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Preface

In an era where environmental concerns transcend borders and generations, our relationship
with the natural world has never been more critical—or more complex. The environment
remains our greatest sustainer, yet it faces unprecedented challenges from the pace and
pressures of modern human activity. As we confront climate change, biodiversity loss,
resource depletion, and the intricate interplay of ecological systems, the urgency to
understand, protect, and restore our planet has reached a defining moment.

The Shades of Environment, Vol. 2 (2025) emerges from this moment of both crisis and
opportunity. Conceived within the vibrant academic and research culture of DRIEMS
University, this volume stands as a testament to our faculty’s unwavering commitment to
advancing environmental knowledge. It is the result of rigorous inquiry, collaborative effort,
and an enduring belief that science must guide the path toward sustainability.

Within these pages lies a tapestry of diverse studies—ranging from the conservation of
fragile ecosystems and the exploration of sustainable resource management practices, to the
analysis of human impacts on environmental health. Each contribution is unique in its scope
and methodology, yet all are united by a common vision: to illuminate the many “shades” of
environmental science and inspire action toward preserving the delicate balance that sustains
life.

At DRIEMS University, research is not merely an academic pursuit; it is a responsibility to
society and the planet. This book embodies that responsibility, showcasing innovative
approaches, scientific rigor, and a deep sense of stewardship. It aims to serve not only as a
repository of knowledge but as a catalyst for dialogue, policy innovation, and future
research—bridging the gap between academia and real-world environmental challenges.We
express our profound gratitude to the faculty members whose dedication and expertise
breathe life into this volume, and to the institutional support that makes such scholarly
endeavors possible. Without their passion for discovery and their drive to make a difference,
this work would not exist.

As you explore The Shades of Environment, Vol. 2, we invite you to see beyond the statistics
and scientific models—to witness the interconnectedness of all life and the shared
responsibility we bear. May this volume inspire you, as it has inspired us, to envision a future
where progress and preservation walk hand in hand, ensuring that the Earth’s diverse shades
remain vibrant for generations to come.
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Integrating Environmental Sciences and Medical Rehabilitation
Sciences for Sustainable Health Outcomes

Author: Dr. Durga Prasad Mishra, Dean, School of Occupational and
Physiotherapy, DRIEMS UNIVERSITY

Dr. Durga Prasad Mishra is a distinguished academician, clinician, and administrator with over 11
years of experience in healthcare and education. Currently serving as the Dean of the School of
Occupational and Physiotherapy at DRIEMS University, he brings a multidisciplinary background
with degrees in Occupational Therapy (BOT & MOT), Applied Clinical Psychology (MAPC),
Nutrition & Dietetics (PGDND), and currently pursuing PhD in Physiology. He is also a Fellow in
Advanced Occupational Therapy with specialization in Neurodevelopmental Disorders.

Dr. Mishra has made significant contributions to research and clinical practice in autism, cerebral
palsy, and developmental delays. His research has been published in Scopus-indexed and peer-
reviewed journals, and he has authored several chapter published in SPRIGER
NATURE(Rehabilitation Approach in Autism) and in the Government of India’s Handbook on
Early Intervention Centers. As an educator and mentor, he is known for his dynamic teaching style
and his commitment to evidence-based, holistic care.

Beyond academia, Dr. Mishra is a strong advocate for disability rights and inclusive healthcare.
He is a recognized speaker at national and international conferences, a resource person in CME
and CRE programs, and a regular contributor to public health awareness via newspapers, TV
channels, All India Radio, and web portals. He also authored an Odia-language booklet on Autism
for SVNIRTAR.

Dr. Mishra works closely with university leadership and compliance bodies to uphold academic
integrity and institutional accountability, ensuring excellence in education, research, and
community outreach.

Abstract

Environmental sciences and medical rehabilitation sciences are often considered distinct
disciplines. However, the intersection between human health, recovery, and the environment is
becoming increasingly critical in the 21st century. This review explores the interrelationship
between environmental factors (including pollution, climate change, green space access, and built
environment) and rehabilitation outcomes, while also addressing the role of eco-sustainable
practices in rehabilitation services. It underscores the necessity for an interdisciplinary approach to
improve patient recovery, enhance public health, and foster a sustainable healthcare model.

Keywords
Rehabilitation, environmental health, climate change, eco-therapy, sustainable healthcare,
occupational therapy, physiotherapy, pollution, green space, neuroplasticity.

1. Introduction

The growing awareness of environmental degradation and its impact on health has necessitated a
cross-disciplinary approach to healthcare, particularly in the field of medical rehabilitation.
Medical rehabilitation aims to restore function and quality of life following injury, surgery, or

Page 1



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY
chronic disease. However, recovery outcomes are often influenced by external environmental

factors, including air and noise pollution, urban density, climate conditions, and access to nature.

Concurrently, healthcare practices themselves can exert significant environmental burdens due to
resource use, waste generation, and carbon emissions. Thus, incorporating environmental
considerations into rehabilitation sciences can lead to improved patient outcomes and a more
sustainable healthcare model.

2. Environmental Determinants of Rehabilitation Outcomes

2.1 Air Pollution and Neurological Recovery

Exposure to fine particulate matter (PM2.5) and nitrogen dioxide (NO2) is linked to poor
cognitive outcomes and neuroinflammation, both of which can impair recovery in stroke or
traumatic brain injury patients. Chronic exposure may worsen symptoms in neurodegenerative
diseases, such as Parkinson’s and Alzheimer’s, thus delaying or reversing rehabilitation gains.

2.4 Water Quality and Rehabilitation Settings

Water contamination, particularly with heavy metals like lead and arsenic, has been associated
with cognitive deficits and developmental delays, particularly in pediatric populations. In
rehabilitation settings, clean and safe water is vital not only for hydration but also for
hydrotherapy interventions. Facilities in regions with poor water infrastructure face challenges that
compromise both hygiene and therapy quality.

2.5 Indoor Environmental Quality (IEQ)
IEQ encompasses air quality, thermal comfort, lighting, and acoustics within indoor environments.
Studies reveal that rehabilitation centers with optimized IEQ report better patient satisfaction,
fewer therapy dropouts, and quicker recovery timelines. Integrating biophilic design—use of
natural materials and plant elements—can reduce stress and improve engagement, particularly in
patients undergoing neurorehabilitation.

2.2 Urban Noise and Stress Response

Environmental noise contributes to stress, disrupted sleep, and elevated cortisol levels, which
impair neuroplasticity and wound healing. In patients undergoing cognitive or physical
rehabilitation, these factors can critically affect engagement and progress.

2.3 Green Spaces and Mental Health

Numerous studies have confirmed that access to green spaces enhances mental well-being,
promotes physical activity, and reduces symptoms of anxiety and depression. For individuals with
post-stroke depression, spinal cord injuries, or chronic pain syndromes, green therapy (or eco-
therapy) significantly augments conventional rehabilitation protocols.

3. Climate Change and Rehabilitation Services

3.1 Impact on Rehabilitation Access

Climate change has led to more frequent extreme weather events, which disrupt health services
and hinder access to rehabilitation centers. Populations with mobility impairments or chronic
illnesses are disproportionately affected during climate emergencies.
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3.2 Heat Stress and Physical Therapy

Rising temperatures pose specific risks for physiotherapy patients, particularly during aerobic or
gait training. Heat-related illness, dehydration, and fatigue can impede session quality and
outcomes. Adaptive cooling technologies and indoor climate control are thus vital.

4. The Built Environment and Functional Recovery

4.1 Accessibility and Design

Environmental design profoundly influences functional outcomes. Barrier-free architecture, smart
homes, and adaptive technologies support autonomy and reinforce therapy goals post-discharge.

4.2 Sensory Modulation in Therapy Spaces

The use of natural lighting, calming colors, soundproofing, and air purification in rehabilitation
spaces creates environments conducive to neuroplasticity, motivation, and psychological
resilience.

5. Eco-Friendly Rehabilitation Practices
5.1 Reducing Carbon Footprint of Rehabilitation Services

Rehabilitation centers consume substantial energy, produce waste (plastics, single-use devices),
and rely on transportation. Strategies to minimize the ecological impact include:

- Tele-rehabilitation to reduce travel

- Green building certification (LEED)

- Renewable energy sources

- Biodegradable equipment and eco-friendly materials

5.2 Sustainable Prosthetics and Assistive Devices

Innovations in bioplastics, 3D printing, and recyclable materials have led to the production of eco-
friendly assistive devices. For example, bamboo-fiber wheelchairs and modular prosthetics can be
both sustainable and cost-effective.

6. Integration Models and Case Studies
6.1 Green Rehabilitation Model

An integrated “Green Rehab” approach incorporates green infrastructure (e.g., therapeutic
gardens), sustainable architecture, and environmentally informed therapy. Pilot programs in
Scandinavian countries have shown improved patient satisfaction and lower hospital energy usage.

6.1.1 Case Study: Singapore’s Khoo Teck Puat Hospital

A regional leader in sustainable healthcare, this hospital incorporates lush gardens visible from
patient rooms, natural ventilation, and solar power. Rehabilitation outcomes improved due to
reduced patient anxiety and higher staff satisfaction. The hospital serves as a model for
eco-integrated medical care in tropical urban contexts.

6.1.2 Case Study: Rural India and Traditional Eco-Rehabilitation
In parts of India, traditional medicine systems like Ayurveda incorporate nature-based therapies
using local herbs, forest walks, and water treatments. Community rehabilitation centers integrate
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these modalities with modern physiotherapy, leveraging natural surroundings for low-cost,

culturally resonant interventions.
6.1.3 European Perspective: Nordic Green-Care Models

Finland and Norway have pioneered “Green Care” practices, integrating nature activities into
long-term psychiatric and physical rehabilitation. Patients engage in animal-assisted therapy,
forest walks, and horticulture, which support motor recovery, emotional regulation, and social
integration.

6.2 Nature-Based Interventions (NBI)

Programs such as “Green Gym” and “Walk-and-Talk Therapy” provide structured physical and
occupational therapy in natural settings. These have shown significant results in patients with
depression, stroke, and chronic pain.

7. Recommendations for Future Integration

- Policy: Environmental impact should be considered in health policy, with incentives for green
infrastructure in rehabilitation.

- Curriculum: Introduce environmental health in the curriculum of medical rehabilitation
professionals.

- Research: More longitudinal studies to explore the direct influence of environmental variables on
therapy outcomes.

- Technology: Encourage development of sustainable rehabilitation technology and smart
environmental monitoring.

- Regional Customization: Environmental rehab integration should be tailored to local climate,
culture, and resource availability. What works in Scandinavia may need adaptation in tropical or
arid regions.

- Intersectoral Collaboration: Health departments must collaborate with urban planners,
environmental scientists, and ecologists to design environments conducive to healing and
rehabilitation.

- Capacity Building: Training programs for rehabilitation professionals must include modules on
environmental health, climate adaptation, and eco-design principles.

8. Conclusion

The synergy between environmental sciences and rehabilitation sciences represents a promising
frontier in healthcare. A patient’s environment — both physical and ecological — plays a pivotal
role in recovery, while rehabilitation itself can either exacerbate or alleviate environmental harm.
By adopting sustainable practices and optimizing environmental exposures, the healthcare system
can advance toward a model that promotes both human and planetary well-being.
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Environmental Science in the Digital Age: Recent Breakthroughs and
Emerging Challenges

Dr. Alok Ranjan Biswal, Director (IQAC), DRIEMS University
Dr. Deepak Ranjan Biswal, HoD (ME), SOET, DRIEMS University

Environmental science stands at a critical juncture where traditional ecological
challenges intersect with cutting-edge technological solutions. The past two years have
witnessed unprecedented developments in how we monitor, understand, and address
environmental problems. From artificial intelligence revolutionizing pollution detection to
breakthrough carbon capture technologies, the field is experiencing a transformation that
promises both innovative solutions and new complexities. This comprehensive analysis
explores the most significant recent developments in environmental science, examining how
emerging technologies are reshaping our approach to planetary stewardship while creating
novel challenges that demand immediate attention.

The Integration of Artificial Intelligence in Environmental Monitoring

The application of artificial intelligence in environmental science has emerged as one
of the most transformative developments of recent years. The application of Artificial
Intelligence (AI) in environmental monitoring offers accurate disaster forecasts, pollution
source detection, and comprehensive environmental assessment capabilities that were
previously impossible with traditional monitoring methods.AI-driven environmental
monitoring systems are revolutionizing how scientists collect, analyze, and interpret
environmental data. These systems can process vast amounts of information from multiple
sources simultaneously, including satellite imagery, sensor networks, weather stations, and
biological monitoring equipment. The integration of machine learning algorithms enables
these systems to identify patterns, predict environmental changes, and detect anomalies
that might indicate emerging environmental threats.

One of the most significant applications of AI in environmental monitoring is in air
quality management. AI-driven models predict pollution levels by integrating data from
various monitoring stations and meteorological inputs. These models help cities implement
timely interventions to reduce pollution and protect public health. This capability is
particularly crucial in urban environments where air pollution poses immediate health risks
to millions of people.The precision and speed of AI-powered monitoring systems enable real-
time responses to environmental threats. Traditional monitoring methods often required
days or weeks to process data and identify problems, by which time significant
environmental damage might have already occurred. AT systems can detect changes within
minutes or hours, allowing for immediate intervention and damage mitigation.This paradox
highlights the need for sustainable AT development that minimizes its own environmental
footprint while maximizing its environmental benefits.

The Micro plastics Crisis and Techncf_l,oaqgi]ceaIGSSoluﬁons
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Micro plastic pollution has emerged as one of the most pervasive environmental

challenges of our time, requiring innovative technological solutions for detection, monitoring,
and remediation. Recent research has revealed the complex relationships between micro
plastics and climate change, creating new urgency around addressing this pollution
source.Micro plastics are polymer-based materials with carbon as their main framework.
During degradation, they release greenhouse gases such as carbon dioxide and methane.
This discovery has fundamentally changed how scientists understand the role of plastic
pollution in climate change, revealing that micro plastics are not just a separate
environmental problem but are directly contributing to global warming.

The interconnected nature of micro plastic pollution and climate change creates
complex feedback loops that amplify both problems. The production, dispersal, and
accumulation of micro plastics are interconnected with climate change. Plastic production,
which involves fossil resources like oil, generates greenhouse gas emissions during
extraction and processing, contributing to global warming. Simultaneously, climate change
influences the dispersion, fragmentation, and accumulation of MPs; extreme weather events
facilitate plastic transport to the sea and natural environments.Addressing the micro
plastics challenge requires sophisticated detection and monitoring systems that can operate
in diverse environmental conditions. The project addresses a critical environmental
challenge: the vast amounts of plastic waste entering our oceans from rivers and coastlines.
Traditional waste collectors often struggle to differentiate between plastic and natural
debris, leading to inefficiencies and increased maintenance costs.

Recent advances in machine learning have enabled the development of automated
systems for micro plastic detection and characterization. Micro plastics are increasingly
recognized as a pervasive pollutant in both aquatic and terrestrial environments, raising
pressing concerns about their ecological impacts, and AI-powered detection systems offer
the precision and scale necessary to monitor these widespread pollutants effectively.The
development of AI-driven micro plastic monitoring systems represents a significant
breakthrough in environmental technology. These systems can distinguish between different
types of plastic materials, track their movement through ecosystems, and predict their
accumulation patterns. This capability is essential for developing targeted remediation
strategies and preventing further micro plastic pollution.

Carbon Capture Technology and Climate Mitigation

Carbon capture technology has experienced remarkable advances in recent years,
driven by the urgent need to reduce atmospheric carbon dioxide concentrations and
mitigate climate change. The inftegration of artificial intelligence into carbon capture
systems represents a significant leap forward in efficiency and effectiveness.Artificial
intelligence and environmental points are equally important components within the response
to local weather change. Therefore, based on the efforts of reducing carbon emissions, AI-
enhanced carbon capture systems are becoming increasingly sophisticated in their ability to
optimize capture processes, predict optimal operating conditions, and integrate with
renewable energy systems.The latest carbon capture technologies extend beyond traditional
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industrial applications to include direct air capture systems, enhanced natural carbon

sequestration methods, and innovative material science approaches. These technologies are
becoming more energy-efficient and cost-effective, making large-scale implementation
increasingly feasible.

Recent developments in carbon capture include the use of novel materials such as
metal-organic frameworks (MOFs) and advanced sorbents that can selectively capture
carbon dioxide from various sources. These materials can be precisely engineered at the
molecular level fo optimize their carbon capture properties while minimizing energy
requirements for regeneration.The integration of AIL in carbon capture systems enables
dynamic optimization of capture processes based on real-time environmental conditions,
energy availability, and carbon dioxide concentrations. This adaptive capability significantly
improves the efficiency and economic viability of carbon capture technologies.

Renewable Energy Integration and Environmental Impact

The rapid expansion of renewable energy systems has created new opportunities and
challenges for environmental science. Recent developments in renewable energy technology
have focused on minimizing environmental impacts while maximizing energy production
efficiency.Efforts in environmental technologies focus on developing innovative solutions to
mitigate environmental degradation. These include renewable energy systems, waste
management innovations, water purification technologies, carbon capture and sustainable
agricultural practices. This integrated approach recognizes that environmental solutions
must address multiple challenges simultaneously to be truly effective.Wind energy
technology has advanced significantly in recent years, with larger, more efficient turbines
and improved materials that reduce environmental impacts throughout their lifecycle. Solar
photovoltaic technology has achieved remarkable efficiency improvements while reducing
manufacturing costs and environmental footprints.

Energy storage technologies have emerged as critical components of renewable
energy systems, enabling better integration with electrical grids and reducing the
environmental impacts associated with energy intermittency. Advanced battery
technologies, pumped hydro storage, and emerging storage methods like compressed air
energy storage are all contributing to more sustainable energy systems.The environmental
assessment of renewable energy systems has become increasingly sophisticated,
incorporating lifecycle analysis, ecosystem impact assessments, and cumulative
environmental effects. This comprehensive approach ensures that renewable energy
deployment fruly contributes to environmental sustainability rather than simply shifting
environmental impacts to different sectors.
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Water Purification and Resource Management

Water purification technology has experienced significant advances driven by
increasing water scarcity, pollution challenges, and the need for energy-efficient treatment
methods. Recent innovations in membrane technology, advanced oxidation processes, and
biological treatment systems are transforming how we approach water treatment and
resource management. Advanced membrane technologies now incorporate nanotechnology,
biomimetic designs, and smart materials that can adapt to changing water quality conditions.
These innovations enable more selective pollutant removal, reduced energy consumption, and
extended membrane lifespans. The integration of AI and machine learning in water
treatment systems enables predictive maintenance, optimal process control, and real-time
adaptation to changing water quality conditions. These smart water treatment systems can
automatically adjust treatment parameters fo maintain optimal performance while
minimizing energy consumption and chemical usage.

Biological water treatment systems have been enhanced through genetic engineering,
synthetic biology, and advanced bioreactor designs. These systems can now target specific
pollutants, operate under extreme conditions, and integrate with other tfreatment
technologies to provide comprehensive water purification solutions.The development of
decentralized water treatment systems has gained momentum as communities seek resilient,
locally controlled water supplies. These systems incorporate advanced treatment
technologies in compact, modular designs that can be deployed at various scales from
individual buildings to entire neighbourhoods.

Biodiversity Monitoring and Conservation Technology

Recent advances in biodiversity monitoring technology have revolutionized how
scientists frack species populations, ecosystem health, and conservation effectiveness.
Environmental DNA (e-DNA) analysis, remote sensing, acoustic monitoring, and AI-powered
species identification are transforming biodiversity science. Environmental DNA analysis
allows scientists to detect species presence from water, soil, or air samples by identifying
genetic material shed by organisms. This fechnique enables non-invasive monitoring of
elusive or rare species and can detect species presence even when direct observation is
impossible. Remote sensing technology, including satellite imagery, drone-based sensors, and
ground-based monitoring stations, provides comprehensive ecosystem monitoring
capabilities. Advanced image analysis algorithms can automatically identify species, track
vegetation changes, and monitor habitat modifications across vast spatial scales.

