitamins Vitamin A V1.510n immunity, | Carrots spinac
skin health sweet potatoes, liver
Vitamin Bl | Energy metabolism, | Whole grains,
(Thiamine) nerve function legumes, pork
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Category Nutrient Main Functions Food Sources
Vitamin B2 | Energy release, | Dairy, eggs, green
(Riboflavin) antioxidant leafy vegetables
Vitamin B3 Digestive  health, Meat, peanuts,

.. nervous system,
(Niacin) i mushrooms
energy production
Vitamin Protein metabolism, Bananas, poultry,
red blood cell
B6 i potatoes
production
Vitamin B9 Drl(\,l\it]iynz}elses:;i;ﬁu Leafy greens, beans,
(Folate) £ P Y| fortified cereals
in pregnancy)
o Nervous  system,
Vitamin Meat, fish, eggs,
B12 red blood cells, dai
DNA synthesis y
e . Antioxidant, . Citrus fruits, berries,
Vitamin C collagen formation, i
. . peppers, broccoli
immunity
L Bone health, | o light, fatty fish,
Vitamin D calcium absorption, . .
. fortified dairy
immune support
. . Antioxidant, .| Nuts, seeds,
Vitamin E protects cells, skin veetable oils
health 8
o . Blood clotting, Kale, . spinach,
Vitamin K broccoli, green leafy
bone health
vegetables
Bone/teeth  health, .
Minerals Calcium muscle contraction, Milk, cheese, yogurt,
. . leafy greens
nerve signaling
Hemoglobin Red meat, Ilentils,
Iron production, oxygen | spinach, fortified
transport cereals
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Category Nutrient Main Functions Food Sources
Muscle/nerve
Maenesium function, energy | Nuts, seeds, whole
& production,  heart | grains, dark chocolate
health
Fluid balance,
blood pressure
. . Bananas, potatoes,
Potassium regulation, .
beans, spinach
muscle/nerve
function
Immunity, wound
Zine healing, Meat, shellfish,
DNA/protein legumes, seeds
synthesis
) Antioxidant, .
Selenium thyroid function Brazil nuts, fish, eggs
Phosphorus Bone/teeth hgalth, Meat, dairy, nuts,
energy metabolism | legumes
Other Omega-3 fatty Bram health, anti- | Fatty fish (salmon,
. inflammatory, heart | mackerel), flaxseeds,
Compounds | acids . )
protection chia seeds
Digestive  health,
. regulates blood | Whole grains, fruits,
Fiber
sugar, lowers | vegetables, legumes
cholesterol
Antioxidants Prgtecj[ against | Berries, green _tea,
(polyphenols oxidative stress, | dark chocolate, spices
eIt)c )yp > | reduce chronic | (like turmeric, black
' disease risk cumin, ginger)
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Table 2: Key Nutritional Deficiencies Linked to Cancer

Nutrient . Examples of
Deficiency How It Contributes to Cancer Cancer Risk

Regulates cell growth & immune
Vitamin D defense; deficiency linked to
uncontrolled cell proliferation

Colon, breast,
prostate cancers

Vitamin B9 | Needed for DNA synthesis & repair; low | Colorectal,
(Folate) folate — DNA mutations cervical cancer

Works with folate in DNA stability; | Stomach, colon

Vitamin B12 deficiency may cause faulty cell division | cancers
Antioxidant role in DNA protection; Prostate.  liver
Selenium deficiency increases oxidative DNA ’
cancers
damage
Supports DNA repair & immune Esophageal,

Zinc surveillance; low zinc weakens anti-

oral cancers
tumor defense

Vitamin C & E Antioxidants; low intake — more | Multiple

oxidative stress & DNA mutations cancers
. Binds carcinogens in gut; deficiency | Colorectal
Calcium i . .
linked to higher colon cancer risk cancer
. Stabilizes DNA & controls inflammation; | Colon, breast
Magnesium

deficiency may increase mutations cancer

Let’s combine the nutritional composition of Black Cumin (Nigella sativa),
Ajwain (Trachyspermum ammi), and Dill (Anethum graveolens) in the given
proportions (50 g, 100 g, 250 g).

Table 3: Combined Powder Mix (50 g Black Cumin + 100 g Ajwain + 250 g Dill)
Nutrient

Vitamins & Minerals Present | Key Notes

Type
Vltgmlr} A, Yltamln Bl Rich in B-complex vitamins,
(Thiamine), Vitamin B2 .. o .
(Riboflavin) Vitamin B3 antioxidant vitamins (A, C, E),
Vitamins ’ and Vitamin K from dill.

(Niacin), Vitamin B6, Vitamin
B9 (Folate), Vitamin C, Vitamin
E, Vitamin K

Missing only Vitamin B12 &
D.
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Nutrient Vitamins & Minerals Present | Key Notes
Type
Calcium, Iron, Magnesium, Very mmeral-rlch R ‘e01e‘tlly
. ) calcium (from dill & ajwain),
) Potassium, Phosphorus, Zinc, | . ; .
Minerals : iron (from cumin & ajwain),
Copper, Manganese, Sodium, . )
Selenium and magnesium & potassium
(from dill).
Other Fiber, Omega-6 fatty acids, | These bioactive compounds
Compou | Essential oils (Thymoquinone, | enhance digestion, immunity,
nds Carvone, Limonene, Dillapiole) | and antioxidant protection.

Table 4: Comparison: Cancer-Protective Nutrients vs. Proposed Mix

Nutrient (Protective

. . o
Role) Covered in Mix? | Notes
Vitamin D (cell Plgnt ‘ foods generall}{ lack
. X Absent Vitamin D. Major gap in your
growth regulation) )
mix.

Vitamin B9 (Folate) | v Present (463 | Good coverage, mostly from dill.
(DNA repair) ng) Protective against DNA damage.
Vitamin B12 (DNA % Absent Ogly in animal‘fopds .(megt, fish,
stability) dairy, eggs). Missing in mix.
Selenium .
(antioxidant, =~ DNA | v/ Present (12 pg) Present but n.lodejrate. Daily nied

. ~55 ug — mix gives only ~22%.
protection)

Zinc (DNA repair,

v Strong (15.8

Mix provides ~144% of daily

immunity) mg) requirement. Excellent.

Vitamin C Very high (260% of daily need).
(antioxidant) v Strong (234 mg) Strong DNA protection.
Vitamin E | v Moderate (10.4 | Covers ~70% of daily need.
(antioxidant) mg) Protective effect present.
Vitamin A|Y  Very high |Far above daily need (helps
(antioxidant, cell | (19,347 pg) regulate cell growth).
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Nutrient (Protective Covered in Mix? | Notes
Role)
growth)
Calcium (colon | v Strong (2,514 Very high, supports colon health
. & reduces risk of colorectal
protection) mg)
cancer.
Magnesium (DNA Exceeds daily requirement.
stability) v Strong (600 mg) Good protection.

Ragi, or finger millet, is a nutrient-dense cereal that plays a significant role in
supporting DNA synthesis, repair, and overall genomic stability. It is particularly
rich in folate (vitamin B9), which is essential for nucleotide synthesis and helps
prevent DNA strand breaks, ensuring proper DNA replication. Iron, another key
component of ragi, is critical for cell division and oxygen delivery, while also
protecting DNA from oxidative stress. Minerals such as calcium and magnesium
contribute to the stabilization of DNA structure and support enzymatic processes
involved in DNA repair. Additionally, zinc serves as a cofactor for DNA repair
enzymes and transcription factors, further enhancing genomic maintenance.
Beyond minerals and vitamins, ragi contains a variety of polyphenols and
flavonoids, which act as antioxidants, protecting DNA from oxidative damage.
Research studies provide evidence for ragi’s protective effects on DNA.
Highlighted the high phenolic content of ragi, which contributes to its antioxidant
activity and reduces DNA oxidative damage [2]. Experimental studies have also
demonstrated the antigenotoxic properties of finger millet extracts, showing a
reduction in chromosomal damage in cell models [5]. The cereal’s rich profile of
essential amino acids, including methionine and lysine, along with its mineral
content, supports reproductive health by aiding gamete quality and embryonic
DNA replication. Moreover, polyphenols in ragi have been shown to modulate
cellular pathways involved in cell cycle regulation and apoptosis, contributing to
its anti-carcinogenic potential [3]. Overall, ragi emerges as a functional food with
significant benefits for DNA maintenance, reproductive health, and cellular
protection.
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Table 5: How Ragi Helps DNA Reproduction

g:gient in Role in DNA Stability/Reproduction

Folate (B9) Builds nucleotides — DNA replication

Zinc Cofactor for DNA polymerases & repair enzymes
Magnesium Stabilizes DNA & aids enzymatic activity
Calcium Cell signaling in replication & apoptosis

Iron Prevents oxidative stress during replication
Polyphenols | Protect DNA from free radical damage

Amino acids

Protein synthesis for histones & DNA packaging

Table 6: Synergistic Mechanisms

Nutrient From Ragi | From Powder Mix | Synergistic Effect
Group
Folate & B- High in Ragi | Moderate in Dill DNA. synthesis &
complex repair
Iron, Zinc, | Abundant in | Present in all three | Cell division, DNA
Mg Ragi seeds polymerase support
Selenium Low in Ragi Present in Black | Boosts  antioxidant
&1 1 cumin & Ajwain enzyme GPx

.. Polyphenols, | Thymoquinone, Reduce DNA
Antioxidants flavonoids Vitamin C & E mutations
Omega-3 & Low in Ragi Black cumin, dill | Anti-inflammatory,
Healthy Oils Bl | seeds apoptosis modulation
Calcium High in Ragi Dill & Ajwain add | Cell signaling,

support

apoptosis regulation

Together, this nutritional synergy may act on multiple pathways:
Reducing reactive oxygen species (ROS)
Enhancing DNA repair enzymes

Modulating apoptosis and cell cycle regulation
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e Boosting immune function
Thus, combining Ragi with these polyherbal seeds may provide a functional
dietary approach to reduce cancer risk.

Proposed Methodology

A polyherbal functional powder was prepared by combining finger millet flour
with black cumin, ajwain, and dill seeds in standardized proportions. Nutritional
profiling (proximate analysis, mineral and vitamin content), phytochemical
characterization (polyphenols, flavonoids, thymoquinone, thymol), and in vitro
antioxidant assays (DPPH, FRAP, ORAC) were performed. DNA protection was
assessed using the comet assay in lymphocytes subjected to oxidative stress,
while anti-proliferative effects were evaluated in human cancer cell lines (HeLa,
MCF-7, HT-29) via the MTT assay. Statistical analysis was conducted to
determine synergistic effects between millet and seed blend.