Acoustic monitoring systems equipped with AI-powered sound recognition can
continuously monitor wildlife populations through their vocalizations. These systems can
identify individual species, track population trends, and detect changes in ecosystem
soundscapes that indicate environmental stress or recovery.Citizen science platforms
enhanced with AT capabilities enable widespread participation in biodiversity monitoring
while maintaining scientific rigor. Mobile applications can identify species from photographs,

Page 9



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY
record observations, and contribute to global biodiversity databases, dramatically expanding

the scale and scope of biodiversity monitoring efforts.

Climate Modelling and Prediction Advances

Climate modelling has experienced significant advances through the integration of
machine learning, improved computational capabilities, and enhanced observational data
integration. These developments have improved the accuracy of climate predictions and
enabled more detailed analysis of climate system interactions. Advanced climate models now
incorporate machine learning algorithms that can identify complex patterns in climate data
and improve prediction accuracy. These hybrid models combine traditional physics-based
approaches with data-driven machine learning fechniques to capture climate system
behaviours that were previously difficult to model. High-resolution climate modelling
capabilities have improved dramatically, enabling scientists to analyze climate impacts at
local and regional scales with unprecedented detail. These detailed models are essential for
climate adaptation planning and impact assessment in specific geographic areas.

The integration of real-time observational data from satellites, weather stations,
ocean buoys, and other monitoring systems enables continuous model updating and
improvement. This dynamic approach to climate modelling provides more accurate and ftimely
climate information for decision-making. Ensemble modelling approaches that run multiple
climate scenarios simultaneously provide better estimates of uncertainty and enable
probabilistic climate predictions. This uncertainty quantification is crucial for risk
assessment and adaptation planning in the face of climate change.

Sustainable Agriculture and Food Security

Recent developments in sustainable agriculture technology address the dual
challenges of feeding a growing global population while minimizing environmental impacts.
Precision agriculture, vertical farming, alternative protein production, and sustainable
intensification strategies are all contributing to more environmentally friendly food
systems.Precision agriculture technologies use GPS, sensors, AL, and robotics to optimize
crop production while minimizing inputs such as water, fertilizers, and pesticides. These
systems can apply treatments only where needed, reducing environmental impacts while
maintaining or improving crop yields.

Vertical farming and controlled environment agriculture technologies enable food
production in urban areas with minimal land use, water consumption, and chemical inputs.
These systems can produce fresh produce year-round regardless of climate conditions and
eliminate agricultural runoff pollution. Alternative protein production, including plant-based
proteins, cultured meat, and insect farming, offers potential solutions to the environmental
impacts of conventional animal agriculture. These technologies can significantly reduce
greenhouse gas emissions, land use, and water consumption associated with protein
production. Sustainable intensification strategies focus on increasing agricultural
productivity while reducing environmental impacts through improved crop varieties,
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integrated pest management, regenerative agriculture practices, and ecosystem service

enhancement.

Environmental Remediation and Restoration

Environmental remediation technology has advanced significantly in recent years,
with new approaches for cleaning up contaminated sites, restoring degraded ecosystems,
and preventing further environmental damage. Bioremediation, phytoremediation,
nanotechnology applications, and ecosystem restoration techniques are all evolving rapidly.
Bioremediation techniques now incorporate genetically engineered microorganisms, enhanced
bioavailability methods, and optimized environmental conditions to accelerate the
breakdown of pollutants. These biological approaches can address a wide range of
contaminants while avoiding the environmental impacts of traditional remediation methods.
Phytoremediation uses plants to remove, transfer, stabilize, or destroy contaminants in soil,
water, or air. Recent advances include the development of hyper accumulator plants, genetic
modifications to enhance pollutant uptake, and integrated systems that combine multiple
plant species for comprehensive remediation.

Nanotechnology applications in environmental remediation include nanoparticles that
can target specific contaminants, Nano membranes for selective pollutant removal, and Nano
catalysts for pollutant degradation. These technologies offer unprecedented precision in
environmental clean-up while minimizing collateral environmental impacts.Ecosystem
restoration techniques have become more sophisticated through better understanding of
ecological processes, improved restoration materials, and long-term monitoring capabilities.
Large-scale restoration projects now incorporate landscape-level planning, species
reintroduction programs, and adaptive management approaches.

Environmental Policy and Regulatory Frameworks

The regulatory landscape for environmental protection has evolved significantly in
response to emerging technologies, new scientific understanding, and global environmental
challenges. Recent policy developments focus on integrated approaches that address
multiple environmental issues simultaneously while promoting technological innovation.CDP
has fully aligned its 2024 corporate questionnaire with the IFRS S2 (ISSB) climate
standard, and on November 12, 2024, it announced extensive interoperability with ESRS
(E1), meaning CDP-disclosing companies will be well prepared for climate disclosures
required by the CSRD. This alignment of environmental reporting standards represents a
significant step toward comprehensive corporate environmental accountability.

Environmental justice considerations have become increasingly prominent in policy
development, ensuring that environmental benefits and burdens are distributed equitably
across communities. New policies explicitly address the disproportionate environmental
impacts on vulnerable populations and require meaningful community participation in
environmental decision-making. International cooperation on environmental issues has
intensified through multilateral agreements, technology transfer programs, and coordinated
research initiatives. These collaborative approaches recognize that environmental
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challenges transcend national boundaries and require coordinated global responses.The

integration of economic incentives in environmental policy has expanded through carbon
pricing mechanisms, payments for ecosystem services, and green financing initiatives. These
market-based approaches harness economic forces to drive environmental improvements
while supporting sustainable development.

Emerging Contaminants and New Challenges

The identification and characterization of emerging contaminants represents a
rapidly evolving area of environmental science. Pharmaceuticals in water systems, per- and
polyfluoroalkyl substances (PFAS), nanomaterials, and endocrine-disrupting chemicals are all
receiving increased scientific attention and regulatory scrutiny.Pharmaceutical
contamination of water systems has emerged as a significant environmental concern as
advanced analytical techniques reveal widespread presence of medications in surface
waters, groundwater, and even drinking water supplies. These compounds can have subtle
but significant effects on aquatic ecosystems and potentially human health.PFAS
contamination has been recognized as a major environmental challenge due to the
persistence, bioaccumulation, and toxicity of these "forever chemicals." Recent scientific
advances in PFAS detection, treatment, and disposal are driving new regulatory approaches
and remediation strategies.

Nanomaterial pollution represents a new category of environmental contaminants
with unique properties and potential impacts. The small size and engineered properties of
nanomaterials create novel exposure pathways and biological interactions that require new
assessment methods and regulatory frameworks.Endocrine-disrupting chemicals continue to
pose challenges due to their subtle effects at low concentrations and complex interactions
with biological systems. Recent research has revealed new sources of exposure and
mechanisms of action that are informing updated risk assessment approaches.

Future Directions and Research Priorities

The future of environmental science will be shaped by continued technological
advancement, increasing environmental challenges, and the need for integrated solutions
that address multiple problems simultaneously. Several key areas are emerging as priority
research directions for the coming years. Integrated Earth system science approaches that
combine atmospheric, terrestrial, and aquatic research will become increasingly important
as scientists seek to understand complex environmental interactions and feedback
mechanisms. These holistic approaches require interdisciplinary collaboration and advanced
modelling capabilities.

The development of nature-based solutions that harness natural processes to
address environmental challenges represents a promising research direction. These
solutions can provide cost-effective environmental benefits while supporting biodiversity
and ecosystem services. Environmental justice and equity considerations will become
increasingly integrated into environmental science research, ensuring that scientific
advances contribute to fair and equitable environmental outcomes for all communities.The
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circular economy concept will drive research into waste reduction, material recycling, and

resource efficiency across all sectors of the economy. This systems approach requires new
technologies, policies, and business models that minimize environmental impacts throughout
product lifecycles.

Conclusion

Environmental science in 2024 and 2025 represents a field in rapid fransformation,
where traditional ecological principles intersect with cutting-edge technologies to address
unprecedented environmental challenges. The integration of artificial intelligence, advanced
materials science, biotechnology, and systems thinking approaches is creating new
possibilities for environmental monitoring, pollution prevention, and ecosystem restoration.
The challenges facing environmental science are complex and interconnected, requiring
integrated solutions that address multiple problems simultaneously. Climate change,
pollution, biodiversity loss, and resource depletion cannot be solved in isolation but must be
addressed through comprehensive approaches that recognize the fundamental
interconnectedness of environmental systems. Recent technological advances offer hope for
addressing environmental challenges at the scale and speed required by current
environmental crises. However, these technologies also create new challenges and ethical
considerations that must be carefully managed to ensure that technological solutions truly
contribute to environmental sustainability. The next generation of environmental scientists
will inherit both unprecedented challenges and powerful tools for addressing them. Their
success will determine whether humanity can achieve a sustainable relationship with the
natural world and ensure a healthy planet for future generations. The foundations being laid
today through advances in environmental science, technology, and policy will be critical for
meeting this ultimate test of human ingenuity and environmental stewardship.
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Abstract:

Urinary tract infections (UTIs) are still one of the most common infectious diseases worldwide,
with a large percentage becoming chronic or recurrent because of biofilm formation. Biofilms are
organized microbial communities embedded in a self-secreted polymeric matrix, commonly found
on urinary catheters and uroepithelial surfaces. These biofilm-related infections are particularly
problematic in clinical practice, such as being more resistant to antibiotics, resistant to host
immunity, and refractory to eradication and diagnosis. This is a clinical update that focuses on the
pathogenesis of biofilm-related UTIs, the prime microbial perpetrators (most notably Escherichia
coli, Proteus mirabilis, and Klebsiella pneumoniae), and the mechanisms of persistence. It also
discusses the constraints of existing antimicrobial therapies, the function of indwelling medical
devices, and nascent approaches in prevention and treatment—such as Conventional Antibiotic
Combination Therapies, Nanotechnology, Vaccine production, medical devices or indwelling
catheter Coating formation, Surface Modification, Irrigation and Debridement to Physically
Remove Biofilms. It is paramount that the variability of biofilm-related UTIs be understood in
order to enhance patient outcomes and direct future therapeutic innovation.

Introduction:

The Infectious Disease Society of America (ISDA) and the European Society of Clinical
Microbiology and Infectious Diseases classified UTIs as uncomplicated and complicated in 1992
to harmonize participants in clinical trials. Urinary tract infection (UTI) is among the most
common infections in the outpatient and various healthcare settings. It manifests a wide clinical
spectrum, from benign with little symptom to lethal conditions [1].These infections are usually
classified based on clinical presentation, laboratory findings, and microbiological data. UTIs are
divided into cystitis (bladder or lower urinary tract infection), pyelonephritis (kidney or upper
urinary tract infection), and prostatitis (prostate inflammation) [2]. More recently, however, UTIs
have been clinically divided into groups based on clinical factors and their impact on morbidity
and treatment [3].Classifications involve acute uncomplicated cystitis in young women, recurrent
cystitis in young women, acute uncomplicated pyelonephritis in young women, complicated
urinary tract infection, catheter-associated infections, urinary tract infections in men, and
asymptomatic bacteriuria [4].

Thus, UTIs have been divided into uncomplicated or complicated. While urinary tract infections
(UTIs) are one of the most common forms of infection globally, the wide variety of symptoms and
severity of illness may render management complicated. The definition of uncomplicated UTIs
(uUTIs) is generally taken to refer to UTIs of healthy, non-pregnant women, with all others being
considered as complicated. There is, however, a lack of a consensus definition of complicated
UTlIs (cUTIs) that has led to worldwide variations in treatment. In addition, complicated UTI
patients usually have other comorbidities that need to be treated sooner. UTIs, particularly those
associated with biofilm-forming pathogens, represent a growing concern in clinical microbiology
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and infectious disease management.One of the biggest challenges in treating cUTIs is the growing

issue of antimicrobial resistance (AMR) [4].
Relationship between Biofilm and AMR:

Antibiotics are impressive discoveries for use against microbes. Over the past many years,
different types of antibiotics have been used to treat patients in hospitals and societies all over the
world. Unfortunately, bacteria have developed resistance against widely used antibiotic [5]. The
development of antibiotic-resistant bacteria is a significant global health threat, and among the
most concerning are the ESKAPE pathogens: Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp. To fight infections caused by these multidrug-resistant pathogens, the World Health
Organization has reserved a set of last-resort antibiotics [6].

It is assumed that more than 80% of microbial infections are associated with biofilms. Biofilms
produced by bacteria are responsible for causing infections in the urinary tract and leading to
recurrences and relapses. Biofilms are aggregates of microorganisms that attach to a biological or
non-biological surface and are covered by a self-produced extracellular matrix [7].Biofilm cells
have inherent characteristics that are different from planktonic cells. Antimicrobial resistance of
biofilms has gained increasing interest. It is now generally acknowledged that biofilms associated
with medical devices and tissues could mainly be responsible for the failure of antibiotic
treatments and may cause many chronic infections. It is very difficult to eradicate biofilms.
Several scientists are currently looking into eliminating infections that involve biofilms, with
several creative measures having been engineered and accepted as effective and promising [8].In
biofilm populations, bacteria exhibit an increased rate of horizontal gene transfer and exchange of
resistance and virulence genes. Additionally, bacterial interactions in the biofilm allow them to
synchronize the expression of virulence genes, which further enhances the infestation and
increases the invasiveness of the infection. These facts highlight the need to constantly update our
information and awareness of the causes, progression, and eradication measures of this growing
public health problem [9].

The mode of growth of the biofilm renders it protection from many biocides and antibiotics;
hence, controlling and completely eradicating biofilms is difficult. It has been indicated that
microorganisms resuspended from biofilms were much more resistant compared to planktonic
cells, while cells in biofilms were more resistant than those resuspended from biofilms. Biofilm
cells have resistance to antibacterial agents that is at least hundreds of times more than planktonic
cells, with enhancements up to 1,000-fold. Biofilms protect cells from dehydration, chemical
perturbations, assaults by other bacteria, and removal by immune cells by acting as protective
refuges or physical barriers [10].

Common Infection causing Pathogens

E. coli is the leading causative pathogen in uncomplicated and complicated urinary tract infection.
After E. Coli, the usual causative organisms for uncomplicated UTI by frequency are Klebsiella
pneumoniae (K. pneumoniae), Staphylococcus saprophyticus, Enterococcus faecalis, group B
Streptococcus  (GBS), Proteus mirabilis, Pseudomonas aeruginosa (P. aeruginosa),
Staphylococcus aureus (S. aureus), and Candida spp. In complicated UTI, the order of frequency
of causative organisms after E. Coli is Enterococcus spp., K. pneumoniae, Candida spp., S.
aureus, P. mirabilis, P. aeruginosa, and GBS. Another study of hospitalized patients with cUTI
found the most common occurring pathogens to be E. coli, K. pneumoniae, P. aeruginosa, P.
mirabilis, Enterococcus spp, and Enterobacter in order of occurrence. One further complication,
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though, is that these patients also can carry more than one causative pathogen, thus making the

treatment of these infections even more complicated. [11,12].

Biofilm Formation Steps:

Biofilm formation [27]
Challenges Associated with Diagnosing and Treating UTIs

Challenges in making proper diagnoses of UTIs include the lack of obvious signs and symptoms,
no proper diagnostic criteria that are conclusive, a high prevalence of ASB, misuse of antibiotics
without proper prescription, contamination of samples, and usually inadequate justification for
ordering urine cultures. Encouraging strategies include education and feedback, defining ordering
culture requirements, and reflex culture policies limiting urine cultures [13].

New preventive strategies like catheter materials and coatings, vaccinations, and bacterial
interference are under investigation and development. The antibiotic pipeline is poor, and novel
strategies for finding new classes of antibiotics and the rational design of small molecule
inhibitors are being pursued for the therapy of major recurrent UTIs [14].

Promising Therapeutic Strategies Against Microbial Biofilm Related UTI Challenges

Urinary tract infections (UTIs), particularly those caused by biofilm-producing uropathogens,
have a high global health burden as a result of their chronicity, recurrence, and resistance to
standard treatment. Biofilms serve as a physical and biochemical barrier that shields bacterial
communities against host immunity as well as antibiotics. Biofilm-related UTIs need an
integrative strategy fusing conventional as well as novel therapeutic modalities. Recent studies
present a number of promising approaches, such as combination antibiotic treatments,
nanotechnology-delivered drug treatment, antibiofilm drugs, vaccine targeting, catheter surface
coating innovations, surface modification, and mechanical destruction through irrigation and
debridement [15].

e Traditional Antibiotic Combination Treatments:Resistance to antibiotics among biofilm-
forming uropathogens reduces the effectiveness of monotherapies. As a result, combination
antibiotic therapies have emerged in popularity. The combinations take advantage of
synergistic interactions between the drugs to promote bacterial killing in biofilms. For
example, studies have shown that use of fosfomycin with fluoroquinolones or beta-lactams
enhances the penetration and compromises biofilm matrix integrity in drug-resistant
Escherichia coli and Klebsiella pneumoniae infections [16]. Furthermore, carbapenem-
containing combinations have been soecificallv effective acainst carbanenemase-producing
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organisms, frequently involved in complicated UTIs. However, judicious stewardship and

susceptibility testing are essential to avoid further resistance development.

e Nanotechnology:Nanoparticles provide novel solutions to drug delivery in biofilm-coated
UTIs through increased penetration and local residence. Metal nanoparticles, including silver,
zinc oxide, and gold nanoparticles, possess inherent antimicrobial and antibiofilm activities.
For instance, silver nanoparticles (AgNPs) interfere with microbial membranes and increase
antibiotic efficacy against Pseudomonas aeruginosa and Proteus mirabilis biofilms on catheter
surfaces [17]. Improved polymeric nanoparticles and liposomes enable targeted antibiotic
delivery, lowering systemic toxicity and enhancing drug concentration at sites of infection. In
addition, bioresponsive drug nanocarriers that release according to pH or enzymes in the
biofilm environment provide precision and efficiency [17, 18].

e Antibiofilm Agents:Direct antibiofilm agents are created to disrupt biofilm formation, quorum
sensing, or extracellular polymeric substance (EPS) integrity. Enzymes like DNase I,
dispersin B, and proteases break down EPS, allowing for antibiotic penetration. Natural
products like curcumin, quercetin, and cinnamaldehyde have shown antibiofilm activity by
inhibiting microbial adhesion and communication processes. Additionally, synthetic
compounds that target quorum sensing mechanisms in E. coli and K. pneumoniae inhibit
biofilm maturation and improve immune clearance. Scientists are also investigating phage-
derived lysins and peptides as new antibiofilm agents with high specificity and low risk of
resistance [19].

e Vaccine Production:Preventive measures, especially vaccines, are promising in preventing
recurrent UTIs, especially in high-risk groups like women, catheterized individuals, and the
elderly. A number of vaccine candidates against uropathogenic E. coli (UPEC) adhesins, iron
acquisition proteins, and outer membrane components have demonstrated preclinical efficacy.
FimH adhesin, an important mediator of UPEC binding, is an overexpressed antigen in many
vaccine candidates such as protein subunit and mRNA-based vaccines [20]. A multivalent
vaccine regimen could be used to overcome antigenic heterogeneity of uropathogens and their
biofilm-associated phenotypes.

e Medical Devices and Indwelling Catheter Coatings:Indwelling urinary catheters are a source
of biofilm-based UTIs. Anti-adhesive and antimicrobial coatings are essential in preventing
biofilm colonization. Silver, chlorhexidine, and nitrofurazone-based coatings have proven
useful in inhibiting microbial adhesion. Some of the latest advances involve hydrophilic
polymer coatings that lower friction and attachment of bacteria, as well as drug-eluting
coatings that release antibiotics or antiseptics for extended durations [21]. Certain devices
now utilize more than one mechanism—surface topography, chemical agents, and controlled
release systems—to offer better protection against biofilms.

e Surface Modification Techniques:In addition to coatings, surface modification of urinary
catheters and stents by plasma treatment, nanopatterning, and biofunctionalization provides
advanced resistance to biofilm formation. Surface roughness and hydrophobicity are
significant factors affecting microbial adhesion. Altering these parameters can stop initial
colonization. For example, superhydrophobic or microtextured surfaces have been found to
significantly decrease bacterial load in model systems [22]. Certain surfaces are made to
dynamically respond to environmental stimuli, inhibiting microbial growth through pH- or
temperature-induced alterations.

e Irrigation and Debridement:Physical debridement of biofilms by bladder irrigation and
mechanical debridement continues to be a supportive but integral part of catheter-associated
UTI (CAUTI) management. Although not therapeutic, irrigation with antimicrobial or
surfactant solutions (such as povidone-iodine, acetic acid, or EDTA-based solutions) can
decrease biofilm biomass and bacterial load. More recent strategies include catheter systems
that allow continuous irrigation, reducing biofilm formation on device surfaces [23]. Used
with systemic antibiotics or localized nanoparticle therapy, these techniques improve infection
control and discourage complications like encrustation or obstruction[24].
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Finally, the treatment of microbial biofilm-associated UTIs requires a multidisciplinary approach
that integrates established standards with novel technologies. Traditional antibiotics need to be
optimized through synergy-based combinations, and advancements in nanotechnology and
antibiofilm agents increase penetration and efficacy. Prophylactic vaccines are imminent, and the
design of anti-biofilm surfaces on urinary devices provides long-term protection. Physical
measures such as irrigation further enhance biofilm control. Blending these strategies, informed by
precision diagnostics and patient-specific considerations, is the key to successfully tackling this
ongoing clinical problem [25].