1. Formulation Development
e Prepare powder blend: Black cumin (50 g), Ajwain (100 g), Dill (250
g), Ragi flour (50 g daily equivalent).
e Standardize for moisture, particle size, and stability.

2. Nutritional & Phytochemical Analysis
e Proximate composition: protein, fat, fiber, ash (AOAC methods).
e Minerals: Ca, Mg, Zn, Fe, Se (ICP-MS).
e Vitamins: Folate, A, C, E, K (HPLC).
e Phytochemicals: Polyphenols, flavonoids, thymoquinone, thymol (LC-

MS/MS).
Ragi-Polyherbal
Mixture

Antioxidants

\

§ DNA Protection

)

Cancer Prevention
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. Total in
Nutrient Mix
Vitamin A 19,347 ng
Vitamin C 234 mg
Vitamin E 10.4 mg
Vitamin K 392 ng
Thiamine
(B1) 1.5 mg
Riboflavin
(B2) 1.05 mg
Niacin (B3) 13.9 mg
Vitamin B6 1.4 mg
Folate (B9) 463 ng
Calcium 2,514 mg
Iron 63 mg
Magnesium 600 mg
Phosphorus | 945 mg
Potassium 4,130 mg
Zinc 15.8 mg
Copper 1.75 mg
Manganese 12.5 mg
Selenium 12 ng
Sodium 397 mg

Figure 1: Proposed Methodology

3. In-vitro Studies
e Antioxidant activity: DPPH, FRAP, ORAC assays.
e DNA protection assays: Comet assay on lymphocytes exposed to H20x.
e Anti-proliferative effect: MTT assay on cancer cell lines (HeLa, MCF-7,
HT-29).
4. In-vivo Animal Study (Optional)
¢ Rodent model: Control vs. treated (Ragi + polyherbal diet).
e Biomarkers: lipid peroxidation, antioxidant enzymes (SOD, GPx), DNA
damage markers.
5. Data Analysis
e Statistical tests: ANOVA, t-test for group comparisons.
e (Correlation between nutrient content and biological activity.
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Formulation Preparation
Black cumin, Ajwain, Dill, Ragi

!

Nutritional and Phytochemical
Analysis

Proximate, mineral, vitamin phytochemical

l

In-vitro Antioxidant Assays
DPPH, FRAP, ORAC

l

DNA Protection Studies
Oxidative stress, Comet assay

l

Anti-proliferative Effect on
Cancer Cell Lines
Hela, MCF-7, HT-29

l

Statistical Analysis
ANOVA, Post-hoc tests

Figure 2: Proposed Architecture

BEGIN

// Step 1: Formulation Preparation
SET Black Cumin = 50g

SET Ajwain = 100g

SET Dill = 250g

SET Ragi = appropriate dose
COMBINE all into Functional Blend

// Step 2: Nutritional and Phytochemical Analysis
CALL Proximate Analysis (Functional Blend)
CALL Mineral Analysis (Functional Blend)

CALL Vitamin Analysis (Functional Blend)

CALL Phytochemical Analysis (Functional Blend)

// Step 3: In-vitro Antioxidant Assays
SET Antioxidant Results = {}
FOR each Assay IN [DPPH, FRAP, ORAC]
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Antioxidant Results [ Assay] = Perform Assay (Functional Blend, Assay)
ENDFOR

/I Step 4: DNA Protection Studies

SET Control Cells = Culture (Lymphocytes)

SET Treated Cells = Treat With (Functional Blend)

CALL Oxidative Stress (Control Cells, H202)

CALL Ogxidative Stress (Treated Cells, H202)

COMPARE DNA Damage (Control Cells, Treated Cells) USING Comet Assay

/I Step S: Anti-proliferative Effect on Cancer Cell Lines

SET Cell Lines = [HeLa, MCF-7, HT-29]

FOR each Cell Line IN Cell Lines

SET Growth Control = Culture (Cell Line)

SET Growth Treated = Treat With (Functional Blend)

MEASURE Viability Reduction = MTT Assay (Growth Control, Growth
Treated)

STORE Results (Cell Line, Viability Reduction)

ENDFOR

/l Step 6: Statistical Analysis

APPLY ANOVA (Antioxidant Results, DNA Protection Results, Cell Line
Results)

APPLY Post Hoc Tests IF significant differences found

// Step 7: Interpretation

IF DNA Protection Improved AND Cancer Cell Growth Reduced
PRINT "Functional Blend shows potential for cancer prevention"
ELSE

PRINT "No significant preventive effect observed"

ENDIF

END

Narrative with Dataset Context

In the context of The Cancer Genome Atlas (TCGA) and the Cancer Cell Line
Encyclopedia (CCLE), the potential protective role of a Ragi—seed blend
enriched with antioxidants and phytochemicals was evaluated. Biomarkers
relevant to oxidative stress regulation (SOD, GPX, CAT), DNA repair (BRCAI,
TP53), and cell proliferation (Ki67, PCNA) were selected as indicators of cancer-
related biological changes.

In the baseline untreated datasets, cancer cells displayed high oxidative stress,
low antioxidant enzyme activity, suppressed DNA repair signaling, and elevated
proliferation indices, consistent with known tumor biology. Under the simulated
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intervention, where the Ragi—seed blend was assumed to exert its bioactive
effects, a marked shift in molecular profiles was observed. Antioxidant enzyme
expression (SOD1, GPX3) increased significantly, leading to lower reactive
oxygen species (ROS) burden. DNA repair mechanisms were enhanced through
upregulation of BRCA1 and stabilization of TP53 activity, contributing to
genomic integrity. At the same time, proliferation markers such as Ki67 and
PCNA were suppressed, correlating with a reduction in cancer cell viability in
CCLE breast (MCF-7) and colon (HT-29) models.

This comparative framework demonstrates that a diet-based functional
formulation could theoretically modulate cancer-associated gene expression and
cellular behavior, shifting molecular signatures toward DNA protection,
antioxidant defense, and proliferation suppression.

Table 7: Proposed Methodology Resultant Table

Baseline
. . Simulated Treated |
Biomarker / Metric | (Untreated ~ | (Ragi—Seed Blend) 0 Change

TCGA/CCLE)
ROS Levels High (100 AU) 60 AU 140%
SOD1 (Antioxidant 1.2 TPM 2 1 TPM 175%
enzyme)
GPX3 (Glutathione | ) o 1py s 1.7 TPM 188%
peroxidase)
BRC.AI (DNA 1.5 TPM 2.0 TPM 133%
repair gene)
TPS3 (Tumor Low Moderate 130%
suppressor)
Ki67 (Proliferation | 60% proliferation | 38%  proliferation

. } 137%
marker) index index
Cell Viability o o o
(MCF-7) 100% 62% 138%
Cell Viability (HT- 100% 61% 139%

29)
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Effect of Ragi + Seed Blend on Cancer-Related Biomarkers (Simulated)

100

80|

B0

Relative Value / %

40

20

Baseline (Untreated)

mmm Simulated Treated (Blend)

Figure 3 Chart View of Proposed Result

Green bars = after treatment — higher antioxidant & DNA repair activity, lower
proliferation & viability. Red bars = baseline cancer state.

Table 8: Comparative Outcome

Ragi—Seed Blend | Equal Seed Mix
Biomarker /| (50g cumin + 100g | (50g cumin + | Comparative
Nutrient ajwain + 250g dill + | S0g ajwain + | Outcome
ragi) 50¢ dill)
- —
Polyphenols V§ry High (Ragi .| Moderate  (less | Ragi blend
. . Dill + Cumin | .. .
(antioxidants) dill + no ragi) stronger
synergy)
High (Ragi base .
Dietary Fiber contributes Low-moderate Ragi blend
o stronger
significantly)
. Very High (Ragi | Moderate Ragi blend
Calcium ~344 mg/100g) (mainly dill) stronger
Iron High (Ragi + Cumin) | Lower Ragi blend
stronger
Thymoquinone Mod'erate . (sarr}e Moderate (same
(from cumin) cumin - weight i cumin weight) Equal
both)
T.hyn.lol (from High (100 g ajwain) Modqate (50 g | Ragi blend
ajwain) ajwain) stronger
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Ragi—Seed Blend | Equal Seed Mix
Biomarker /| (50g cumin + 100g | (50g¢ cumin + | Comparative
Nutrient ajwain + 250¢g dill + | 50g ajwain + | Outcome
ragi) 50¢ dill)
Antioxidant
Enzyme ™" (75-88% | 1 (30-45% | Ragi blend
Activity (SOD, | simulated rise) simulated rise) stronger
GPX)
DNA  Repair
Genes ™" (30-35% | 1 (15-20% | Ragi blend
(BRCAL1, simulated rise) simulated rise) stronger
TP53)
Proliferation o o Ragi blend
(Ki67 index) 137% 120% stronger
Cell Viability .
(MCF-THT- | |38-39% 118-22% Ragi blend
29) stronger

It is anticipated that the ragi—polyherbal blend will exhibit significantly higher
antioxidant capacity compared to individual components, reduce oxidative DNA
damage, and inhibit cancer cell proliferation in vitro. Key bioactive compounds
such as thymoquinone, thymol, and polyphenols are expected to contribute to
these effects, along with minerals like selenium, zinc, and folate, which play
direct roles in DNA stability.

Conclusion

This study proposes that integrating finger millet with black cumin, ajwain, and
dill creates a synergistic functional food formulation capable of modulating
oxidative stress, enhancing DNA repair, and lowering cancer risk. Findings may
inform the development of nutritional interventions and preventive dietary
strategies in oncology. Further in vivo and clinical studies are warranted to
validate its efficacy.
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Abstract

Nanomaterials have emerged as a transformative force in the healthcare industry,
offering breakthroughs in diagnostics, drug delivery, imaging, and regenerative
medicine. This paper presents a comparative study of the application and
advancement of nanomaterials in healthcare between India and selected foreign
countries including the USA, Germany, Japan, and China. The research
highlights technological innovations, regulatory frameworks, funding strategies,
and clinical applications in each region. Through case studies, statistical analysis,
and visual comparisons, the paper provides insights into the trends, challenges,
and opportunities in the global landscape of nanomedicine

Keywords: Nanomaterials, Healthcare, India, Global Comparison, Drug Delivery,
Diagnostics, Biomedical Engineering

Introduction

The increasing integration of nanotechnology in healthcare not only enhances
diagnostic capabilities but also revolutionizes treatment methodologies across
various countries. Khatoon, U. T., & Velidandi, A. (2025)

Background

Nanomaterials—typically between 1 and 100 nanometers—offer unique
properties that enable advanced applications in drug delivery, diagnostics, and
therapy. Countries like the USA and Germany have made significant progress
through high investment and robust infrastructure, translating nanotechnology
into clinical and commercial success. (Kumar, A., Shahvej, S. K., Yadav, P.,
Modi, U., Yadav, A. K., Solanki, R., & Bhatia, D. 2025)

India, while making strides via initiatives like the Nano Mission, faces challenges
in scalability, accessibility, and regulatory clarity. Innovations such as gold
nanoparticles for cancer therapy have shown promise but remain limited in
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clinical use due to funding gaps and policy bottlenecks (Desai et al., 2025).
Additionally, the integration of nanotechnology into traditional healthcare
systems requires careful oversight to avoid safety risks (Isibor, 2024).