Conclusion:

Microorganisms with biofilm-forming capabilities are a challenge in the health care sector.
Biofilm-forming bacteria have a matrix that enables them to resists antibiotics and evade the
immune system of the host. In addition to having structural barriers, biofilm-forming bacteria can
undergo physiological changes, such as a lower growth rate and the production of tolerant cells. In
such instances, antibiotics cannot prevent, eliminate, or eradicate these slow-growing and
persistent cells found within the biofilm matrix. Consequently, chronic infection due to biofilms is
usually difficult to treat successfully, in part because biofilms are resistant to antimicrobial
treatments [10].

A number of various strategies are under investigation for inhibiting the formation of biofilm, and
some encouraging results have been found. Nevertheless, a perfect strategy has yet to be created.
Future studies must strive to determine effective mechanisms for biofilm growth inhibition and to
create antimicrobial drugs that are effective against bacteria in biofilms [26].
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Role of Stearic Acid toward the Gelation of Cocoa Butter and Wheat
Germ Oil-Based Oleogels: Preparation, Physical Properties, and
Application in Topical Mupirocin Delivery

Sindhu I Sanakal, Anubhab Das, Lavanya Jujjuri, Abirami R, Dwaipayan Pal, Raja Shunmugam,*
Debmalya Banetjee, Biswaranjan Mohanty,* Kunal Pal,* and Samarendra Maji*

ABSTRACT: Oleogel (OG) is one of the popular sources of
unsaturated fatty acids that replace hazardous saturated fatty
acids, synthesized by structuring edible oils using gelators. In our
present investigation, we prepared OGs by varying the ratios of
cocoa butter (CB), wheat germ oil (WGO), and a fixed amount of
stearic acid (SA) for topical drug delivery application. The critical Oleogel
gelation concen- tration of CB in WGO was found to be 3% +
(w/w) in the presence of 7.75% (w/w) SA. Various characterization

techniques were employed for the developed OGs, including ,_3:3_\ Topical .
bright-field and polarized light microscopy, crystallization w7 7 P —

kinetics, X-ray diffraction (XRD), and rheology. Micrographs o Drug Delivery

captured by using polarized light and bright- field microscopes e i T
illustrated the crystalline structure of the OGs. OGs displayed a ' '
network of needle-shaped arrangements due to the

presence of SA and CB. XRD results demonstrated the formation of a 8’ polymorph structure inside the OG and rheological data
proves that the OG formulation with 20% (w/w) CB (OG 20) forms the strongest OG among all formulations. Moreover, the
crystallization kinetics was studied to observe the development of solid fat crystals in OGs. The in vitro release of mupirocin from
the OGs was best described by the Korsmeyer-Peppas and Peppas-Sahlin models, indicating that drug diffusion occurred
via Fickian mechanism. Additionally, OGs were investigated and explored for potential topical drug delivery applications through

Oleogelation

_ )5 2P
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ex vivo permeation studies.

1. INTRODUCTION

Oleogels (OGs) are semisolid arrangements of edible oils such
as wheat germ oil (WGO), sunflower oil, olive oil, flaxseed oil,
sesame oil, grape seed oil, algal oil, soybean oil, salmon oil, and
palm oil.! In the gel-based network, a solid component (lower
in concentration) is used for gelation of the liquid oil (higher
in concentration). The solid component is called a gelator.?
They tend to arrest the movement of edible oil components,
forming OGs.? Although the ratio of the solid fraction is lower
than the liquid fraction, the formulation indicates a solid-like
characteristic. A permanent macrostructure is formed because
of the ability of OGs to exhibit a homogeneous microstructural
organization.? The process of providing solid properties to oils
with the assistance of an oleogelator is defined as oleogelation
or oil structuring. Critical gelation concentration (CGC) is the
least concentration of gelator molecules required to entrap the
oil into forming the three-dimensional (3D) network through
van der Waals forces, hydrogen bonding, ionic interactions,
and -1 stacking between the gelator and oil molecules.
Instantly, there exist two distinct sets of structurants/gelators,
viz., low-molecular weight oleogelators and high-molecular
weight oleogelators, which are mostly used to form organized

OG systems.* Frequently handled gelators are high-melting
triacylglycerides (TAGs), hydrophilic and hydrophobic
proteins, fatty acids, fatty alcohols, diglycerides or mono-
glycerides, ethyl cellulose or native phytosterols, and edible
waxes.? The lipophilic nature of OGs promotes the penetration
of drug molecules into biological tissues.® OGs offer cost-
effectiveness, biocompatibility, shielding against microbial
contamination, and longer stability than traditional drug
delivery systems.” Currently, OGs have become a progressive
method for nasal® parenteral,’ ocular,!” topical,'! and
periodontal® drug delivery applications.

WGO is a byproduct of the wheat-milling process. Also, it
has a significant medicinal component that has anti-
inflammatory and antioxidant properties. WGO functions as
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a reservoir of polyunsaturated fatty acids such as omega-6
(44-65%) and omega-3 (4-11%) fatty acids. In addition,
WGO also contains the maximum amount of a tocopherol
(vitamin E) in comparison with additional edible oils.!> Due to
the aforementioned properties, WGO is highly advantageous
for healthiness. It decreases plasma and liver cholesterol in
animals, delays aging impacts, and significantly enhances
physical persistence.’

Cocoa butter (CB) is a key component in chocolates and is
characterized based on three main triacylglycerols: glycerol-
1,3-dipalmitate-2-oleate (POP; P palmitic, O oleic; 13.6-
15.5%), glycerol-1-palmitate-2-oleate-3-stearate (POSt; St
stearic; 33.7-40.5%), and glycerol-1,3-distearate-2-oleate
(StOst, 23.8-31.2%) corresponding to three major fatty
acids, namely, palmitic (C16:0, 24.4%), stearic (C18:0, 33.6%),
and oleic acids (C18:1, 37.0%).1* CB obtained from the beans
of the cocoa tree (Theobroma cocoa) is a natural fat.’> It
mostly consists of a mixture of TAGs,'® which differ with the
source of the plant, the period of bean accumulation, the kind
of the tree, and how it is handled during the extraction
process.”” CB has diverse crystallization properties and is an
important product in many confectionery items, including
chocolate fillings. This is the very primary reason why CB is
utilized in various industries like pharmaceuticals (as topical
and suppository bases), food (in chocolate formulations), and
cosmetics (as moisturizers, lipsticks, perfumes, soaps, etc.).!8

Along with the base oil (WGO) and gelator (CB), stearic
acid (SA) was employed as an activator molecule. SA is a long-
chain fatty acid that can be represented as octadecanoic acid
[(CH3(CH2)16COOH)] or as 18:0, as it is constituted of 18
carbons and no double bonds (Figure S1).» This activator

o : . a1
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food applications.?! It also has various health benefits when
applied to the skin and consumed orally. The properties of CB-
based OGs have been improved using an activator.22%

Topical semisolid products make up a significant class of
drug delivery systems. Due to the impenetrable nature of the
skin, dermal drugs are not easy to apply. The presence of a
microbial infection is a critical concern for burn wounds.
Mupirocin (MUP), a topical antibiotic agent, is used to treat
primary and secondary skin infections.2 MUP is produced by
the bacterium Pseudomonas fluorescens. It is highly active
against Gram-positive bacteria such as Staphylococcus aureus.
MUP formulations are available as an ointment and a cream.
2% MUP ointment with polyethylene glycol must be applied
three times daily, directed to deprived patient acquiescence.
The controlled release of a topical distribution of MUP
increases its effectiveness and reduces the frequency of usage
to once daily.??° Gel is a semisolid dosage form made up of a
3D framework of natural or synthetic polymers filled with an
immobilized liquid. The network structure, biocompatibility,
and molecular stability of the bioactive agents within the gels
make them an appropriate carrier. These formulations have
greater stability and better application qualities than creams
and ointments. They can ensure sustained release of the
bioactive agents with improved patient compliance in contrast
to ointments and creams.”? Bujubarah et al. have synthesized
nanoemulgels using nanoemulsions by incorporating a gel base
for topical drug delivery application of MUP.?° Similarly,
Alhasso et al. have reported the synthesis of nanoemulgels by
incorporating an optimized MUP-loaded nanoemulsion into an
appropriate gel.®¥ This article has focused on an alternate

approach of topical MUP delivery via OGs that can solve some
of the issues associated with the controlled topical release of
MUP.

In this study, we employed WGO as the basic oil phase and
CB as the gelator with the accompaniment of SA as an
activator to prepare OGs, which have been explored as topical
delivery systems to deliver MUP. Additionally, none has
investigated the method of producing OG from WGO, CB,
and SA until now. We have emphasized obtaining the least
concentration of the gelator molecule essential to trigger
gelation, i.e., CGC, with the help of SA as an activator. The
samples prepared ranged from 3% to 40% (w/w) CB in
concentration after determining the CGC. Different character-
ization techniques, viz., X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and bright-field and
polarized light microscopy, were used to investigate the
molecular interactions and microstructure. The properties
and stability of synthesized OGs were examined by color-
imetry, crystallization kinetics, mechanical and thermal
analyses. Along with that, topical MUP delivery was
investigated using an eggshell membrane as the biological
tissue. The release phenomena were analyzed with the help of
Korsmeyer-Peppas (KP) and Peppas-Sahlin (PS) drug
release kinetic models. These models are commonly used to
describe and analyze drug release kinetics. Additionally, the
observation of Fickian diffusion-mediated drug delivery
suggests that these results of OGs could be a promising
approach in case of potential application for the topical
delivery of MUP.

2. EXPERIMENTAL SECTION

2.1. Materials. CB (melting point 40 °C) was purchased from
Minimal Confection, Gujarat, India. WGO was obtained from AOS
Products Private Limited, Ghaziabad, India. SA, extrapure, 99% was
bought from SRL Private Limited in Mumbai, India. MUP was
received from Bills Biotech Private Limited as a gift sample.

2.2. Preparation of OGs. A sequence of different types of OGs
was prepared in clean vials made of glass to determine the CGC of SA
by varying the amount of SA with fixed CB. Initially, the
concentration of CB 3% (w/w) was kept constant and SA was
altered at five different concentrations, viz., 5.75, 6.75, 7.75, 9.75, and
11.75% (w/w). Later, these samples were heated to 70 °C in a water
bath to dissolve CB and SA within the WGO. A magnetic stirrer was
used to homogenize the melted solutions for 10 min at the
temperature mentioned above. Later, these homogeneous mixtures
were kept for cooling at room temperature (~28 °C) for 24 h to
promote the crystallization of gelator molecules. By approving CGC
based on SA, a series of OGs were prepared in glass vials using the
same procedure where the concentration of SA (7.75% w/w) was kept
constant, and CB concentration was varied, viz., 1, 2, 3, 5, and 7% (w/
w). Finally, after the CGC concerning SA (7.75% (w/w)) and CB
(3% (w/w)), the impact of gelator molecules on the features of OGs
was evaluated. A series of OGs was synthesized with fixed SA
concentration (7.75% (w/w)) and varying CB content between 3, 7,
15, 20, 25, 30, 35, and 40% (w/w). These OGs were prepared by
following a similar method. The samples were named OG 3, OG 7,
OG 15, OG 20, OG 25, OG 30, OG 35, and OG 40, respectively
(Table 1).

2.3. Characterizations of OGs. 2.3./. Colorimetric Study. The
colorimetric studies of developed OGs were carried out using an in-
house colorimeter device. This design consisted of a Picam color
camera and a light-emitting diode for illumination. In the beginning,
the device was calibrated with standard black and white placards. The
gel was incubated at 25 °C. Later, L*, a*, and b* values were verified
by analyzing the photograph which represents colors. The photo-
graphs of the samples were then examined to identify colors
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Table 1. Composition of WGO, CB, and SA in OGs

sample
name amount of CB (g) amount of SA (g) amount of WGO (g)

0G3 0.15 0.3875 44625
OG7 0.35 0.3875 4.2625
0G15 0.75 0.3875 3.8625
O0G20 1.00 0.3875 3.6125
OG 25 125 0.3875 3.3625
OG30 1.50 0.3875 3.1125
OG 35 1.75 0.3875 2.8625
0G40 2.00 0.3875 2.6125

comprising L* (lightness), a* (“positive” redness and “negative”
greenness), and b* (“positive” yellowness and “negative” blueness),
among others. The values, as mentioned earlier, of the color
parameters were used to calculate the whiteness index (WI) (eq 1),
the yellowness index (YI) (eq 2), and the complete color variation
(AE) (eq 3). A standard white calibration plate was used as the
control test with the subsequent parameters: L,* = 97.83, a,* =
-0.45, and bp* = 1.88. The x tag was swapped for the mathematical
standards for a particular OG sample. The equations formed by using
all of those parameters are given below.

WI = 100 — /(100 — L*)2 + (a¥)2 + (b*)2 @
142.86b*

YI= L* 2

E= U} - L2+ (@ - ap + (5 - KP ®)

2.3.2. Crystallization Study. The gelation kinetics experiment was
operated by using a colorimeter (CL223 Colorimeter, Elico Ltd.,
Hyderabad, India). The OG was warmed to 70 °C and placed in the
testing container of the colorimeter. The optical density (OD) and
the temperature were documented during the cooling process at 25
°C. The time and OD readings were noted simultaneously.
Subsequently, a graph of OD versus time and OD versus temperature
was generated.

2.3.3. Microscopic Study. A bright-field microscope (model:
DM750; Leica Microsystems, Germany) was used for the optical
microscopy examination of the prepared OGs. The LEICA SAPO
Stereo zoom optical microscope was utilized for further analyses of
OGs. The analysis was carried out using a metallurgical microscope
(AmScope, ME580TA, Irvine, CA, USA). After the solid sample was
loaded on a 35 mm glass Petri plate, the upper layer was examined
under a microscope.

2.3.4. FTIR Spectroscopy. FTIR (Model: Alpha-e; Bruker,
Germany) was utilized to examine the bands of the OG samples in
attenuated total reflection mode in the wavenumber range of 4000~
500 cm-! with 25 scans at a spectral resolution of 4 cm..

2.3.5. X-ray Diffraction. Wide-angle X-ray diffractograms were
obtained using a diffractometer Bruker’s “DAVINCI design”, the D8
ADVANCE system. A copper target was utilized as the generator of
the X-rays (Cu K radiation, which has a wavelength of 1.5406 A).
Scanning was measured in the range of 5-80° 26 with a scanning rate
of 5° 26/ min at a temperature of 35 °C.

Bragg's law (eq 4) was employed to determine the d spacing of the
XRD parameter, whereas the Debye-Scherrer equation (eq 5) was
used to calculate the crystallite size (D).

2dsin =nl 4
_ Ak
p-cosd ()

where A refers to the wavelength of the X-ray (1.5406 A), O refers
to the diffraction angle, and n indicates an integer. Eqs 6 and 7 are
utilized for calculating lattice strain (€) and dislocation density ()
(lines/m?), where the full width at half-maximum (fwhm) at a

scattering angle of 20 is represented by the radian § and &
corresponds to the Scherrer constant.

__ b

“~ Ltano (6)
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2.3.6. Study of Oil-Binding Capacity. The foremost aim of the oil-
released study was to ascertain the oil-binding capacity (OBC) of
OGs. Initially, a 2.0 mL blank Eppendorf tube (weight “a”) was
measured, and 1.0 mL of the molten OG was poured into the
Eppendorf tube. Then, the sample was kept at room temperature to
convert into an OG, and the weight of the Eppendorf tube (weight
“b”) was taken again. The samples were then placed at 4 °C for 24 h,
followed by a 15 min centrifugation at 10,000 rpm using a Remi C-24
BL chilled centrifuge. Then, the Eppendorf was inverted, and the
spare oil was extracted from the upper layer of OGs using tissue
paper. Thereafter, the weight of the Eppendorf tube was taken
(weight “c”). The below-mentioned eqs 8 and 9 were utilized to
calculate the OBC and the % of oil released.

. b _a _(c_a
% oil released = b_a £-4

(b - a) ®)
OBC =100 - % oil released ©)

2.3.7. Rheology. We conducted rheological studies using an Anton
Paar MCR 92 rheometer. The samples were tested using a cone and
plate probe with a diameter of 25 mm. We monitored the strain sweep
by altering the strain at a constant frequency of 1.5 Hz while
maintaining a temperature of 25 °C. Gel samples were analyzed for
storage and loss modulus by varying the strain from 0.001 to 100%.

2.3.8. Drug Release Study. Drug release from formulations
(basket-type) was assessed using dissolution equipment (DS-8000,
Lab India). A dialysis membrane tube (HiMedia, with a molecular
weight cutoff of 12000-14000 Da) was filled with 1.0 g of OGs. The
diffusion process was conducted in 200 mL of PBS (phosphate buffer
solution, pH 6.8) at 37 °C for 3 h. The OG-loaded dialysis bags were
inserted into the basket, which was then rotated at 100 rpm. 5 mL of
the aliquot was removed at each interval and refilled with PBS. MUP
concentration was measured at 221 nm using a UV-visible
spectrometer (UV-1900i, Shimadzu, Japan).

F=Kx/{ (10)

here, F indicates the fraction of solute released, K refers to the
released rate constant, ¢ indicates the time, and # is the diffusion

exponent.
M k" + k2"
M, ' 11)

here, M;/ M is the fraction of the drug incorporated in the solution,
kq and k; are the diffusion and kinetic relaxation constants, and m is
the slope.