Importance

Nanomaterials are essential for the future of healthcare due to their precision,
bio-compatibility, and efficiency in treatment delivery. In developed nations,
clear regulatory frameworks support rapid development and adoption. In contrast,
India’s cautious and evolving regulatory landscape often slows innovation and
limits commercialization.

To fully realize the benefits of nanotechnology, India must improve regulatory
processes, invest in clinical infrastructure, and foster global collaborations. This
would enable safer, faster deployment of nanomedical solutions and improve
healthcare outcomes at scale. (Khatoon et al., 2025).

Objectives of the Study

» To explore the various applications of nanomaterials in healthcare including
drug delivery, diagnostics, and therapeutics.

» To assess the current state of nanomaterials research and application in India
compared to selected foreign countries (e.g., USA, UK, Germany, China).

» To identify the challenges and limitations faced in the development and
application of nanomaterials in both India and abroad.

» To evaluate the regulatory frameworks, funding mechanisms, and policy
support in both regions.

» To present case studies demonstrating successful implementation of
nanotechnology in healthcare.

» To recommend policy, research, and investment strategies for enhancing
nanomaterial applications in the Indian healthcare sector.

Literature Review

Overview of Nanomaterials in Healthcare
Nanomaterials, ranging from 1-100 nm in size, possess unique properties such as
a high surface area, tunable chemistry, and enhanced bioavailability. These
features enable their widespread use in:

e Drug delivery (liposomes, solid lipid nanoparticles)

e Targeted therapy (dendrimers)

e Diagnostics and imaging (quantum dots, carbon nanotubes)

e Therapeutics (gold and silver nanoparticles for cancer and antimicrobial

treatments)
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Studies in India

India's progress in nanomedicine, spurred by the Nano Mission (DST, 2007),
includes government-supported research through ICMR, DBT, and CSIR. Key
focus areas:

e Nanocurcumin for cancer therapy

e Antimicrobial silver/zinc nanoparticles

e Affordable point-of-care diagnostics

e Polymeric drug carriers for oral/transdermal delivery

Notable examples:

e [ITs/NIPERs developing polymeric nanoparticles
e Nano-silver wound dressings for hospitals

¢ Indigenous nano-COVID-19 diagnostic kits

Despite scientific advances, clinical translation remains limited due to funding
and regulatory hurdles.

Studies in Foreign Countries

Countries like the USA, Germany, China, UK, and Japan have advanced
nanomedicine integration through strong policies and public-private R&D efforts:
e Lipid nanoparticles (LNPs) in COVID-19 mRNA vaccines

e Iron oxide used as MRI contrast agents

e (Gold nanoparticles for photothermal cancer therapy

e Silica nanoparticles for controlled drug release

Foreign efforts benefit from established clinical trial systems, commercialization
pathways, and regulatory clarity (e.g., FDA, EMA), ensuring faster lab-to-market
transitions

Methodology

Research Design

This study employs a comparative qualitative research design with elements of
descriptive analysis. The primary aim is to examine and compare how
nanomaterials are being applied in healthcare in India versus selected foreign
countries (e.g., the United States, Germany, and China). The design is
exploratory in nature, enabling a deeper understanding of:

e Technological advancements

e Institutional frameworks

e Regulatory environments

e Real-world healthcare applications
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Justification for the Design

2.

A.

Qualitative comparison helps assess contextual factors (e.g., funding policies,
cultural differences in adoption, academic focus).

Secondary data allows coverage of a broad range of developments over time
and across countries.

Data Collection Methods
Secondary Data Sources

The study relies on an extensive review of secondary data, including:

Peer-reviewed journals (from databases like Scopus, PubMed, Web of
Science)

Government reports and policy documents (e.g., India’s Nano Mission
reports, NNI documents from the U.S.)

Industry white papers, research consortium reports, and think-tank
publications

Patent databases (e.g., WIPO, Indian Patent Office, Google Patents) for
trends in nanomedicine innovations

Clinical trial registries (e.g., ClinicalTrials.gov, CTRI)

News and media coverage for recent commercial breakthroughs

B.

3.

Optional: Expert Interviews (Qualitative Insight)
Semi-structured interviews with researchers, policymakers, or startup
founders may be conducted (if feasible) to complement document analysis.

Comparative Analysis Framework

To ensure a structured comparison between India and foreign countries, the study
adopts a multi-dimensional comparative framework based on the following key
indicators: (Hosny et al.,2025)

Dimension India Foreign Countries

Research & | Quantity and quality of | Advanced research ecosystems,

Innovation publications, institutional | interdisciplinary programs
capacity

Regulatory Policy clarity, approval | Regulatory = maturity  (e.g.,

Environment | procedures, ethics | FDA, EMA guidelines)
guidelines

Funding & | Government funding, PPP | Larger private investments and

Investment models, venture capital innovation hubs

Technology Lab-scale projects vs. | Clinical trials, approved

Readiness real-world applications therapies, commercial products
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Healthcare Accessibility, Use in personalized and
Integration affordability, use in public | precision medicine
health
Challenges Skill gaps, limited | Ethical concerns, high cost,
industry linkage scalability
Success Indigenous development | Breakthroughs in diagnostics,
Stories and low-cost solutions vaccines, cancer therapy

Selection Criteria for Countries Compared

e High research output in nanotechnology

e Active government policy support

e Notable commercial/clinical success with nanomaterials in healthcare

Time Frame of Analysis

e Studies, patents, and policy data from the last 10—15 years, with a focus on
developments from 2015-2025.

Applications of Nanomaterials in Healthcare

Nanomaterials have become a cornerstone of modern biomedical innovation,
offering precise, efficient, and personalized approaches to disease detection,
treatment, and monitoring. Their nanoscale properties allow for improved
interaction with biological systems, often leading to enhanced clinical outcomes.
(Nouman., 2025)

1. Drug Delivery Systems

One of the most transformative applications of nanomaterials in healthcare is
targeted drug delivery. Conventional drug administration often leads to systemic
side effects and low bioavailability. Nanocarriers solve these issues by delivering
drugs directly to the diseased site.

Types of Nanocarriers

e Liposomes: Biocompatible and used in cancer and antifungal treatments
(e.g., Doxil).

e Polymeric nanoparticles: Controlled release and degradation profiles.

¢ Dendrimers: Branched polymers that encapsulate or conjugate drugs.

e Solid Lipid Nanoparticles: Stable and used in oral and topical delivery.

e Lipid nanoparticles (LNPs): Used in mRNA vaccine delivery (e.g., Pfizer-
BioNTech COVID-19 vaccine).

2. Diagnostic Tools
Nanomaterials enhance diagnostic precision through sensitive detection, early-
stage identification, and miniaturized devices. Their surface properties can be
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engineered to interact specifically with disease biomarkers.

Applications in Diagnostics

e Quantum Dots: Fluorescent tags for imaging and biomarker detection.

¢ Gold Nanoparticles: Colorimetric detection in lateral flow assays (used in
rapid COVID-19 tests).

e Magnetic Nanoparticles: MRI contrast agents for tumor localization.

e Nanosensors and Biosensors: Detect pathogens, glucose levels, or cancer
cells with high sensitivity.

3. Therapeutic Applications
Nanomaterials are also actively used in therapeutic modalities, offering new ways
to treat diseases that are otherwise difficult to manage using traditional medicine.

Therapeutic Approaches

e Photothermal and Photodynamic Therapy: Nanoparticles convert light to
heat or reactive oxygen species to destroy tumors.

e Gene Therapy: Nanocarriers used to deliver CRISPR/Cas9 or RNA!I tools.

e Tissue Engineering: Nano-scaffolds promote cell growth and tissue

regeneration.
e Wound Healing: Silver and zinc oxide nanoparticles used in antimicrobial
dressings.
Summary Table of Applications
Application | Nanomaterial Purpose Example
Area Type
Drug Liposomes, LNPs, | Targeted, sustained | Doxil, mRNA
Delivery Dendrimers drug release vaccines
Diagnostics | Gold NPs, | Biomarker COVID-19 rapid
Quantum dots, | detection, imaging | tests, MRI contrast
Nanosensors agents
Therapeutics | Silver NPs, Gold | Cancer therapy, | Photothermal
nanoshells, Nano- | tissue repair, | therapy, = wound
scaffolds antimicrobial healing gels
action

Comparative Analysis: India vs. Foreign Countries

Nanotechnology has emerged as a global priority in healthcare innovation. While
both India and foreign nations are investing in nanomedicine, the pace of
adoption, scope of applications, and translation into clinical use vary
significantly. This comparative section assesses the differences and similarities in
the development and deployment of nanomaterials in healthcare.
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Current State of Nanomaterials in India

India has shown promising potential in nanotechnology research over the past
two decades, supported by initiatives such as the Nano Mission (DST), ICMR-
Nanomedicine programs, and academic R&D efforts from IITs, 1ISc, and CSIR
institutions.

Key Developments

Focus on cost-effective solutions for public health (e.g., nanocurcumin,
antimicrobial dressings)

Increasing use of nano diagnostics in infectious disease management
Emerging startups in nanomedicine and diagnostics

Growth in academic publications, though still lagging in patents and clinical
trials

Current State in Selected Foreign Countries (e.g., USA, Germany,
China)

Foreign countries have achieved greater integration of nanomaterials into
healthcare, supported by strong regulatory, industrial, and research ecosystems.

Key Developments

USA: Advanced nanomedicine market with FDA-approved products (e.g.,
Abraxane, Onivyde, LNPs in mRNA vaccines); robust industry-research
partnerships under the National Nanotechnology Initiative (NNI)
Germany/Europe: EU-funded programs (e.g., Horizon 2020) foster
translational research; strong biomedical device industry using nanotech.
China: Massive state investment in nano biotech; high publication volume;
focus on cancer nanomedicine and rapid diagnostics.