2.3.9. Ex Vivo Permeation Studies. The permeation properties of
MUP from OGs were evaluated by using a chicken eggshell
membrane. The membrane was prepared by immersing a whole egg
in vinegar for 24 h, draining the contents, and washing the membrane
with double distilled water. After cleaning, the membrane was stored
overnight in PBS. For the permeation study, a modified Franz's
diffusion cell (permeation area: 0.64 cm?) was employed. The
eggshell membrane was positioned between the receptor and the
donor compartments. 1.0 g of OG was placed in the donor
compartment directly in contact with the egg membrane. The
compartments were securely clamped. The receptor compartment was
filled with 12 mL of freshly prepared phosphate buffer solution (PBS,
pH 6.8). The opening of the donor compartment was sealed with a
coverslip, and the receptor compartment was maintained at 37 °C
with constant stirring using a Teflon-coated magnetic stir bead. The
permeation study was conducted over 180 min, with samples
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Figure 1. Colorimetric analysis of different OGs: (a) L*, a*, and b*; (b) WI; (c) YI.

withdrawn from the receptor compartment at 5, 15, 30, 45, 60, 90,
120, and 180 min. Each withdrawn sample was immediately replaced
with an equal volume of PBS. The samples were analyzed to
determine the MUP content using a spectrophotometer at 221 nm.
The results were expressed as the cumulative percentage drug
permeation (CPDP).

2.3.10. Statistical Analysis. The experiments were conducted at
least in triplicates, and the data were depicted as mean # standard
deviation. Statistical analysis was performed by using one-way analysis
of variance, followed by the posthoc Tukey test, with the help of IBM
SPSS Statistics 20 (Inc. Chicago, USA). The significance level of the
data sets was set to be p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Preparation of OGs. Initially, we tried to prepare the
control according to Table S1 with only WGO and CB, CW 5
(w/w) -CW 55 (w/w), but there was no formation of OGs as
shown in Figure S2. Later, a series of CB, SA, and WGO-based
OG formulations were prepared to identify the CGC. The
lowest gelator concentration at which OGs are formed is
regarded as CGC.*! Initially, we optimized the condition of
OGs by varying SA and WGO where CB (3% w/w)
concentration was kept constant (Table 52) and is shown in
Figure S3. Later, we investigated the CGC of CB in WGO
where the SA amount was kept constant according to Table S3
and is depicted in Figure S4. The OG formulation formed at
the CGC was then used to prepare OGs. After confirming the
CGC, a series of OGs were designed by changing the
concentration of CB in WGO from OG 3 (w/w) to OG 40
(w/w), where the SA amount was kept constant (7.75% w/w).
The composition of the added CB to WGO is given in Table 1.
We added CB and SA to WGO (Figure S5a), where CB and
SA were insoluble and settled down. This was then heated to
70 °C in a water bath with continuous stirring by using a
magnetic stirrer. This resulted in a homogenized light yellow-
colored clear solution (Figure S5b). Then, the samples were
allowed to cool at room temperature. Initially, as the
temperature was lowered, a cloudy mixture was formed, and
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as time progressed, the viscosity of the mixture increased, and
it finally turned to semisolid stable OGs (Figure S5c). This
process is called oleogelation. The formation of a cloudy
mixture confirms the nucleation of CB. Inverting the vial
helped to verify the formation of stable OGs (Figure S5d). It
was observed that the inversion of the tube did not induce the
downward flow movement of the formulations up to OG 35.
This indicates that the WGO was immobilized entirely within
the fat network of CB and therefore formed a gelled structure.
In contrast, OG 40 remained in the liquid form without
gelation due to the higher loading of CB.

3.2. Colorimetric Analysis. Colorimetry is a technique
that offers information on the color characteristics of a test
sample, such as lightness, saturation, hue, and so on.3?
Moreover, color study gives information about visual
appearance of food samples, which helps to predict the smell
and taste. Color characterization was done based on the
Commission internationale de I'éclairage (CIE) system, which
segregates the color based on luminance and two-color
parameters (Figure 1).33 The color parameter was assessed
by using a CIE lab standard scale that measures the
psychometric index of lightness (L*) ranging from 0 (black)
to 100 (white). The two-color parameters are «* and b*, where
a* ranges from green (negative) to red (positive) and b*
ranges from blue (negative) to yellow (positive). The L*
average values for all OGs were in the range of 79-91 (Table
54). Having greater L* values in formulations is beneficial
since it helps enhance color perception.* The L* value for OG
3 was around 85.66 * 5.07. As the amount of CB increased in
OG 7 (89.20 + 6.42), OG 20 (90.16 * 7.18), and OG 35
(91.10 = 7.023), there is a gradual increase in the
corresponding L* value except OG 15 (79.51 + 2.3). A
significant reduction in the L* value is due to the formation of
larger crystals or crystal aggregation on the surface of OG 15.%
The size of the crystals formed was confirmed by the XRD
result, which is reported later. A similar L* value was
demonstrated in the case of OG 25 (89.8 + 8.28), OG 30

https://doi.org/10.1021/acs.cgd.4c01095
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Figure 2. Crystallization kinetics profile of the OGs: (a) OD vs time, (b) initiation time vs OG formulations, and (c) OD vs temperature.

(88.61 + 3.95), and OG 40 (88.20 + 2.90). The L* value of
OG 3 was similar to that of OG7, OG 25, OG 30, and OG 40
(p > 0.05) while that of OG 15 was statistically significant
compared to OG 20 and OG 35 (p < 0.05). The L* value of
OG 35 was the highest and insignificant (p > 0.05) with all
other combinations except OG 15.

All the OGs exhibited negative a* values, which refer to the
green tones of prepared OGs (Table S4). The a* value of OG
3 is -4.64 + 4.58. As the concentration of CB increases, the a*
value also increases except OG 15, OG 30, and OG 40. At the
highest content of the CB (for OG 40), the lowest value of a*
(4.401 £ 5.86) was observed. The a* value of OG 3 was
similarly valued with all the compositions (p > 0.05). Further,
the positive value of b* specifies the yellowness of the OG
formulations. A significant variation in the b* value was seen
when the composition was altered by increasing the CB
amount. Initially, the b* value of OG 3 was demonstrated as
85.87 + 4.02. The b* value keeps increasing with the increase
of CB content in OGs except OG 15 (81.35 #+ 2.05) and OG
25 (84.54 + 3.62). The b* values in case of OG 3, OG 25, and
OG 35 are insignificant (p > 0.05) but those of OG 15 when
compared with OG 7, OG 20, OG 30, and OG 40 are
statistically different (p < 0.05), while OG 20 exhibited the
highest b* value (89.34 £ 5.33) and was similar (p > 0.05) to
every formulation without OG 15.

The white index (WI) and yellow index (YI) of the OG
samples were calculated by using eqs 1 and 2, respectively, with
L*, a*, and b*. WI was measured to check the degree of
perfect whiteness which refers to the amount of visible light a
given sample reflects.’ WI can be correlated to the quality and
consumers’ acceptance of food products.’” The WI values of
prepared OGs are in the range of 8-16 (Table S4), which
indicates the relative lightness of the samples. First, sample OG
3 exhibited a WI value of 12.57 + 3.39 and with further
addition of CB does not alter the WI value much except for
OG 15 (Table S4). The result demonstrated that most of the
sample does not lose substantial whiteness after increasing the
CB amount. The OG 15 showed the highest WI (15.88

1.43) among all other OGs and was similar to every
combination without OG 20 (p > 0.05). To assess the level
of yellowness present in our samples, we calculated the YI. An
increase or decrease in the YI value emphasizes the white-to-
yellow gradient.’ The YI values for the OG samples were
between 135 and 146 (Table S4). The YI value of OG 3 is
143.31 * 1.80. However, incorporating more CB reduces the
YI value except for OG 15 (146.18 + 0.98) and the values of
OG 3 were similar to OG 7, OG 25, OG 30, OG 35, and OG
40 (p > 0.05). The highest YI value was observed in the case of
OG 15 and the value was significant compared to OG 25 (p <
0.05). The high YI values suggested that the OGs were
predominantly yellowish. At last, the absolute color difference
(AE) was calculated by using eq 3 regarding a particular
standard. Every OG sample demonstrated an AE value above
3, which indicates that the color difference could be observed
with the naked eye (Table 54).

3.3. Crystallization Kinetics. Crystallization is the process
of crystal formation from a molten state and is first-order
kinetics.”” Generally, it contains three steps: nucleation, crystal
growth, and maturation.®# The crystallization is mainly based
on the nucleation process, which is the initial stage in forming
crystals. A rapid rate of crystallization results in the formation
of a diffuse crystalline phase associated with low-energy
polymorphs. However, the growing crystals are arranged into
a consistent 3D lattice under a slow crystallization rate.! The
nature of the crystallization process in the prepared OGs can
be determined by monitoring it as a function of time and
temperature, with respect to OD. The process was started by
taking melted OGs at room temperature. The OD versus time
plots (Figure 2a) revealed that initially with the increase in
time, the OD value remained the same, although after a certain
time, a steep increase in OD was observed which indicated the
crystal formation. The curve was used to calculate the period
needed by the OG compositions for observable crystal growth
to occur. OG with the lowest CB concentration (OG 3) starts
the gelation at 210 s after keeping the prepared formulation at
room temperature. The period of crystallization increased with
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Figure 3. Polarized light microscopy of the prepared OGs: (a) OG 3, (b) OG 7, (c) OG 15, (d) OG 20, (e) OG 25, (f) OG 30, (g) OG 35, and

(h) OG 40.

[(2) [(6) (@)
100 ym! 100 ym

Figure 4. Bright-field micrograph of synthesized OGs: (a) OG 3, (b) OG 7, (c) OG 15, (d) OG 20, (e) OG 25, (f) OG 30, (g) OG 35, and (h)

OG 40.

an increment in the CB of OG formulations. CB concentration
was found to be a factor in the formulations during the
initiation of crystallization. After the increase in the amount of
SA in OG, gelation time was enhanced, and the order of time
required to start gelation was OG 20 > OG 35 * OG 7 > OG
30 > OG 40 > OG 15 > OG 25 > OG 3 (Figure 2b). The
higher gelation time of OG 20, OG 35, and OG 30 might be
attributed to the formation of larger crystals which was proven
by XRD data.’ The activator’s amount, composition, and
mechanism of action could affect the nucleation or/and
growth. The addition of SA shortened the onset time in all of
the formulations. The use of SA may have accelerated the early

crystallization phase through heterogeneous nucleation with
CB molecules.2 This would eventually affect the crystallization
kinetics and polymorphic transition in the formulated OGs.*
On the other hand, the OD versus temperature graph is
another important factor in examining the crystalline nature of
the various OG compositions (Figure 2c). In the OD vs
temperature plot, a decrease in OD was observed with the
increase in temperature, which is a sign that solid fat crystals
are developing with the reduction of temperature.* The
crystal formation for OG 3 began at 46 °C, which was the
maximum temperature. The order of the temperature required
for forming the crystals was OG3 > OG 7> 0G 25> OG 15 >
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OG 20 = OG 30 = OG 35 ~ OG 40. This order demonstrated
that the OG 3 sample possessed the highest degree of
crystallization among the others as crystals started to grow at
higher temperatures and exhibited the change of OD. Further
increase of the CB amount within OGs reduced the
crystallization temperature. OG 20 to OG 40 samples exhibited
lower crystallization temperature at 41 °C due to a less
crystalline nature.

3.4. Microscopic Analysis. Optical microscopy was
employed to assess the fat network and crystal morphology
in OGs generated with CB, WGO, and SA.*> The samples
were observed with bright-field and polarized light microscopes
and a Stereo zoom microscope to analyze the internal structure
of the OGs. The physical properties of OGs can be determined
by monitoring their polymorphism and morphology. CB-based
OGs entrap the oil phase by forming crystals. The polarized
light microscopic images can be used to observe micro-
structural changes (Figure 3).4 The properties of OGs differ
based on crystal size, habit, and crystal-crystal interactions.
Crystallite size is frequently associated with significant
functional characteristics, including the OG texture.*” OGs
displayed a network of needle-shaped arrangements due to the
presence of SA and CB. However, the Maltese cross, a sign of a
lamellar structure, was visible in OGs.#¢ The CB and SA were
dissolved in WGO; both gelators were assembled into an
independent structure. They retained their crystalline shape in
the OG, indicating independent self-organization.*” There is a
possibility of the existence 8’ crystals similar to fats assumed
due to the needle-like arrangement of OGs.? The large surface
area of this needle/fiber-type morphology allowed for extensive
interaction between the oil and microstructures.”! In OG 3,
there was a long needle-like shape. However, there is a
reduction in the particle size of OGs upon increasing the CB
content. The results suggest that the CB may be acting as a
nucleation point, which may help to alter the growth of the fat
crystals. These increased nucleation points helped in the
uniform crystallization of solid fats and can explain the
formation of increasingly smaller fat crystals.

A similar type of result was exhibited by observing a bright-
field microscope image (Figure 4). The OG 3 sample
demonstrated a fibrous system of SA by molecular self-
assembly due to noncovalent interactions.52%> With the
increase of the CB in the next sample, OG 7, the fibrous
network is broken into smaller parts. Further increase of CB in
OG reduces the crystalline size. However, the density of the
crystals increases gradually. From Figure S6, we can see
breakage of the crystal structure with the increase of CB
amount, which we have also observed earlier. Due to the
overconcentration of CB, OG 35 and OG 40 showed the
development of tiny crystals. The Stereo zoom images of CB
and WGO (Figure S7) exhibited the formation of no crystals.

3.5. FTIR Analysis. The FTIR characterization was
conducted to demonstrate the existence of functional groups
in the samples.>** We examined the FTIR data of prepared OGs
in the current investigation. Figure S8a represents the FTIR
spectra of WGO, CB, and SA. The FTIR spectrum of WGO
exhibits peaks at 2926 and 2846 cm™ because of the
asymmetrical and symmetrical stretching vibration of methyl-
ene (-CHy) groups. The strong absorption band of the ester
carbonyl functional group (-CJO) was observed around 1741
cm-1.1% A spectral peak at 1450 cm™ demonstrated the C-H
bending vibration.? The stretching vibration of -C-O ether
groups appeared at 1158 cm™.% Furthermore, a new vibration

representing the methylene group was detected at 710 cm-.
The FTIR spectrum of CB shows the absorption of a dual peak
at 2914 and 2846 cm™' because of asymmetrical and
symmetrical stretching of the ~CH, groups, respectively.>
The strong peak at 1735 cm™! relates to the stretching
vibrations of the carbonyl groups (CO) of triglyceride
esters.’® The spectral band at 1473 cm™ represents the
bending vibration of ~CH» and -CHjs aliphatic groups. The
small peak at 1385 cm™ is due to the symmetrical bending
vibration of ~CHs. The peaks at 1251 and 1168 cm™ indicate
the stretching of the ~CO groups of the esters. Lastly, the
peaks at 711 cm™! correspond to the oscillation of the ~-CH»
groups and olefins. The FTIR spectrum of SA exhibits its
characteristic bands at 1700 and 930 cm~! which are assigned
to the stretching vibration of the carboxylic group and bending
vibrations of hydrogen bonds containing carboxylic acid,
respectively.”” The FTIR spectra of all OGs (Figure S8b)
demonstrated the distinctive peaks of the individual WGO,
CB, and SA. The absorption bands found in OG 3-OG 40 at
2923 cm?, 2850 cm?, 1742 cm™?, 1455 cm™?, 1156 cm™?, and
718 cm™ are in good agreement with the aforementioned
functional groups.

3.6. XRD Study. XRD is often used to investigate
polymorphism and crystallite size in fat arrangements. The
XRD spectra of the OGs are depicted in Figure 5. The peak
intensity decreased as the immobilization of CB increased. The
diffractogram displayed a broadband near 20.5° because of the
amorphous region and the diffraction spectra of the OG were
deconvoluted using a nonlinear peak fitting method by
OriginPro 2024b software. The XRD data was deconvoluted
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Figure 5. XRD patterns of the prepared OGs.
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with the Gaussian function, and the parameters like crystallite
size, peak position, full width at half-maximum (fwhm), lattice
strain, and dislocation density are analyzed and listed in Table
S5.

The addition of CB within the OGs decreased the intensity
and crystalline size except for OG 15 and OG 20. The
alterations in the fwhm of the diffraction peaks may be
associated with the crystalline quality of the OGs. The lowest
average fwhm of OG 15 indicates a more crystalline nature of
the formulations compared to the remaining OGs. Bragg’s
equation (eq 4) was used to compute the interplanar spacing
(d spacing) within the lattice structure of the developed
OGs.>8 The parameter d spacing offers statistics about lattice
firmness.>® The average d-spacing data of OG 3 was 0.4267
nm. As the amount of CB amplified, there was a gradual
increase in the d-spacing data, except for that of OG 20.
Among all the OGs, OG 20 showed the lowest average d-
spacing value (0.4233 nm), possibly because of the formation
of a compacted lattice structure of the crystalline fields.® The
addition of SA may have changed the firmness of the CB fat
crystals” assembly by influencing the CB'’s crystallization. The
triglycerides present in the fat are aligned in crystalline forms
known as polymorphs.®! According to the American Oil
Chemists” Society (AOCS), a sample’s polymorphic form is a
if it has a peak at 0.42 nm, ' if it has peaks at 0.38 and 0.42
nm, and B if it has a peak at 0.46 nm.®> All OGs had d-spacing
values around 0.47, 0.43, and 0.39 nm, indicating the presence
of two crystal polymorphs: metastable 8’ form and the most
stable 8 form. The XRD spectra of CB (Figure S9) exhibited
sharp peaks at 11.6, 13.04, and 17.1°. Other peaks were
demonstrated at 21.32, 23.14, and 24.54°, respectively. The d-
spacing standards were measured as 0.76, 0.68, 0.52, 0.42, 0.38,
and 036 nm. The d-spacing data at 042 and 0.38
demonstrated the formation of 8 polymorph.

Next, the crystalline size was measured using the Debye-
Scherrer equation (eq 5), Table S5. We surveyed that there is a
decrease in average crystalline size, except OG 15 and OG 20.
The average size of the crystallites was greatest in OG 15,
showing the presence of exceptionally compact and crystalline
CB crystals. Interestingly, this observation does not follow the
order of microscopic images, where OG 3 showed the highest
crystalline size and demonstrated a lack of a compact network
structure. Additionally, the average lattice strain of the fat
crystallite domains was assessed (eq 6, Table S5). According to
Risan et al., nanoparticles can influence nucleation and particle
assembly. This can be a reason for the change in the anisotropy
and lattice strain of crystals.”® The insertion of CB decreased
the lattice strain of OGs except OG 25 (0.063) and OG 40
(0.0627), which might be due to the irregularities in its crystal
lattice.® The higher the lattice strain measurement, the lower
the crystallinity of these OGs. The lattice strain is inversely
connected to crystal perfection. Hence, less average lattice
strain values in the situations of OG 15 and OG 20 (0.047)
indicated that the fat crystal network was highly ordered.t*
Dislocation density () refers to the number of dislocation
lines per unit volume in a crystal and is calculated by using eq
7. Dislocation sites have higher free energy and are relatively
unstable. The dislocation density was observed to be less for
more stable OG 7 and OG 15.

3.7. Oil-Binding Capacity. The OBC of OGs is one of the
most important physical characteristics. OBC measures the
capacity of OGs by computing their capacity to grip liquid oil
within the 3D network formed by gelator molecules. This

study shows that all OGs showed a decent OBC, more than
99%, with tougher mechanical strength (Figure 6). With the
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Figure 6. OBC plot of synthesized OGs.

alteration of component ratio in the OG, the amounts of oil
loss can vary drastically. This could indicate that a particular
proportion of fatty acids in the WGO is linked to low OBC.
With the exception of OG 35 and OG 40, all the OGs showed
about 100% OBC, indicating that each OG has a 3D network
structure that holds the WGO. The OBC of OGs could be
connected with the mechanical strength of OGs, based on the
amount of oil lost.?® It has been discovered that emulsions with
superior mechanical strength are likely to produce OGs with
stronger gel strength and better OBC. With the addition of CB,
there is a decrease in the OBC of other formulations, but there
is no significant difference in OG 7, OG 20, OG 25, and OG
30 (p > 0.05). OG 3 and OG 15 which have higher OBC are
significantly different valued with OG 40 (p < 0.05). However,
the OBC value of OG 35 is significantly different from OG 40
(» <0.05).