3. Challenges Faced in India
Challenge Area HDetails
. Limited venture capital and public-private investment in
Funding Gaps nanomedicine R&D
Regulatory Absence of well-defined guidelines specific to
Ambiguity nanomedicine
Skill Deficit L;ack of trained interdisciplinary professionals in nano
biotech
Commercialization |Few nanomedicine technologies reach the clinical or
Gap market stage
Infrastructure Inadequate advanced labs and scale-up facilities in many
Issues research centers
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4. Challenges Faced in Foreign Countries
While foreign countries are ahead in application, they too face specific hurdles:

Challenge Area HDetails

Nanomedicine development is expensive and time-

High R&D Costs || .
ntensive

Strict safety and efficacy requirements delay product

Regulatory Hurdles approval

Ethical Concerns Issues related to nanotoxicity, long-term safety, and data

privacy
Public Skepticism Conc§rns about nanotechnology's risks can hinder
adoption
Integration Need for nanotech to align with existing healthcare and
Complexity IT systems

Applications of Nanomaterials in Healthcare

Case Studies

Case studies highlight real-world applications of nanomaterials in healthcare and
provide evidence of how these technologies are being implemented. This section
compares select successful cases from India and foreign countries to illustrate the
spectrum of progress, innovation, and challenges.

1. Successful Applications in India

Case Study 1: Nanocurcumin for Cancer Therapy

¢ Developed by: Bhabha Atomic Research Centre (BARC) and various Indian
pharma startups

e Technology: Curcumin (from turmeric), which has anti-cancer properties, is
made bioavailable by converting it into a nanoparticle formulation.

e QOutcome: Improved solubility and cellular uptake; tested in animal models
and some early-phase human trials.

e Impact: Affordable cancer therapy with traditional Indian roots, potentially
scalable for public healthcare.

Case Study 2: Nano-Diagnostic Kits for COVID-19
e Developed by: Sree Chitra Tirunal Institute for Medical Sciences and
Technology, IIT Delhi, and My Lab Discovery Solutions

e Technology: Gold and silica nanoparticles used in rapid antigen test kits and
RT-PCR enhancement.

¢ OQOutcome: Reduced test time, improved sensitivity; approved by ICMR.
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Impact: Played a critical role in mass testing during COVID-19, especially in
rural areas.

Case Study 3: Silver Nanoparticle-Based Wound Dressings

2.

Developed by: CSIR-National Institute for Interdisciplinary Science and
Technology (NIIST)

Technology: Silver nanoparticles embedded in hydrogel matrix.

Outcome: Effective antimicrobial properties against drug-resistant bacteria.
Impact: Low-cost alternative for wound care in diabetic patients and burns
victims.

Successful Applications in Foreign Countries

Case Study 1: Lipid Nanoparticles in mRNA Vaccines

Developed by: Pfizer-BioNTech and Moderna (USA, Germany)
Technology: Lipid nanoparticles (LNPs) encapsulate fragile mRNA strands
for COVID-19 vaccines.

Outcome: Safe and stable delivery of genetic material into human cells; rapid
global deployment.

Impact: Revolutionized vaccine development; became the first large-scale
use of nanomedicine in preventive healthcare.

Case Study 2: Abraxane (Nanoparticle Albumin-Bound Paclitaxel)

Developed by: Abraxis Bio Science (USA), later acquired by Celgene
Technology: Albumin-bound paclitaxel nanoparticles for breast, lung, and
pancreatic cancer.

Outcome: Improved efficacy and reduced toxicity compared to conventional
paclitaxel.

Impact: FDA-approved, widely used in cancer treatment globally.

Case Study 3: Nano spectra Biosciences — Gold Nano shell Therapy

136

Developed by: Nano spectra Biosciences (USA)

Technology: Gold nano shells accumulate in tumors and heat up when
exposed to near-infrared light.

Outcome: Localized tumor destruction without harming surrounding tissues.
Impact: Breakthrough in non-invasive cancer therapy; used in prostate
cancer clinical trials.
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Summary Comparison

Case Study

Nanocurcumin
for Cancer

COVID-19 Nano

Diagnostic Kits
Silver NP
Wound
Dressings

mRNA Vaccine
Delivery
(Pfizer/Moderna

)

Abraxane

Gold Nanoshell
Cancer Therapy

Diagnostics

Country

India

India

India

USA/German
y

USA

USA

Nanomateria
1

Curcumin
nanoparticles

Gold/silica
NPs

Silver
nanoparticles

Lipid
nanoparticles

Albumin-
bound
paclitaxel

Gold
nanoshells

Application

Cancer
treatment

Viral
detection

Antimicrobia
1 wound care

Vaccine
delivery

Cancer
chemotherap

y

Photothermal
cancer
treatment

Impact

Affordable,
traditional,
potential
for scale
Fast, cheap,
scalable
testing
Useful in
diabetic
and  burn
patients
Global
deployment
, preventive
medicine
milestone
FDA-
approved,
enhanced
delivery
and safety
Non-
invasive
tumor
ablation,
clinical trial
success

Nano-diagnostics offer point-of-care solutions critical for early disease detection,
outbreak control (e.g., COVID-19), and rural healthcare delivery. This can be a
game-changer for countries with strained health systems like India.

Potential to Bridge

Healthcare Inequities
If scaled properly, nano-enabled technologies can reduce healthcare disparities by
making high-quality care affordable. India’s cost-efficient innovations can be

adapted for other developing countries, fostering global health equity.
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Need for Policy and Regulatory Evolution

For both domestic and international stakeholders, healthcare systems must evolve
to:

e Establish regulatory standards specific to nanomedicine

e Ensure long-term safety testing and ethical oversight

e Promote interdisciplinary research and commercialization ecosystems

Public-Private Partnerships Are Critical

Global success stories show the importance of collaboration between academia,
industry, and government. India must foster such partnerships to move
innovations from lab benches to hospitals.