3.8. Rheological Data. Rheological experiments were
carried out to describe deformation phenomena in the
nondestructive range. This range refers to the linear
viscoelastic region and is defined as the region with an upper
value of storage modulus (G ') in comparison with loss
modulus (G "). The plot (Figure 7) demonstrated an upper
value of G ' than G ", which indicates the gel/semisolid
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Figure 7. Rheological data of the OGs.
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behavior of the OGs. However, higher G ' values correspond
to a stronger 3D network produced through aggregation. The
breakpoint of the OG at a particular strain corresponds to the
critical strain value (y,).*® The OGs prepared in the present
work showed a mainly elastic nature in the range of 0.00001-
0.1% strain. After that, they began to flow similarly to liquid
materials.

The sample OG 3 displayed the lowest rate of G ', which
indicates the feeblest among all OG formulations (Figure 7).
The G ' value is enhanced with the increase in the amount of
CB in the OGs, which is associated with a stronger 3D network
formed by aggregation. A sudden increase in the G ' value was
observed in the case of OG 20, which represents the strongest
OG in comparison to other OGs. A specific amount of CB
promotes a higher level of structural organization, resulting in
supramolecular contacts and self-assembly of colloidal
structures, as shown in OG 20. OG 35 showed the highest
storage modulus (G ') value among all of the OG formulations.
With the further increase of CB in OG 40, CB crystal
aggregates, and the result was reflected by reduction of G'.

3.9. Drug Release Studies. The drug release study of
MUP (0.5%w/w)-loaded OGs was done up to 180 min. The
cumulative percentage drug release (CPDR) value demon-
strated the drug release potential of the OGs. It was observed
that OG 7 showed the highest CPDR (18.17 + 0.63%) for 180
min among all OG formulations. The increment in CB
concentration reduced the CPDR. However, OG 30 showed a
higher CPDR in comparison to OG 3 and OG 15. This could
be due to denser crystal growth than OG 3 and OG 15.
Although from the microscope data, OG 3 shows the largest
crystal size, they demonstrated a lack of network structure that
could provide the strength to hold the drug on its 3D structure.
From the XRD result, OG 15 exhibits the highest crystal size,
but it shows the lowest CPDR value due to the trapping of the
drug into it, whereas OG 7 shows an appropriate combination
of crystal size and network structure which made a strong
network structure among all the OG formulations and is
reflected by its highest CPDR value. The CPDR was used to fit
with KP and PS mathematical models to understand the drug
release mechanism from the OGs. The parameters of both KP
and PS models were determined using eq 10 and eq 11,
respectively.® The results of the kinetic parameters are shown
in Figure 8 and Table 2. The release constant (K) represents
the diffusion of the drug molecules through the OG samples.
The K value was the highest in OG 7. The diffusion exponent
(n) explains the mechanism of drug release. If the “n” value is
< 0.45, the release is primarily facilitated by Fickian diffusion.
If the “n” value is in the range of 0.5 and 0.89, then it is non-
Fickian transport. If the “n” value is > 0.89, then the polymer
swelling-mediated diffusion process occurs.! The observed
value of “n” for all OG formulations is less than 0.45, except for
OG 35. Thus, Fickian diffusion-mediated drug release was
identified in all of the OG formulations except for OG 35.
Therefore, for OG 35, the diffusion occurs through non-
Fickian diffusion (n > 0.45).%° Considering the PS model in
mind, the drug release process was further validated. Following
the model parameters, diffusion, because of both k: and kq,
played a vital role in the drug release procedure. The nonzero
k: value explained the drug delivery via non-Fickian diffusion.”

3.10. Ex Vivo Permeation Studies. The penetration
profile of the drug molecules through the egg membrane is
illustrated in Figure 9. OG 7, which exhibited the highest
CPDR, was selected for the permeability study. After 180 min,
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Figure 8. Diffusion profile of OG, (a) CPDR, (b) KP model, and (c)
PS model.

the ex vivo egg shell membrane CPDP of MUP was found to
be 3.008 + 0.045% per cm? The mechanism of drug
permeation was analyzed by fitting the CPDP data to the KP
and PS mathematical models, with the permeation parameters
summarized in Table 3. The diffusion exponent (n) value from
the KP model was less than 0.45, indicating that drug
permeation follows the Fickian process. An R? value greater
than 0.98 demonstrated an excellent fit for both the KP and PS
models. Additionally, the PS model parameters clarified the
permeation mechanism, confirming that drug permeation
occurs through diffusion rather than fat-network relaxation.’®

4. CONCLUSIONS

In this work, we prepared OGs from CB, SA, and WGO for
MUP topical drug delivery. Many formulations with varied
concentrations of CB were produced. Initially, we found the
CGC of OGs by varying the concentration of CB and SA. OG
3% (w/w) was found to be the CGC of the OG formulations.
Afterward, OBC, color analysis, rheological study, and thermal
analysis were used to examine the OG’s different physical
characteristics. FTIR spectroscopy and bright-field, polarized
light, and Stereo zoom microscopy were used to investigate the
molecular interactions and microstructure. Colorimetric data
suggested that the OGs were predominantly yellowish in
appearance. Microscopic studies reveal that OGs displayed a
network of needle-shaped arrangements due to the presence of
SA and CB. The crystallization kinetics data showed that as the
concentration of CB increases, a longer time is required for the
CB to reach saturation crystallization. The FTIR spectra of the
OGs revealed distinctive SA and WGO vibrational signatures.
XRD research revealed that varying CB concentrations affected
the firmness of OG fat crystals, resulting in the development of
B and ' polymorphs. Except for OG 35, drug release through
the semipermeable membrane from all OG formulations
followed the Fickian diffusion process, and OG 7 demon-
strated the highest CPDR (18.17 £ 0.63%) for 180 min among
all OG formulations. Similarly, drug permeation through the
eggshell membrane also followed the Fickian process. The drug
release and permeation mechanism was attributed to diffusion
rather than fat-network relaxation. Therefore, MUP-loaded
OG formulations could be suitable for topical applications.
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Table 2. Model Parameters Obtained from the KP and PS Models

formulation KP BS)
k n R? ke ka m R?
OG3 3.315 + 0.501 0.269 + 0.022 0.979 + 0.011 2.562 + 0.473 -0.127 + 0.045 0.419 + 0.038 0.988 + 0.006
OG7 4.701 + 0.703 0.266 + 0.038 0.995 + 0.003 4.027 + 0.856 -0.205 + 0.077 0.375 + 0.055 0.998 + 0.001
OG15 1.442 + 0.256 0.309 + 0.054 0.992 + 0.005 1.194 + 0.338 0.078 + 0.204 0.366 + 0.163 0.995 + 0.005
OG 20 3.267 + 0.308 0.274 + 0.022 0.996 + 0.002 2.944 + 0479 -0.129 = 0.021 0.356 + 0.046 0.998 + 0.001
OG 25 2.251 + 0.396 0.301 + 0.007 0.995 + 0.003 2.310 £ 0.171 0.442 + 0.025 0.229 + 0.005 0.995 + 0.003
OG 30 2.251 * 0.396 0.385 + 0.050 0.993 + 0.004 2119 £ 0.277 0.402 + 0.090 0.229 + 0.005 0.995 + 0.003
OG 35 0.845 + 0.127 0.542 + 0.028 0.982 + 0.005 0.960 = 0.118 0.097 + 0.019 0.404 + 0.020 0.986 + 0.004
0G40 1.036 + 0.231 0.393 + 0.030 0.965 + 0.016 0.950 + 0.105 0.023 + 0.073 0.401 + 0.073 0.993 + 0.003
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Figure 9. Ex vivo egg shell membrane permeation profile of the MUP
(OG 7).

Table 3. CPDR of OG 7 from an In Vitro Analysis Fitted to
Different Mathematical Models

KP PS
Parameters k n R? ke Kq m R?
153 0.14 0.99 132 -0.15 0.30 0.99
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Breast cancer (BC) is recognized as the most typical cancer diagnosed in women globally, posing significant
public health challenges. Several protein-based biological macromolecules have been investigated for drug de-
livery in BC treatment due to biological and tunable mechanical properties. Silk fibroin (SF)-based hydrogel/
scaffold is gaining attraction in BC therapy. The functionalization of SF with folic acid or antibodies enables
targeted delivery to BC cells that overexpress folate receptors. In this context, this perspective article explored the
potential biological activity, targeting capacity, functionalization, and drug carrier abilities of SF-based hydrogel
for BC therapy. In addition, the article exclusively delves into the potential molecular pathways of SF-based
hydrogel/ scaffolds for targeted therapy in BC. The article also summarizes the perspectives on the diagnosis
abilities of SF-based hydrogel/ scaffolds in BC treatment, making it the first instance of such perspective liter-
ature. This insightful literature presents practical guidance for researchers, clinicians, and scientists eager to
investigate the innovative biological applications and targeting potential of SF-based hydrogels and scaffolds in
advancing breast cancer treatments.

1. Introduction

infrastructure and widespread screening programs [4-60]. Moreover,
China also reported 3,57,161 new cases in 2022, with an ASR of 33.0 per

Breast cancer (BC) is recognized as the most typical cancer diagnosed
in women around the world and posses a significant public health issue
due to the elevated rates of occurrence and disease complications. The
pathology originates in the mammary glandular tissue and has the po-
tential for metastasis to distant sites if not identified and managed
promptly [1]. In 2022, India reported approximately 192,020 new BC
cases, with an ASR of 26.6 per 100,000 women [2,3]. In the same year,
United State also reported 2,74,375 new BC cases with an ASR of 95.9
per 1,00,000 women. The number of deaths was 42,900, and survival
rate exceeds 90 % within five years, reflecting advanced healthcare

* Corresponding authors.

100,000 women and 74,986 deaths, resulting in a mortality ASR of 6.1
per 100,000 women [7]. The relatively lower mortality rate compared to
incidence may be due to recent improvements in healthcare services.
While high-income countries have seen stabilization or declines in BC
mortality due to early detection and improved or new pharmacological
interventions, many low- and middle-income countries, including India,
continue to experience rising incidence and mortality rates [8—10].

BC arises from a complex interaction of genetic (i.e., BRCA1, TP53,
PTEN, CHEK2, and BRCA2 mutations), hormonal, environmental, and
lifestyle factors. The genes are essential for DNA repair, and their
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dysfunction may increase susceptibility to the disease [11,12]. More-
over, the extended exposure towards estrogen and progesterone, may
occur as a cause of early menarche, delayed menopause, or hormone
replacement treatment, which might further correlate with an elevated
risk [13,14]. In addition, the life-style associated reasons, i.e., obesity,
alcohol consumption, radiation exposure, etc., further contribute to an
elevated risk of developing/ progression of BC [1]. At initial context, the
disease arises in the epithelial cells of the breast ducts or lobules, further
translate through distinct stages, influenced by genetic and epigenetic
changes that impair normal cellular functions, culminating in malignant
transformation, enhanced cell proliferation, invasion, and metastasis
[15]. The tumor microenvironment (TME) is shaped by fibroblasts,
immune cells, and adipocytes in breast tissue, which supply critical
growth factors (GFs) and inflammatory cytokines that facilitate tumor
progression. The tumor facilitates angiogenesis via vascular endothelial
growth factor (VEGF), securing a sufficient supply of nutrients and ox-
ygen for its proliferation [16].

In  medical science, several pharmacological and non-
pharmacological interventions for BC, such as surgical technique,
chemotherapy, hormonal therapy, and targeted therapy, have markedly
enhanced patient prognoses [17,18]. Nonetheless, traditional thera-
peutic approaches contribute to the development of acquired resistance,
particularly in hormonal therapy (e.g., tamoxifen) and targeted thera-
pies [e.g., HER2 inhibitors] [18,19]. Chemotherapy and radiation
therapy frequently induce significant side effects, including fatigue,
nausea, alopecia, neuropathy, and cardiotoxicity [18]. Additionally,
long-term complications such as secondary malignancies and chronic
lymphedema may adversely impact quality of life [17,18]. In general
context, the triple-negative BC (TNBC) further characterized by the non-
availability of hormonal receptors and HER2 expression, rendering it
resistant to hormone and HER2-targeted treatments [20,21]. BC dem-
onstrates considerable genetic and molecular heterogeneity both within
and among tumors, complicating the selection of treatment [22,23]. The
intratumoral heterogeneity may result in disparate responses to the
same therapies. The advancement in medical science, such as targeted
therapies and immunotherapy, are costly and frequently unattainable in
low- and middle-income nations. Treatment modalities for metastatic
BC are predominantly palliative, emphasizing symptom alleviation
rather than curative intent [24]. The failure to eliminate micro-
metastases leads to recurrence and decreased survival in advanced
stages. Despite progress in standard BC therapy, issues including resis-
tance, adverse effects, and accessibility underscore the necessity for
enhanced diagnostic instruments, innovative treatments, and tailored
therapeutic interventions to improve patient outcomes and well-being
[25].

Recently, biomaterials-based advanced therapeutic and targeted
strategies for the treatment and diagnosis of BC have emerged in clinical
science. Various biological macromolecules, including proteins, nucleic
acids, monoclonal antibodies, and carbohydrates, have transformed BC
treatment by facilitating targeted therapy that reduces side or toxic ef-
fects to healthy tissues [26-28]. In this context, silk fibroin (SF), a
naturally found protein sourced from the silkworm, i.e., Bombyx mori,
has attracted interest in BC therapy owing towards its biocompatibility,
biodegradability, mechanical strength, and potential for functionaliza-
tion [29]. SF can be engineered into nanoparticles, hydrogels, or films
for the targeted delivery of chemotherapeutics such as doxorubicin
(DOX) and paclitaxel (PTX) to BC cells [30-33]. The sustained release
profile via SF reduces systemic toxicity and improves drug efficacy. The
functionalization of SF with ligands, including folic acid or antibodies,
facilitates targeted delivery to BC cells that overexpress specific re-
ceptors, such as folate receptors or HER2 [34-36]. The systems based on
SF are capable of co-delivering various drugs, such as chemotherapeu-
tics and siRNA, to produce synergistic anti-cancer effects. SF nano-
particles can be conjugated with photothermal agents such as gold or
graphene, or photosensitizers, to facilitate tumor ablation through the
application of near-infrared radiation (NIR). These scaffolds replicate

the ECM, facilitating cell adhesion, proliferation, and differentiation. SF
exhibits non-immunogenic and biodegradable properties, diminishing
the likelihood of adverse reactions compared to synthetic polymers
[37-40].

Thus, this perspective article further aligned to explore the potential
biological activity, targeting capacity, and drug carrier abilities of SF-
based hydrogel/ scaffolds for the various types of BC therapy. The
article initially delves into the source, isolation strategies, and physi-
cochemical and biological properties of SF, followed by the modifica-
tions or functionalization of SF-based delivery approaches for BC
therapy, a new avenue in the existing literature. In addition, the article
exclusively delves into the potential mechanisms or molecular pathways
involved in SF-based hydrogel/ scaffolds based on the existing in-
vestigations. The later segment of the article further categorized the SF
as a delivery carrier for various GFs, genes, cells, and therapeutics, as
well as the advancement of targeted therapy by SF-based hydrogel/
scaffolds. The authors further tried to summarize the perspectives on the
diagnosis abilities of SF-based hydrogel/ scaffolds in various types of BC
treatment and also outline the potential challenges and overcome stra-
tegies of the existing investigations, as overviewed in Fig. 1. This
exclusively “single-platted” perspective literature will further help re-
searchers, clinicians, and scientists investigate the potential biological
applications and targeting capacity of SF-based hydrogel/ scaffolds in
BC treatment.

2. SF: Source, and chemistry

A naturally occurring protein, SF originates mainly from the silk-
worm cocoons, or Bombyx mori. The raw silk comprises two parallel SF
fibers bonded by sericin on their outside [41]. The degumming of raw
silk, which involves the removal of sericin, produces SF, a natural green
protein compound that demonstrates mechanical properties, biocom-
patibility, and adjustable biodegradability [42,43]. Typically, SF exists
in various polymorphic structures, specifically Silk I, Silk II, and Silk III.
Silk I is a hydrophilic protein that possesses a significant proportion of
o-helix domain and coils. Silk II predominantly exhibits a B-sheet
structure exhibited stable and water-insoluble, whereas, Silk III is pri-
marily prevalent at the air-water interface [44,45]. Silkworm cocoons
are comprised of distinct layers that possess distinct structures and
characteristics. The outer layer of the cocoon contains silk fibers with a
larger diameter than those in the interior layer [46,47]. The sericin
content elevates from the inner layer towards the outer layer, and the
mechanical characteristics of the resultant material are contingent upon
the specific layer of the silkworm cocoon [48,49]. Each silkworm cocoon
layer has distinct biological properties due to its varying structural traits
and content. The intermediate layer exhibits the optimal performance
for bone regeneration [50]. Silk fibre is composed mostly of two unique
protein substances, i.e., SF filaments, which constitute 75 % of the entire
silk fibre, and sericin coating, accounting for 25 % of the total silk fibre
[48]. Fibroin and sericin proteins consist of the similar 18 amino acids.
SF exhibits a highly repetitive B-sheet crystalline or semicrystalline
form, facilitating superior distinctive features of silk [51]. The crystal-
line structures consist of heavy and light chain polypeptides, primarily
comprising of amino acids, i.e., Gly and Ala, hydrogen bonds promote
the B-sheet anti-parallel configuration by connecting the adjoining
chains [52]. The H-L complex is non-covalently associated with glyco-
protein (P25) of ~25 kDa in a 6:6:1 ratio to produce micellar units [53].
Fig. 2 further summarized the silk proteins extraction process, compo-
sition, and structure to develop various delivery systems for biomedical
and tissue engineering applications.

Silk proteins are substantial proteins and have similarities to linear
copolymers, comprising non-repetitive N- and C-terminals alongside
numerous repeated segments characterized by either hydrophobic or
hydrophilic properties [54,55]. The SF heavy chain and MaSpl are
predominantly influenced by hydrophobic motifs, which includes
AAAAAA and GAGAGS. The polypeptide chains produce micelle-alike
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Fig. 1. Summarize the overview on SF-based hydrogel/ scaffolds for BC treatment and diagnosis.
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Fig. 2. Summarized the silk protein extraction process, composition, and chemical structure for the development of hydrogel/ scaffolds in biomedical applications,

reproduced with permission from Ref. [69], under CC BY 4.0 license.

structures and liquid crystals. The alignment of crystalline sheets in SF-
based coatings typically influences substrate stiffness, degradation ki-
netics, and biocompatibility [56]. In respond to external influences, i.e.,
pH, the resulting secondary structure and configuration of SF could be
adaptively adjusted. The decreased pH level leads to inter-chain accu-
mulation because of the involvement of significant hydrophilic groups,

while high pH resulted in an elongated conformation due to the repel-
lent nature of charged carboxyl groups. SF chains possessed a negative
charge owing to acidic aspartate and glutamate residues, which con-
strains their pH responsiveness [57]. Fibroin derived from B. mori
comprises an equimolar light chain (approximately 26 kDa) and a heavy
chain (around 325 kDa) connected by a disulfide bond [58]. The

Page 36



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

copolymeric structure encompasses extensive hydrophobic segments
embedded with shorter hydrophilic segments. The heavy and light
chains exhibited variations in their amino acid sequences, with heavy
chain characterized by a higher proportion of Gly and Ala, resulting in
its hydrophobic nature [59,60]. SF is a naturally acquired protein and an
emerging biomaterial, extensively utilized in tissue engineering because
of its biodegradability, biocompatibility, accessibility, high tensile
strength, diverse mechanical properties, immunogenicity, and potential
to be addressed into various forms with exceptional mechanical features
[61,62]. SF is also utilized for numerous novel biomedical applications,
such as wound dressing, due to the outstanding biological and me-
chanical characteristics. The mechanical rigidity, adaptability, water
vapor permeability, and moderate antibacterial capabilities enable SF as
a potential biomaterial for wound dressing [63].