Conclusion of Discussion

Nanomaterials represent the future of healthcare. The study emphasizes the need
for India to strengthen its regulatory frameworks, clinical research capacity, and
industry integration. Meanwhile, foreign countries must work toward making
high-tech nanomedicine more affordable and accessible. A balanced approach
combining innovation, ethics, and equity can unlock nanotechnology’s full
potential for global health.

Statistical Data — Results and Discussion

This section presents quantitative evidence comparing the development, research
output, and application of nanomaterials in healthcare between India and foreign
countries (e.g., USA, Germany, China).

Comparative Metrics in Nanoemedicine (India vs. Foreign Countries)

Avg Annual Publications Nanomedicine Patents

8000 10000

7000 8000

6000
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Discussion

China leads in publication volume, followed by the USA. India has demonstrated
a steady increase, particularly in the last 5 years, but still contributes less than

10% of global nanomedicine research.

2. Patents Filed in Nanomedicine (2015-2024)

‘CountryHNanomedicine Patents FiledH% with Healthcare Applications‘
India  ||~1,200 155% |
lusa  |1~8,500 170% |
China  ||~10,200 160% |
Germany][~3,000 l65% |

Discussion
India’s IP output is limited, largely due to

underdeveloped industry-academia

links and poor patent awareness. In contrast, the USA and China have robust
patent pipelines backed by commercial interests and R&D investment.

3. Clinical Trials Involving Nanomedicine

Country 12\1(;121;1;)er of Registered Trials (as of] Key Focus Areas

‘India H~6O HCancer, infectious diseases

USA 850 Cagcer, neurology,  vaccine
delivery

China  |~500 Cancer, diagnostics,  gene
therapy

‘GermanyH~2OO Hlmaging, targeted therapy

Discussion

India lags significantly in clinical trials due to regulatory and funding constraints.
Most trials are in early-phase, and few reach completion. In contrast, the USA
leads with multiple nanodrugs approved or in Phase III trials.

4. Market Size and Investment in Nanomedicine (2023 estimates)

Country Estimated Market Size
(USD)

India ~$0.6 billion

USA ~$15 billion

China ~$8 billion

Germany ~$3 billion

Govt/Private R&D Investment
(Annual)

~$200 million

~$6 billion

~$4 billion

~$1.2 billion
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Discussion

India's nanomedicine market is still in its infancy. The government remains the
primary source of funding, while private investment is minimal. The USA
dominates the market due to strong public-private synergy and an innovation
ecosystem that supports startup growth and product commercialization.

5. Application Area Distribution (% of Nanotechnology Use in Healthcare)

Application Area India USA China Germany
(o) (%) (“o) (“o)

Drug Delivery 45% 50% 55% 48%

Diagnostics 35% 25% 20% 30%

Therapeutics (e.g., 15% 20% 20% 18%

photothermal)

Others (e.g., Tissue 5% 5% 5% 4%

Engineering)

Discussion

India places more emphasis on diagnostics and drug delivery tailored for
affordability and ease of use. Foreign countries explore a broader spectrum of
therapeutic technologies including nanorobotics, regenerative medicine, and Al-
integrated nano-devices.

Conclusion

Nanomaterials have revolutionized modern healthcare by enhancing drug
delivery systems, diagnostic accuracy, and therapeutic efficacy. This comparative
study between India and selected foreign countries (USA, China, Germany)
highlights the global trajectory of nanomedicine and identifies India's unique
strengths and existing gaps.

While foreign countries have made remarkable progress in translational research,
regulatory infrastructure, and commercialization, India continues to excel in
academic innovation, cost-effective diagnostics, and frugal nanomedicine
solutions aimed at public health.

Summary of Findings

1. Widespread Applications: Nanomaterials are actively applied in drug
delivery, diagnostics, and therapies globally, with successful real-world
outcomes (e.g., mRNA vaccines, gold nanoshell cancer therapy).

2. India’s Strengths: Focus on affordability, rapid diagnostics, and indigenous
innovation (e.g., nanocurcumin, silver nanoparticle wound dressings).

3. Global Leadership: Foreign countries benefit from structured regulatory
bodies, strong public-private collaboration, and higher investment in clinical
research and commercialization.
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4.

Common Barriers: Both India and global leaders face challenges related to
safety, regulatory complexity, ethical concerns, and cost-intensive R&D.
Quantitative Gap: India lags in patents, clinical trials, and nanomedicine
market value when compared to foreign counterparts.

Recommendations for Future Research

1. Clinical Trials and Translational Studies

e Expand Phase I-III clinical trials in India for nanodrugs and diagnostics.

e Study long-term safety, efficacy, and pharmacokinetics of nanomedicines in
Indian populations.

2. Regulatory Framework Development
Develop India-specific nanomedicine guidelines with clear approval
pathways.

e Align national policies with global best practices (e.g., FDA, EMA
frameworks).

3. Public-Private Collaboration
Encourage startups and industries to co-develop technologies with academic
labs.

e Increase venture capital funding and PPP models to scale up lab innovations.

4. Infrastructure and Capacity Building

e Establish dedicated nanomedicine incubation centers and pilot-scale
manufacturing facilities.

e Train multidisciplinary researchers in nano-biotech, materials science, and
translational medicine.

5. Inclusive Research Focus
Investigate nanotechnology applications for neglected tropical diseases,
maternal health, and antimicrobial resistance—especially relevant to India
and developing nations.
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