Moreover, SF possesses or mimic the properties of ECM, facilitating
the controlled release of therapeutic agents and thereby enhancing their
efficacy in medical applications [64]. To enhance the properties of SF,
several methods can be employed, including crosslinking, blending with
other materials, or conjugating it with various moieties or polymers
[65-67]. These approaches aim to improve critical aspects such as cell
attachment and mechanical strength, which are often limitations in the
natural form of SF. By implementing these strategies, researchers can
create more effective biomaterials suitable for wide range of applica-
tions in tissue engineering and biomedical applications. In addition,
physical crosslinking techniques have been developed to mitigate the
toxicity associated with chemical crosslinking [68].

3. Modifications or functionalization of SF for drug delivery

SF fibers exhibit a distinctive combination of remarkable properties
that exceed those of numerous other natural and synthetic fibers.
Nevertheless, natural SF has certain limitations. The insertion of addi-
tional characteristics into SF fibers enhances their potential use while
retaining their desirable distinctive characteristics. The functional
alteration of SF fibers with modified aspects may provide them with
novel characteristics and activities, hence expanding their applicability
in the delivery of drugs [70-72]. The diverse functional alterations on SF
have been recently documented, including polymeric coatings, i.e., pH-
responsive polymethacrylate copolymers, serve the purpose of protect-
ing therapeutics for oral usage against the acidic gastric condition
enabling the administration of drugs instantly to the intestine. In this
context, Navamajiti N et al. designed a copolymer that covered SF and
polymethacrylate for dosage forms for oral use. The studies revealed
that capsules covered with SF composition facilitated pancreatin-
dependent release of drug. This innovative formulation and its en-
hancements may further lead to more efficient and personalized drug
delivery methods for those at risk, including individuals with compro-
mised and extremely diverse gut physiology [73]. In addition, the
hydrogels loaded with GFs have also been investigated as potential
components for repair of bone defects; nevertheless, it is still difficult to
develop smarter hydrogels with preferable gelation or mechanical
characteristics, together with a regulated release of GFs [74]. In addi-
tion, Lv Z et al. reported the insertion of bone morphogenetic protein 2
(BMP-2)-modified MgFe-LDH nanosheets into CS/SF hydrogels
embedded with PDGF-BB to generate an effective injectable form of
thermo-responsive hydrogel, capable of facilitating the rapid release of
PDGF-BB and a prolonged release of BMP-2, thus, enhance the bone
regeneration capacity. The inclusion of MgFe-LDH into CS hydrogel
lowers gelation time and sol-gel transition temperature, simultaneously
improving the mechanical characteristics of hydrogel. The consecutive
release of dual GFs and the prolonged action of bioactive Mg?+ and Fe’+
ions demonstrated that the hydrogel CSP-LB possessed enhanced
angiogenic and osteogenic characteristics in contrast to the CS hydrogel.
This investigation demonstrated that the CSP-LB hydrogel considerably
enhanced the regeneration of bone, demonstrating greater bone capac-
ity and mineral density compared to the CS hydrogel. This innovative

thermo-sensitive hydrogel CSP-LB exhibited enhanced gelation ability
along with angiogenic and osteogenic characteristics, hence offering the
potential medication technique for bone defects [75].

The distinctive structure and preventive mechanism of the ocular
physiology, results in reduced bioavailability of ocular medications. In
this context, a mucoadhesive compound is an efficient approach to
enhance the therapeutic efficacy of ophthalmic drugs. Therefore, Dong Y
et al. developed a liposomal preparation surrounded with a novel ad-
hesive additive, SF, for topical ocular delivery of drug. The regenerative
SFs with differing dissolution times were added to the ibuprofen-loaded
liposomes. The shape, drug encapsulation efficacy, in vitro release of
drug, and in vitro corneal penetration of SLs were studied in contrast to
conventional method of liposomes. The cell adhesion and cytotoxicity
studies of SF and SLs were conducted using HCEC. SLs demonstrated
prolonged drug release and in vitro corneal permeability of ibuprofen in
comparison to the drug solution and conventional liposomes. The cell
fluorescence emerged after 7 mins of being exposed to SF, and its
brightness progressively increased for up to 12 h., without any observ-
able cytotoxicity. A significant increase in fluorescent intensity of Nile
red in SLs was detected during a brief duration of 15 mins, indicating a
faster absorption rate. These advantageous characteristics render SF-
coated liposomes a promising ocular medication delivery method
[76]. Diabetic wounds are challenging to cure due to its chronic
inflammation and decreased angiogenesis. The plant derived extracel-
lular vesicles (PDEVs) are abundant in both cytokines and GFs that
facilitate cell proliferation and angiogenesis. Regardless, monotherapy
exhibits restricted effectiveness along with delivery efficiency. Hence-
forth, bioengineering can enhance the constrained efficacy of individual
medications by integrating drugs and materials to create complemen-
tary or synergistic bioengineered therapeutics. Hence, Zhu W et al.
synthesized gelatin methacrylate (GelMA)/ SF methacrylate (SFMA)
composite hydrogels with GelMA and SFMA, achieving appropriate
swelling ratio, mechanical characteristics, and biodegradability. The
hydrogel composite served as a wound dressing for prolonged release of
drug. RES incorporated into MSNs forming MSN-RES, thereby
improving the release kinetics. Subsequently, PDEVs and MSN-RES were
integrated with hydrogels composite to produce GelMA/SFMA/MSN-
RES/PDEVs hydrogels. The hydrogels exhibited low cytotoxicity and
favorable biocompatibility, suppressing the macrophage inducible nitric
oxide synthase (iNOS) expression, and enhanced the development of
tubes by Human umbilical vein endothelial cells (HUVECs). Further-
more, the hydrogels diminished the pro-inflammatory factors, i.e.,
tumor necrosis factor-alpha (TNF-a) and iNOS, elevated Transforming
growth factor beta 1 (TGF-B1) and arginase-1 (Arg-1) factors, facilitated
angiogenesis, and improved diabetic wound healing. The hydrogels
enhanced the proliferation of the extracellular purinergic signaling
pathway-CD73 and adenosine 2A receptor. Hence, hydrogels may serve
as wound dressing for regulating angiogenesis and inflammation in
diabetic wounds, thereby accelerating the process of healing [77].

4. Characteristics of SF-based hydrogel/ scaffolds for BC
management

SF hydrogels present several significant advantages in the field of
biomedicine. These hydrogels are known for their biocompatibility,
multifunctionality, exceptional mechanical properties, biodegrad-
ability, and cytocompatibility. They exhibit characteristics such as
injectability, self-healing capabilities, environmental responsiveness,
and antibacterial properties, further established as significant bio-
materials for various applications, including drug delivery and tissue
engineering [64,78,79]. The reconstitution process, which eliminates
the sericin coating, enhances biocompatibility and facilitates the cus-
tomization of mechanical properties and structural characteristics for
biomedical applications. SF hydrogels can optimize implant structures
and release behaviors by enabling the controlled release of therapeutics,
due to their pH-responsive nature and tunable properties [64,80,81].
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The molecular weight and pore size of SF significantly impact the release
profile, allowing for sustained drug delivery [31,82]. Additionally,
blending SF with other polymers can improve swelling properties and
mechanical strength, thereby enhancing the overall performance of the
hydrogel in tissue engineering applications [67,83,84].

4.1. Drug delivery carrier

SF has been extensively investigated as a carrier for drug delivery
due to various inherent biological and physicochemical characteristics.
The B-sheet crystalline structure in SF allows for the extended release of
encapsulated drugs, enhanced therapeutic efficiency followed by mini-
mizing systemic side effects [31,85]. In the context of BC, SF can
effectively deliver chemotherapeutic agents such as DOX, PTX, and
tamoxifen, allowing for improved targeting and sustained action. By
encapsulating these anti-cancer agents within SF nanoparticles or
hydrogels, the drugs are protected from premature degradation [64,86].
Additionally, covalent attachment of the drugs to the SF chains can
facilitate sustained release through hydrolysis [86]. Upon administra-
tion, the drug-loaded SF matrix degrades slowly, ensuring a controlled
release of the drug and maintaining prolonged therapeutic levels at the
tumor site [82]. The gradual breakdown of the polymer is aided by
enzymatic degradation from proteases such as chymotrypsin and pro-
tease XIV [87,88]. Furthermore, the degradation rate can be modulated
by adjusting the [B-sheet content during processing, which can be
accomplished through methanol or water vapor treatment [84].

4.2. Targeting ligand

SF can be modified by incorporating specific ligands, peptides, or
antibodies that selectively interact with receptors overexpressed on BC
cells, including HER2 and estrogen receptors [32,89]. This modification
improves the precise delivery of therapies to tumors, minimizing the
impact on normal tissues. SF nanoparticles modified with folic acid
preferentially target BC cells that overexpress folate receptors, resulting
in enhanced cellular uptake of therapeutic agents [90]. Hyaluronic acid
(HA) also interacts with CD44 receptors, frequently overexpressed in BC
and cancer stem cells (CSCs) [91,92]. Certain peptides, including Argi-
nylglycylaspartic acid (RGD) peptides, interact with integrins such as
avB3 on BC cells, facilitating increased cellular uptake [93,94]. SF can be
conjugated with antibodies such as trastuzumab, specifically targeting
the HER2 receptor, enabling targeted delivery to HER2-positive BC cells
[29,95]. Drugs or ligands are connected via acid-sensitive bonds,
including hydrazone or imine bonds, which decompose under acidic
conditions, facilitating the targeted drug release at the tumor site. The
co-functionalization of SF with pH-sensitive polymers, such as poly
(B-amino esters), enhances drug release in acidic environments [79]. In
general, breast tumors frequently overexpress particular enzymes,
including matrix metalloproteinases (MMPs). The integration of MMP-
cleavable linkers in SF facilitates drug release through activation by
enzymes present in the TME [89,96,97]. Additionally, the efficacy of BC
therapy may be enhanced by administering genetic material. SF can be
modified using cationic polymers, such as polyethyleneimine (PEI), or
peptides to effectively bind and safeguard nucleic acids, including
siRNA, mRNA, and DNA, from degradation [86].

4.3. Apoptosis or necrosis mechanism

SF exhibits distinctive properties that may inhibit the proliferation of
cancer cells [29]. Recent investigations suggest that SF scaffolds
modulate cellular signaling pathways associated with tumor growth and
metastasis, potentially increasing the efficacy of complementary thera-
peutic agents [98,99]. SF contains significant levels of antioxidant
amino acids, such as tyrosine and serine, which can effectively scavenge
reactive oxygen species (ROS) [100]. SF-based nanoparticles and scaf-
folds can modulate oxidative stress and impact key signaling pathways

(i.e., Mitogen-activated protein kinase or MAPK/ AKT/ mammalian
target of rapamycin or mTOR/ phosphoinositide 3-kinase or PI3K
pathways), which are vital for BC cells [29]. SF scaffolds, by replicating
the ECM, can affect cell adhesion, migration, and differentiation, which
in turn mitigates oxidative stress and stabilizes cellular functions to
enhance redox balance. Additionally, SF nanoparticles modified with
small interfering RNA (siRNA) or microRNA (miRNA) can inhibit the
overexpression of elements in the PI3K/AKT/mTOR pathway, resulting
in decreased proliferation and survival of cancer cells [101]. An exces-
sive ROS can activate the PI3K/AKT/mTOR signaling pathway. How-
ever, scaffolds made from SF that are loaded with antioxidants can
reduce ROS levels, thereby indirectly inhibiting the hyperactivation of
the pathway. The minimization of oxidative stress allows SF scaffolds to
stabilize upstream regulatory molecules, including PTEN, a tumor sup-
pressor that is sensitive to ROS. Furthermore, SF scaffolds can reduce
ROS-mediated activation of MAPK signaling components, specifically
JNK and p38, which are influenced by oxidative stress [102—-104]. This
regulation in cancer cells can induce apoptosis or inhibit cell prolifera-
tion by maintaining redox homeostasis. Additionally, SF nanoparticles
can encapsulate and deliver inhibitors that target specific components of
the MAPK pathway, including MEK inhibitors such as trametinib,
thereby improving tumor specificity [102-104].

4.4. 3D tumor model

BC is the primary reason of mortality among women due to recur-
rence and metastasis. The 3D breast cancer models are regarded as
effective techniques for drug screening and elucidating cancer-driving
processes, owing to their capacity to replicate tumor heterogeneity. In
this context, Pierantoni L et al. designed a 3D model utilizing enzymatic
crosslinked SF (eSF)-based hydrogels. The study reported eSF-based
hydrogels loaded with MCF-7 cells with or without the presence of
human mammary fibroblasts. The mechanical characterization of the
hydrogels further demonstrated conformational transition (from
random coil to B-sheet), higher stiffness, etc. Additionally, the me-
chanical properties assessments further revealed that the cells can
modify the stiffness of the hydrogels, mimicking the in vivo microenvi-
ronment's stiffening. The co-cultured fibroblast-mediated 3D cancer
cells further demonstrated overexpression of genes associated with ECM
remodeling and fibroblast activation for up to 14 days. To establish an
anti-cancer screening model, the authors further reported doxorubicin
and paclitaxel treatment in 3D culture. The results suggest that co-
culturing MCF-7 cells with fibroblasts in eSF hydrogels creates a more
accurate in vitro environment for studying cancer progression. This
approach opens up new research opportunities to explore innovative
molecular targets for cancer treatment [105]. An integrated approach
that allows for administration of anti-cancer agents and GFs via a
minimally invasive method is sought for the effective treatment of TNBC
following lumpectomy. Therefore, Jaiswal C et al. developed a novel 3D
in vitro SF-based hydrogel lumpectomy model with MDA-MB-231 cells
for TNBC treatment via DOX delivery in eliminating residual breast
cancer post-lumpectomy. The study end point reported the assessment
of adipose tissue regeneration in the lumpectomy site via DOX-loaded
BMSF/AASF blended hydrogels. The authors reported significant
viscoelasticity and syringeability of BMSF/AASF blended hydrogels for
invasive administration in TNBC treatment. The cytotoxicity against
MDA-MB-231 cells reported due to prolonged release of DOX in blended
hydrogels at localized site. Moreover, dextran-loaded hydrogel facili-
tated the adipogenic development of adipose tissue-derived stem cells
(ADSCs), while the released factors were identified to promote vascu-
larization and macrophage polarization. This was validated via in vitro
angiogenic tube formation test and macrophage polarization analysis,
respectively. This results further supported the prospective use of the
injectable blended hydrogels for localized anti-cancer therapy and fa-
cilitates breast tissue formation in lumpectomy [106].
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4.5. Immunomodulatory effects

SF may act as an immunomodulatory agent, positively influencing
the TME to enhance anti-cancer immunity. It may improve the immune
system's ability to target BC by modulating immune cell activity and
enhancing antigen presentation [29]. SF -based formulations effectively
deliver anti-angiogenic drugs or siRNA molecules to inhibit VEGF
pathways, thereby restricting tumor vascularization and angiogenesis
[31,79,108].

4.6. Alignment with photothermal and photodynamic therapy

SF can serve as an effective carrier for photosensitizers or nano-
particles that convert light energy into heat [109,110]. When subjected
to specific wavelengths of light, these systems generate localized heat or
ROS, which selectively target and kill cancer cells. Additionally, several
hydrophobic photosensitizer molecules, such as porphyrins and phtha-
locyanines, interact favorably with the hydrophobic domains of SF
[97,111]. The covalent conjugation of photosensitizer molecules to SF
chains ensures stable integration and customizable release profiles. This
encapsulation method prevents self-quenching of the photosensitizers,
thereby enhancing their photodynamic activity. Gold nanoparticles
(AuNPs), carbon nanotubes, and other plasmonic nanomaterials can be
incorporated into SF matrices through non-covalent interactions (such
as electrostatic and hydrophobic forces) or through covalent bonding to
the reactive groups on SF (like amine, carboxyl, or hydroxyl groups)
[112-114]. Nanoparticles, such as AuNPs, effectively absorb NIR light
and convert it into heat via surface plasmon resonance. These agents
focus on oncogenes associated with the advancement of BC, offering a
targeted treatment approach. Scientists have explored a variety of ma-
terials, such as metallic, inorganic, organic, and polymeric compounds,
to enhance the characteristics of natural polymers like silk. Graphene
oxide has been integrated into SF hydrogels to enhance their mechanical
and structural properties [115,116]. AuNPs have been incorporated into
chitosan and SF hydrogels to enhance the gelation time, demonstrating
significant intermolecular interactions among the polymers [117-119].
The degradation products of SF are non-toxic, and its gradual degrada-
tion rate facilitates prolonged therapeutic effects while minimizing the
risk of adverse reactions [31,64]. SF is an optimal material for prolonged
cancer therapies. Research is being conducted on SF -based scaffolds for
reconstructive applications post- BC surgery [120]. These scaffolds
facilitate the development of tumor models for evaluating drug efficacy,
thereby supporting precision medicine strategies. Challenges persist,
including the restricted scalability of functionalized SF nanoparticles,
the necessity for a more comprehensive understanding of SF's interac-
tion with tumor biology, and the requirement for regulatory approval
for clinical application, all of which are critical for the advancement of
innovative and patient-centered BC therapies.

5. SF-based hydrogel as delivery system for BC treatment
5.1. Growth factor delivery

SF-based hydrogels have received considerable interest in treating
BC, especially for the targeted delivery of GFs [29,100,121]. Several GFs
such as fibroblast growth factor (FGF), VEGF, and TGF-p are vital in
angiogenesis, proliferation, and immune modulation, essential for
tumor development and tissue healing [122]. To fully utilize the ther-
apeutic benefits of GFs, precise delivery methods are necessary to ensure
localized and controlled release while minimizing systemic side
effects—this makes SF -based hydrogels a highly suitable option [82].
GFs are naturally unstable and susceptible to degradation. SF hydrogels
protect molecules from enzymatic breakdown and denaturation, main-
taining their structural integrity and biological activity. These hydrogels
demonstrate exceptional thermal and enzymatic stability, which helps
safeguard GFs from environmental degradation. SF can spontaneously

form hydrogels under mild conditions, such as changes in pH, temper-
ature, or ionic strength [123,124]. This eliminates the need for harsh
chemical cross-linkers, ensuring the preservation of the bioactivity of
the GFs contained within the moiety. Following BC surgery, SF hydro-
gels can release GFs like FGF to enhance wound or tissue regeneration of
breast tissues [64,125].

The development of 3D culture models proposes considerable po-
tential for cancer research and identifying new anti-cancer therapeutics
compared to complicated animal models. To develop such 3D matrix
culture model, Shokri R et al. constructed methylcellulose/ HA/ SF-
based temperature-sensitive hydrogel (MCHASF) which further mimics
the ECM microenvironment. The study results further determined the
stiffness of the hydrogel matrix similar to breast tumors, non-uniform
surface, high porosity, and stability up to 6 weeks. In addition, the
morphological assessment on MDA-MB-231 cell line further demon-
strated the irregular cytoskeletal shapes and mimic the breast malig-
nancy TME, as shown in Fig. 3 (i). Furthermore, the cells demonstrated
an enhanced migration rate and elevated expression levels of VEGEF,
MMP2, and MMP9, along with augmented resistance to chemotherapy
relative to 2D cultures. This study further suggested that the SF-based 3D
environment enhances metastatic potential and presents significant in-
sights into tumor cell behavior, encompassing metastasis and treatment
responses [126]. In similar context, Arora D et al. also developed 3D
scaffold culture system combining silk from Bombyx mori and arginine-
Gly-aspartate (RGD)-enriched silk from Antheraea assama for MCF-7
tumoroids. The study reported the cellular mechanisms underlying the
physiological adaptations of 3D constructs and their drug responses
compared to traditional monolayer and multicellular spheroid cultures.
In addition, the silk-based composite scaffolds exhibited enhance
growth factor and metabolic activity via P450 reductase, CD44 receptor
adhesion, aldehyde dehydrogenase-1, Vimentin, etc., further suggested
that the bioactive macromolecule-based scaffold enhances the meta-
static potential of the breast tumoroids. The study further concluded the
expression of TGF-, proliferation of cells in 3D microenvironment.
Thus, this additional investigation further supports the utilization of SF-
based scaffolds for anti-cancer drug screening, i.e., DOX and PTX,
demonstrate considerable potential for developing robust and sustain-
able 3D tumoroids, positioning them as a valuable resource for high-
throughput drug screening [127].

The post-surgical recurrence at the primary site and distant metas-
tasis continues to pose challenges in the treatment of TNBC due to its
unpredictable invasion into nearby tissues. While systemic chemo-
therapy is commonly used to reduce recurrence and metastasis, the
extensive blood vessel supplying nutrients can accelerate the prolifera-
tion of tumor cells and support angiogenesis. To address the challenges,
Wang H et al. introduced a strategy that deprives nutrients by effectively
obstructing remaining blood vessels and inhibiting angiogenesis to
enhance treatment outcomes for TNBC. The study developed an inject-
able hydrogel with light-responsive properties, created from a poly-
dopamine crosslinked collagen/ SF composite, designed to deliver
thrombin to block blood vessels and inhibit angiogenesis. When exposed
to NIR light, the hydrogel releases thrombin into the blood vessels of
surrounding tissues, promoting clot formation. Additionally, the pho-
tothermal effect reduces VEGF secretion, thereby hindering angiogen-
esis in nearby tissues. Thus, this study further indicated that the
restriction of the nutrient supply by obstructing adjacent blood vessels
and preventing angiogenesis presents a promising approach to mitigate
recurrence and metastasis in TNBC [128].

The mimic the equivalent microenvironment of ECM in BC pro-
gression, several innovative biomaterials have been further investigated
for various dynamic and temporal mechanical signals in 3D microen-
vironment. In this context, Major G et al. constructs SF-loaded adipose-
derived decellularized ECM (AdECM)-based hydrogel via photo-
polymerization technique. The study reported increase in stiffness after
crosslinking (25 kPa). The MCF-7 cells further incorporated and cultured
in the hydrogel, forming 1000 um? in area of spheroids. As the stiffness
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Fig. 3. (i) Summarized the stimuli-responsive composite MCHASF-based ECM-type hydrogel for BC, reproduced with permission from Ref. [126], Copyright 2022,
Elsevier. (ii) Summarized the potential results of AAECM/SF hydrogels in MCF-7 cells estimated the expression of (a) E-cadherin, (b) collagen-I, (¢) fibronectin for 21
days. (d) Graphical representation of immunohistochemistry of E-cadherin, N-cadherin, collagen-I, and fibronectin in various AAECM/SF hydrogels groups,

reproduced with permission from Ref. [129], under CC BY 4.0 license.

escalated, the cells underwent growth cessation and displayed pheno-
typic alterations, resulting in intratumoral diversity. In contrast to
conventional static mechanical models, this hydrogel with stiffening
properties enabled the observation of gradual phenotypic changes and
supported the formation of mature organoid-like spheroids that
mirrored the organization and acinar structures of fully developed
breast epithelium. The study further reported fibronectin over-
expression and reduced E-cadherin levels, which further indicated cell
proliferation, as summarized the results in Fig. 3 (ii). Therefore, the SF-
based model created showcases an innovative approach to separate the
biomechanical characteristics of ECM from the intricate cellular aspects
of the disease microenvironment and retains considerable promise for
broad utilization in other 3D in vitro disease models [129].

Moreover, the GFs are sensitive to environmental conditions, i.e.,
pH, temperature, and enzymatic degradation, leading to reduced
bioactivity during encapsulation and release. Several investigations
further suggested the modification of GFs via stabilizing agents (e.g.,
heparin) [130] or crosslinking approaches, encapsulation in SF micelles
or nanoparticles to maintain growth factor structure and activity. In
addition, the modification of SF structure (e.g., B-sheet contents),
development of SF-based composite hydrogel, etc., further enhance or
improve the degradation rate and release kinetics. While SF is generally
biocompatible, variations in its processing and impurities can lead to
local inflammation or immune responses. The optimization of SF puri-
fication and processing to minimize contaminants, functionalization
with bioactive peptides or cell-adhesion molecules can enhance
compatibility. Non-specific release of GFs may lead to off-target effects,
promoting unwanted angiogenesis or supporting other proliferative
diseases.

5.2. Gene, cells delivery

The development of large, implantable, and cost-effective bio pros-
theses, including breast implants, presents a substantial challenge in
regenerative medicine. To simplify the current problems, Mehrabi A
et al. developed composite hydrogel incorporated decellularized human
placenta (dHplacenta)/ SF and further characterized via advanced
analytical techniques. The study reported that the 3D microstructure
exhibited porous structure, superior mechanical properties, and further
confirmed the absence of cells in the dHplacenta. The authors further
incubated the hydrogels with adipose-derived mesenchymal stem cells
(ADSCs) acquired from patients via liposuction and subsequently char-
acterized using flow cytometry and karyotyping. The findings revealed a
reduction in CD34 and CD31 levels, accompanied by a rise in CD105 and
CD90 levels in ADSCs, suggesting a phenotype similar to that of MSCs
derived from human bone marrow, as shown in Fig. 4 (i). Additionally,
after the re-cellularization of the hydrogel, live/dead assays and SEM
analysis indicated that the highest levels of viability and cellular growth
were observed in hydrogels with a greater proportion of dHplacenta
(30/70) than in the other groups. Thus, the results indicate that the 30/
70 dHplacenta/ SF hydrogel is a promising substrate for breast tissue
engineering applications [131]. The utilization of phytopharmaceuticals
in various treatment regimens have emerged in recent years. Several
reported further suggested the combinatorial effect of phytocompounds
along with cell-based therapy especially MScs in BC management.
Therefore, to explore the potential of such combinatorial treatments,
Ghaedamini S et al. investigated the combinatorial effect of ellagic acid
(EA)/ adipose tissue stem cells (ADSCs-CM) via 3D- printed poly-
caprolactone (PCL)/agarose scaffold for BC treatment. The viability of
MCF-7 cancer cell was assessed using the flow cytometry, MTT assay,
cell cycle analysis, and quantitative real-time PCR inside a 3D cell cul-
ture setting. The results showed a decline in viability of cancerous cell in
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Fig. 4. (i) Graphical representation of hydrogel composed of SF/ placenta matrix for breast tissue reconstruction, reproduced with permission from Ref. [131],
Copyright 2023, Elsevier. (ii) Summarized the potential outcomes of the anti-tumor effect of EA/ MSCs-laden 3D printed PCL/agarose scaffolds in BC treatment,

reproduced with permission from Ref. [132], Copyright 2024, Elsevier.

all treatment groups compared to the control group. In addition, the
authors reported that the combinatorial EA + CM further demonstrated
significant increase in efficacy independently, detected decrease in
cancer cells via annexin V/PI staining, and expression of BCL2, BAX,
VEGF, and caspase-3 genes corresponded with apoptosis-related path-
ways. The combined anti-proliferative effects of EA alongside ADSCs-
CM on MCF-7 cells further offer two significant implications for BC
research by using PCL/agarose scaffold as a model for cancer and indi-
cate potential new pathways for creating complementary anti-cancer
treatment strategies [132], as indicated the results in Fig. 4 (ii).

Despite of the significant capacity of immune checkpoint blockade
(ICB) therapy for treating tumors, the broad clinical implementation is
presently hindered through inadequate therapeutic effects and off-target
side effects. To further overcome the problems, Gou S et al. construct an
injectable silk sericin (SS)/ SF recombinant hydrogel, referred to as SF-
SS-SMC hydrogel, designed for the local delivery of the anti-CD47
antibody (oo CD47). This hydrogel exhibits self-reinforcement in the
elevated H202 concentrations found in the TME, as the SS/Fe2+ su-
pramolecular nanocomplex (SS-SMC) within the hydrogel transforms
H202 into ROS, which subsequently promotes additional crosslinking

between the SF polymers. Consequently, the hydrogel SF-SS-SMC has a
retention time in vivo that exceeds 21 days and serves as a reservoir for
the prolonged and sustained release of o CD47. More significantly, the
SF-SS-SMC hydrogel effectively alters the characteristics of a protumor
immunosuppressive TME to an antitumoral TME by transitioning tumor-
associated macrophages from an anti-inflammatory M2 phenotype to a
proinflammatory M1 phenotype, all without requiring any additional
drugs. Considering the dual impact of continuous o CD47 release and
TME reprogramming, the hydrogel SF-SS-SMC demonstrates favorable
immunotherapeutic outcomes for managing local, remitting, abscopal,
and metastatic tumors. Additional benefits such as low production costs,
straightforward fabrication, and user-friendly application further
enhance its potential for large-scale commercial production [133].
Functionalize SF using protective agents such as PEI or cationic
polymers to prevent genes from being degraded enzymatically. Modify
SF by adding functional groups (like amine or thiol groups) to enhance
gene binding and retention. Introduce stimuli-responsive elements (such
as pH-sensitive or enzyme-sensitive linkers) that can release genes in
reaction to signals from the TME. Conjugate SF with targeting ligands
(including folate, peptides, or antibodies) to identify specific markers on
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BC cells. Ensure that the hydrogel remains stable while also being
injectable and adaptable to the contours of the tissue. Optimize the
concentration of SF and the density of crosslinking to achieve a balance
between mechanical strength and flexibility. Incorporate secondary
reinforcing agents like nanocellulose or graphene oxide. Be aware of the
risk of immune activation against the hydrogel or the genes being
delivered. Rigorously purify SF to eliminate immunogenic sericin resi-
dues. Utilize gene-editing tools such as CRISPR that have minimal off-
target effects and low immunogenicity.

5.3. Therapeutics delivery

A unified system is required to administer anti-cancer medications
and GFs via a minimally invasive approach to effectively treat TNBC
post-lumpectomy. Therefore, Jaiswal C et al. introduced a hydrogel
composed of Bombyx mori SF (BMSF) and Antheraea assamensis SF
(AASF) for characterization in 3D in vitro lumpectomy model. The study
reported that the developed in vitro model used the MDA-MB-231 cell
line to assess the DEX delivery via an injectable hydrogel system for
TNBC treatment. The authors reported that the adipose tissue regener-
ation at the lumpectomy site was achieved by administering DEX via
injectable hydrogels. The study further documented the blended BMSF/
AASF hydrogels exhibited viscoelasticity and injectability, facilitating a
release of DOX in a slow and sustained, demonstrating cytotoxic effects
on MDA-MB-231 cells as evidenced by in vitro experiments, as shown in
Fig. 5 (i). The hydrogel loaded with dexamethasone enabled the con-
version of adipose tissue-derived stem cells (ADSCs) into adipocytes,
whereas the factors released contributed to vascular development and
the polarization of macrophages. This was validated through in vitro
experiments on angiogenic tube formation and investigations into
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macrophage polarization. The results suggest the potential use of these
injectable hydrogels for the precise delivery of anti-cancer medications
and for enhancing breast reconstruction after lumpectomy [106].
Anastrozole (ANS) serves as an effective oral hormonal therapy for
estrogen-positive (ER+) BC. Nonetheless, numerous side effects and
pharmacokinetic limitations have restricted the application of ANS in BC
treatment. This research developed an injectable in situ gelling system
containing SF (SF)-ANS nanoparticles, offering sustained drug release
and improved pharmacokinetic properties at the targeted site relative to
conventional oral formulations. An optimized in situ gel (ISG) incor-
porating SF-ANS-NPs was developed, and pharmacokinetic parameters
were assessed following subcutaneous administration in NMU-induced
Wistar albino rats, as shown in Fig. 5 (ii). The results demonstrated
that SF-ANS-NP-ISG exhibited significantly elevated Ciax, Tmax, and
AUC values compared to pure ANS suspension. Furthermore, tumor
multiplicity (1.40 £ 0.66), tumor latency (75 x 9.2 days), and incidence
rate (90 x 2.1 %) were recorded, with post-treatment analysis indi-
cating a significant decrease in tumor volume and weight relative to the
positive control over 90 days following a single dose. Histopathological
evaluation of the SF-ANS-NP-ISG treated group indicated low-grade
carcinoma, diminished epithelial hyperplasia, and reduced hemor-
rhage in mammary tumor tissues relative to the positive control. The SF-
ANS-NPs-ISG investigated effectively addressed the pharmacokinetic
limitations of ANS, while also exhibiting targeted delivery and enhanced
bioavailability compared to conventional dosage forms [134].
Artemisinin (ART), a natural extract with diverse pharmacological
effects, faces limitations because of its poor solubility, hepatic meta-
bolism, and short half-life. Therefore, Bao Y et al. developed SF/ gelatin
(G)-based composite hydrogel to deliver ART in BC treatment. The SF-G-
ART hydrogel, crosslinked with genipin, exhibited notable flexibility
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Fig. 5. (i) Graphical representation of SF-based hydrogel loaded DOX for TNBC treatment, reproduced with permission from Ref. [106], Copyright 2023, Elsevier.
(ii) Schematic representation of SF-based in situ gel loaded ANS-SF nanoparticles for estrogen-positive BC therapy, reproduced with permission from Ref. [134],
Copyright 2025, Taylor & Francis. (iii) Graphical overview of the development and characterization of Sal- PTX -NP-Gel via 26G syringe needle, swelling ratio, in
vitro degradation study, and drug loading homogeneity, reproduced with permission from Ref. [137], under CC BY 4.0 license.
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and ductility, characterized by tensile strength (1.42 MPa) and elevated
elongation (124.99 %), and cumulative drug release up to 81.74 % at
120 h., based on the pH variations in media. The study further reported
the hydrogel's significant anti-inflammatory and anti-cancer properties,
significantly inhibiting tumor growth and improving wound healing and
anti-angiogenesis of tumor cells. Thus, SF-based composite hydrogel is
again documented as a potential therapeutic delivery system in BC
therapy [135]. In another instance, to facilitate the delivery of anti-
cancer molecules, Laomeephol C et al. developed dimyristoyl glycer-
ophosphorylglycerol (DMPG)-based liposome conjugated SF system for
Curcumin delivery in BC treatment. The encapsulation of curcumin in
the liposomal system further improves the stability. In addition, the
authors reported that the gelatin time of the liposome-based hydrogels
improved from 3 mins to 6 h., due to the concentration changes in SF.
The biological effectiveness of liposome-SF hydrogels was assessed using
1929 fibroblasts and MDA-MB-231 BCE cells. The study further reported
that curcumin could obstruct the cancer cells growth via a reduction in
survival rates, which were linked to poor cell attachment and the toxic
effects of curcumin. Thus, this study further confirms the SF-based
hydrogel system's effectiveness in curcumin delivery or therapeutic in
BC treatment [136].

A multi-drug delivery system is crucial because of the intra-tumoral
heterogeneity of cancer, leading to differing drug susceptibilities. CSCs,
a small fraction of tumor cells that are responsible for tumor initiation
and regrowth, exhibited resistance to chemotherapeutic treatment and
demonstrated a more favorable response to salinomycin (Sal) compared
to PTX. Thus, Wu P and colleagues presented an innovative SF hydrogel
incorporating Sal and PTX through drug-loaded SF-NPs to target both
CSCs and non-CSCs effectively. The ultrasound-treated SF solution
incorporated drug-loaded SF-NPs before the gelation process. The SF
hydrogel (Sal- PTX -NP-Gel) maintained its injectable characteristics,
exhibited biodegradability, and showed a more consistent drug distri-
bution than hydrogels without NP incorporation, as shown in Fig. 5 (iii).
In a murine hepatic carcinoma H22 subcutaneous tumor model, Sal- PTX
-NP-Gel exhibited better tumor growth inhibition than both the single
drug-loaded hydrogel and the systemic dual drug treatment. In addition,
the study further reported that Sal- PTX -NP-Gel significantly reduced
the presence of CD44+ and CD133* tumor cells and demonstrated the
lowest tumor growth in the tumor seeding experiment. These findings
suggest that the SF-NPs integrated into SF hydrogel constitute a prom-
ising drug delivery system, with Sal- PTX -NP-Gel potentially serving as
a novel and effective locoregional tumor treatment strategy [137].

The injectable SF-based hydrogel has emerged as an effective plat-
form for localized cancer therapy. To explore the further potential, Gou
S et al. investigated hydrophilic SF (HSF)-based DOX/Cy7-loaded
hydrogel (DOX/Cy7-hydrogel) combined with NIR irradiation for sig-
nificant viscoelasticity, thixotropic properties, and self-healing capa-
bilities. The proposed system further enhances the most effective
antitumor response compared to all other treatment groups, demon-
strating the notable synergistic effects of chemotherapy, photothermal
therapy, and photodynamic therapy. In addition, the DOX/Cy7-
hydrogel successfully eradicated almost all tumor masses and greatly
extended the survival of mice with tumors to over 60 days, without any
noticeable negative side effects. These results indicate that the injectable
DOX/Cy7-hydrogel, given its thixotropic properties and responsiveness
to multiple stimuli, could serve as an effective platform for targeted and
combined cancer treatment [ 138].

6. SF-based hydrogel/ scaffolds delivery systems for BC
treatment

6.1. Hydrogel
BC is one of the common prevalent malignancies in women, and

although therapies exist, their efficacy differs within people. The two-
dimensional models are frequently employed to create novel

therapies. Several macromolecules derived from marine and terrestrial
sources can generate biopolymers (i.e., polysaccharides including chi-
tosan, HA, alginate, and cellulose) and bioactive constituents (i.e.,
gelatin, collagen, and SF) in hydrogels possessing suitable physical
characteristics pertaining to porosity, rheology, and mechanical
strength [139].

The invasive cancerous cells modify the migratory phenotype in
accordance to mechanical and metabolic signals from the ECM.
Mesenchymal migration is characterized through significant cell-matrix
adhesions and extended morphological structure whereas amoeboid
migration is identified through limited cell-matrix adhesions and a
round structure. Therefore, elucidating the involvement of matrix me-
chanics and biochemistry remains problematic, as both are interde-
pendent upon ECM protein concentration. Khoo AS et al. produced a
composite hydrogel of SF and collagen I, wherein rigidity and micro-
structure could be systematically adjusted across a broad spectrum.
They demonstrated the proliferation of metastatic BC cells indicates a
biphasic relationship with SF concentration at a constant concentration
of collagen I, at first it rises with increasing hydrogel firmness, and then
experiences decline in the size of the pores of SF diminishes. Mesen-
chymal morphology demonstrated a biphasic dependency on SF con-
centration, but amoeboid morphologies are preferred under conditions
of diminished cell-matrix adhesion efficacy. They employed exogenous
biochemical therapy to induce enhanced contraction and a mesen-
chymal shape in cells, in addition to disrupting cytoskeletal activity to
facilitate an amoeboid morphology. They anticipated that the adjustable
biomaterial in a 96-well plate could be extensively utilized to evaluate
the migration of cancer cell in response to various forms of engineered
biomaterials and targeted inhibitors [140].

In general, the postoperative exposure to radiation is the conven-
tional approach for preventing BC regrowth and metastasis [141];
however, radiation resistance and unavoidable skin radiation damage
remains significant challenge in BC prognosis. Zhang Z et al., internally
implanted biodegradable hydrogel and extracutaneous useful for anti-
oxidant bioadhesive were developed to avoid post- surgery tumor
development and radioactive injury of skin followed by simultaneous
radiotherapy. The study involved a biodegradable SF/perfluorocarbon
hydrogel encapsulating DOX, designed through subsequent
ultrasonication-induced B-sheet cross-linking of amphiphilic SF/per-
fluorocarbon/DOX nanoemulsion, as shown in Fig. 6 (i). The hydrogel
demonstrated a sustained release of oxygen in physiological environ-
ment to enhance hypoxia and radiation therapy sensitivity, alongside a
simultaneous release of DOX to ultimately attain an efficient anti-cancer
impact. A stretchy bioadhesive was synthesized by copolymerization of
o-thioctic acid and N, N-diacryloyl-L-lysine, incorporating gold nanorods
and gallic acid to provide mild photothermal therapy and antioxidant
properties. The controlled release of gallic acid formed through NIR
light, along with minimal photothermal therapy, effectively eradicated
excessive free radicals produced by radiation and enhanced radioactive
healing of wound. Animal study confirmed the effectiveness of our
approach, demonstrating that the administration of hydrogel post tumor
removal, alongside the usage of bioadhesive patch with an antioxidant
property, significantly prevented tumor regrowth and restricted the
growth of radiation skin injury [142]. BC is the common dominant
malignancies among women globally, and adjuvant radiation therapy
(RT) subsequent to tumor eradication is one of the most frequently used
therapies for the disease. However, the significant chance of recurrence
of the tumor and unavoidable radiation-induced skin damage post
radiotherapy persist as major issues, significantly hampering the pa-
tient's recovery after surgery. In this context, Zhang Z et al. developed a
multifunctional poly (lipoic acid)-based hydrogel by single step heating
of a mixture which includes a-LA, Arg, and SF, without the incorporation
of any synthetic components. Numerous synergistic relationships be-
tween LA, SF, and Arg not only improved the LA solubilization in
aqueous environments but also stabilized poly (lipoic acid) via resistant
salt bridge hydrogen bridges and ionic hydrogen bonds. The surfactant
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Fig. 6. (i) A diagrammatic representation of the creation of SF/PF@DOX hydrogel and PTA@Au-GA patch, along with their use in the management of BC recurrence
and skin damage caused by radiation, reproduced with permission from Ref. [142], under CC BY-NC-ND 4.0. (ii) Summarization of treatment results of multi-

functional poly (lipoic acid)-based hydrogel loaded a-LA/ Arg/ SF. The local suppression of breast cancer regrowth after surgery. (a) A diagram showing the setup

and treatment approach for an in vivo 4T1 breast cancer recurrence model. (b) The cumulative recurrence rates of mice across various treatment groups. (¢) Tumor

weights of mice 1n different treatment groups. ody weights of mice bearin, tumors. (e otographs of representative tumors following various treatments
igh f mice in diff groups. (d) Body igh f mice bearing 4 T1 (e) Photographs of rep: i following i

on day 28. (f) H&E-stained microscopy images of the heart, liver, spleen, lungs, and kidneys after various treatments, reproduced with permission from Ref. [143],
under CC BY-NC-ND 4.0. (iii) Various results of GSGa treatment effect on MDAPFs cell migration on (A) 3D culture chip (B) Micrographs of the MDAPFs (3 ul, 104
cells/pl) after 0, 3 and 7 days of cell growth (C) Invasion assay of MDAmCherryPFs in the 3DCM-chip monitored for 5 days (D) Estimation of ERK 1/2, p-ERK 1/2 and
cyclin D1 expression in 3D culture cells, reproduced with permission from Ref. [144], under CC BY 4.0.

from LA induced B-sheet transformation of SF, which further influenced
the bulk strength of the hydrogel. Modulating the concentration of LA in
hydrogels facilitated effective management of hydrogel bioactivity and
permitted the transition of hydrogels from intravenous to sticky patches.
In spite of numerous biological properties and shapes, hydrogels could
be implanted both internally or applied externally to the mice skin,
effectively preventing tumor recurrence after surgery while aiding the
management of radiation-induced skin damage following radiotherapy
[143], as summarized in Fig. 6 (ii).

In addition, the 3D cell cultivation techniques offer more physio-
logically appropriate data, accurately reflecting the true environment in
which cells exist within tissues. However, the variations between TCP
and 3D culture systems related to tumor cell development, proliferation,
migration, differentiation, and response to therapy remains inade-
quately defined. Buonvino S et al. designed tumoroid microspheres
harboring the BC cell line MDA-MB 231, utilizing either the adjustable
PFs or tunable PSFs hydrogels, designated as MDAPFs and MDAPSFs,
respectively. The cancerous cells within the tumoroids exhibited alter-
ations in both globular shape and protein expression levels. A reduction
in Histone H3 acetylation and cyclin D1 expression was observed in all
three-dimensional systems, comparative to the two-dimensional cell
culture, corresponding with alterations in matrix rigidity. The impact of
GSGa, a mild H2S-releasing donor, was examined across both tumoroid
systems. A pro-apoptotic effect of GSGa on tumor cell development in
two-dimensional culture was noted, in contrast to proliferative effect
observed in both MDAPFs and MDAPSFs. A specialized ad hoc three-
dimensional cell migration chip was developed and refined for the

investigation of tumor cell invasion in a gel-in-gel arrangement. The
GSGa exhibited an anti-cell-invasion impact in two-dimensional cell
culture, considering a pro-migratory effect was noted in both MDAPFs
and MDAPSFs during the three-dimensional cell migration chip assay.
An elevation in expression of cyclin D1 following GSGa therapy was
noted, correlating an increase in the cell invasion index. Their findings
indicated that the “dimensionality” and rigidity of the three-dimensional
cell culture environment can alter the way cells react to the gaso-
transmitter H2S and DOX, attributable to variations in H2S diffusion and
modifications in protein expression. Furthermore, they identified a
direct correlation between expression of cyclin D1 and the rigidity of the
three-dimensional cell culture environment, indicating the possible
causal role of cyclin D1 as a biomarker for tumor cell sensitivity to
matrix stiffness. Consequently, the hydrogel-based tumoroids serve as a
viable and adjustable model for examining the induced physical trans-
differentiation of cancer cells [as depicted the outcomes in Fig. 6
(iii)], as well as a more dependable and predictable platform for
assessing the impact of anti-tumor medications [144].

The reconstructive surgery is a multifaceted and challenging inter-
disciplinary subject due to the manufacturing of large, implantable, cost-
effective bio-prostheses, which include breast implants. The study by
Mehrabi A et al. addressed the fabrication of porous hybrid hydrogels by
combinatorial technique utilizing dHplacenta and SF. Histology has
been utilized to verify the cellularity of the dHplacenta. The physico-
chemical parameters of the hydrogels were assessed using FTIR, SEM,
and rheological analysis. The developed hydrogels displayed a consis-
tent three-dimensional microstructure featuring an interrelated porosity

Page 44



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

network, whereas the hybrid hydrogels with a ratio of 30:70 illustrated
enhanced mechanical properties in comparison to the other hydrogels.
The hybrid hydrogels were cultivated with ADSCs and liposuction was
employed to extract adipose tissues from patients, which were later
examined by flow cytometry and karyotyping. The findings indicated
the decrease in CD34 and CD31, whereas CD105 and CD90 was found to
be increased in ADSCs, suggesting a phenotype similar to that of MSCs
derived from human bone marrow. Furthermore, following the re-
cellularization of the hydrogel, the live/dead assays and SEM study
demonstrated that the majority of viability and cellular proliferation in
the hydrogels had greater percentage of dHplacenta than other two
groups. All these data suggested that the 30:70 dHplacenta/SF hydrogel
served as an exceptional platform for breast tissue engineering [131].
Several investigations, i.e., Bombyx mori SF (BMSF)/ Antheraea
assamensis derived SF (AASF), XG hydrogel/SF/Fe;04 [146],
enzymatically-crosslinked SF (eSF)/ Human MCF7 BC cells [147], MSN/
SH/ SF/ O-CMC [148], CaCOj3 /4T1 cells-DCs fusion cells (FP) / SF
[149], polydopamine crosslinked collagen/ SF /thrombin [128], acacia
hydrogel/natural SF protein/polyvinyl alcohol/iron oxide nanoparticles
[151], chitosan/ SF nanoparticles (SFNPs)/ DOX (DOXSFNPs)/ CuO/
TiO; nanoparticles (CTNPs) [152], AAECM/ SF [129], PEG/ SF [154],
etc., further utilized the SF-based hydrogel systems for BC treatment.

6.2. Scaffold

A comprehensive examination for cancer biology has resulted in the
creation of several 3D culture techniques that more accurately replicate
in vivo environments. TME is influenced by immediate interactions be-
tween cancer-associated cells, cancer cells, and the ECM. Dondajewska E
et al. designed a three-dimensional BC model, acknowledging the ne-
cessity to integrate tissue dimensionality and cellular heterogeneity.
NIH3T3 fibroblasts and EMT6 BC cell lines were inoculated in diverse
ratios onto a SF scaffold. The scaffold's porosity was adjusted to enhance
the proliferation of cancerous cells. EMT6 and NIH3T3 cells were altered
to express GFP and turboFP635, respectively, enabling direct examina-
tion of cell shape and scaffold colonization, as well as allowing the
segregation of cells post co-culture. The application of 3D monoculture
and 3D co-culture techniques led to alterations in cell morphology and a
substantial enhancement in ECM synthesis. The culture techniques also
prompted cellular alterations associated with EMT and CAF markers.
The proposed model is a readily manufacturable, well-defined instru-
ment for investigating processes within the TME [120].

The electrospun hybrid nanofibrous scaffolds have become more
significant in tissue engineering and applications involving drug de-
livery due to their diverse characteristics. This study by Laiva AL et al.
explored the capabilities of composite PCL/SF nanofibrous scaffolds as a
possible scaffold for cell development as well as a drug-eluting mat to
regulate the MCF-7 cells. Titanocene dichloride was selected as the
model compound to investigate its anti-cancer activity on cell-lines of
MCEF-7. Intriguing characteristics of the crystallization of SF and drug
binding have also been examined for the regulated drug release. The
residues of amino acid in SF significantly influenced cell-scaffold in-
teractions, drug binding properties, and release features that regulate
cell proliferation. Research on the material features of hybrid nano-
fibrous scaffolds revealed interconnected variations in fibre diameter
and mechanical properties for the nanofibers with drug loaded. A
notable reduction in fibre diameters and a significant rise in tensile
strength were reported for drug-loaded scaffolds compared to PCL fi-
bers. A study on cell viability and morphology was conducted to eval-
uate the impact of varying doses of titanocene dichloride incorporated
into PCL/SF nanofibrous scaffolds. The maximum percentage of cell
viability inhibition decreased, compared to 0.01 % on day 3. The results
demonstrated that the hybrid mat with drug-loaded effectively regu-
lated the development of MCF-7 cells at various time intervals and
functions as a role model for cancer treatment [155].

A comprehensive strategy employing a combination of anti-cancer

nanotherapeutics and natural biomaterials, specifically SF and CS
blended scaffolds, were examined for the medical treatment of tissue
defects following tumor surgery. This approach aimed to facilitate
localized therapeutic release and to fill the area of defect with regen-
erative bio-scaffolds. Gupta V et al. developed and analyzed scaffold-
emodin nanoparticle composites for drug entrapment, drug release,
mechanical strength, and effectiveness against GILM2 BC cells in rat
model. Emodin NPs were incorporated into SF and SFCS scaffolds, with
an extent of emodin entrapment depending upon the scaffold composi-
tion and emodin loaded concentration. A rapid release of emodin
occurred from scaffolds within an initial of 2 days, which was also later
detected after 24 days. An elevated level in concentration of emodin
within the scaffolds resulted in a reduction of both elastic modulus and
the final tensile strength of the scaffolds. Subsequently in a 6-week in
vivo implantation, the cell density and percentage of degradation found
no emodin SFCS scaffold were considerably increased than those in the
emodin-loaded SFCS scaffolds; however, no substantial variation in
collagen deposition was found among the renewed SFCS scaffold. The
existence and disappearance of emodin from the SFCS scaffolds hindered
the integration of SFCS into the surrounding tumor by creating an
interfacial barrier of connective tissue, which was absent in emodin-free
SFCS scaffolds, as summarized the potential outcomes in Fig. 7 (i). No
significant variance in tumor size was noted among the in vivo tested
groups; however, tumors treated with emodin-loaded SFCS scaffolds
exhibited reduced appearance and size, including comparable regrowth
of new tissue when contrasted with non-emodin SFCS scaffolds [156].

The epithelial-stromal interaction is essential in healthy embryonic
growth and breast carcinogenesis in humans, however the mechanisms
behind these processes are inadequately recognized. In order to address
this problem, Wang X et al. developed a 3D physiologically relevant
culture model of intricate human breast tissue, incorporating a tri-
culture system consisting of human fibroblasts, MCF10A, and
adipocytes— the two primary breast stromal cell types—within a
Matrigel™/collagen composite on porous silk protein scaffolds. The
stromal cells increased alveolar and ductal morphogenesis, decreased
MCF10A cell growth, and elevated casein expression. Despite the
immature polarity produced by co-cultures with fibroblasts or adipo-
cytes, the alveolar structures produced by tri-cultures demonstrated
appropriate polarity like that found in vivo breast tissue. The alveolar
structures only exhibiting reversed polarity were identified in MCF10A
monocultures. In accordance with the phenotypic characteristics,
enhanced functional differentiation of epithelial cells was noted in the
tri-cultures, where casein a- and B mRNA expression was markedly
elevated. The in vitro tri-culture breast tissue system supported by SF
scaffold more effectively simulated a physiologically relevant 3D envi-
ronment for mammary epithelial and stromal cells compared to co-
cultures or monocultures, as shown in Fig. 7 (ii). This experimental
model represented a significant initial advancement in the development
of a human breast tissue system, facilitating the investigation of normal
breast morphogenesis and neoplastic transformation [157].

In general, cell cultures or xenografts are insufficient methods for
elucidating the intricate biology of cancer. The 3D tumor models have
drawn the attention because of their superior capability to replicate the
dynamic processes that lead to cancer; yet, a definitive model that
accurately simulates solid tumors remains unknown. Brancato V et al.
produced a 3D BC model developed from freeze-dried SF scaffolds. MCF-
7 and MDA-MB231the BC cell lines were inoculated with normal breast
fibroblasts onto SF scaffolds. Proliferation of cells is assessed using the
Alamar Blue test and the morphology of 3D BC models is examined using
confocal microscopy. The modification of gene expression related to
ECM indicators was assessed. Additionally, three-dimensional bio-
engineered BC models were treated with DOX. SF scaffolds facilitated
the development of cancer cells and fibroblasts. The proliferation of cells
improved when cancerous cells and fibroblasts were co-cultured. His-
tological staining revealed three-dimensional cell structure. The
expression of MMP-1, MMP-2, MMP-3, Col-1, and Fibronectin increased
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Fig. 7. (i) (a) Depicted the mechanism of development of SFCS/ emodin nanoparticle- latissimus dorsi muscle (LDM) flap composite scaffold in breast tissue
reconstruction. (b) Depicted emodin+ SFCS scaffold in petri dish culture. (¢) During the treatment of breast tissue area, the scaffold loaded with emodin was stitched
to the underside of the latissimus dorsi muscle (LDM) flap. (d) Depicted the wound closure after implantation of SF-based scaffold at tumor site, reproduced with
permission from Ref. [156], under CC BY-NC 2.0. (ii) Estimation of (A) a-casein, and (B) B-casein via RT-PCR of the treatment via human fibroblasts, MCF10A, and
adipocyte within a Matrigel™/collagen composite on porous silk protein scaffolds, reproduced with permission from Ref. [157], under CC BY 4.0. (iii) DOX
treatment on 3D BC model involved evaluating drug activity at 24, 48, and 72 h., starting on Day 14 of culture. The anti-proliferative effects of DOX on 3D-MCF7 and
3D-HMF/MCF7 (B, F) and 3D-231 and 3D-HMF/231 (C, G) were assessed using Alamar blue assay in 1 mm and 2 mm SF scaffolds. The dsDNA levels in these models
were measured after 24, 48, and 72 h., of treatment (D, E) for | mm and (H, I) for 2 mm SF scaffolds, reproduced with permission from Ref. [158], under CC BY 4.0.

in co-culture conditions, as summarized in comprehensive Fig. 7 (iii).
Post-DOX treatment, a more pronounced decrease in cellular activity
was noted in the SF scaffold of 2 mm relative to the 1 mm scaffold. The
three-dimensional BC model designed could be readily expanded and
adapted for preclinical evaluation of innovative chemotherapeutics
[158]. In addition, several investigations, i.e., SF / HFIP [159], 3D
porous SF / PTX /Celecoxib/ZD6474 [160], SF /poly (ethylene oxide)
(PEO) [161], granular NaCl particles/ SF solution [162], silk-fibroin
(SF) scaffold/ GelMA hydrogel [163], etc., further shown promising
advantages of SF-based scaffolds for BC treatment.

6.3. Others

In regard to recent advancements in cancer therapy, the exploration
of alternative approaches has arisen because of the increase cost of
current chemotherapy treatments, its adverse reactions, and the pro-
longed process required for regulatory approval of novel cancer thera-
pies. In this regard, the utilization of carcino-preventive therapies,
specifically plant polyphenols, presented a novel alternative to handle
and resolve these problems. Radinekiyan F et al. designed a novel
magnetic nanobiocomposite through the synthesis of cross-linking of
Alg hydrogel utilizing CaCl, as a cross-linking agent, and its alteration
by flaxseed mucilage hydrogel, and SF biopolymer extraction, alongside
the in-situ synthesis of Fe;O4 MNPs within this biopolymeric matrix, as
shown in Fig. 8 (i). The analytical studies of XRD, FT-IR, VSM, FE-SEM,
EDX, and TG elucidated the physicochemical characteristics of the
magnetic cross-linked Alg/flaxseed mucilage hydrogel/SF nano-
biocomposite. The subsequent structural analysis of this magnetic

natural-origin composition, toxicity and hemolysis assays were con-
ducted at various concentrations that revealed significant biological
results, as shown in Fig. 8 (ii). Survival rates for normal HEK293T cells
and BT549 BC cells after 48 and 72 h., confirmed the biocompatibility
and anti-cancer efficacy of this novel nanobiocomposite. Furthermore,
fewer than 5 % of the hemolytic effect demonstrated its hemocompati-
bility. Moreover, a specific rate of absorption was produced by the
magnetic nanobiocomposite. It may be concluded that the magnet
responsive cross-linked Alg/flaxseed mucilage hydrogel/SF nano-
biocomposite was capable of effectively functioning in magnetic hy-
perthermia therapy [164].

7. SF-based hydrogel/ scaffolds for diagnosis (bio-imaging, bio-
sensor) of BC

SF-based hydrogels are emerging as promising biomaterials for
biomedical applications, including cancer diagnosis and treatment.
Their unique properties, such as biocompatibility, biodegradability,
mechanical robustness, and tunable physicochemical characteristics,
make them highly suitable for developing diagnostic platforms, espe-
cially for BC. The gelation technique can be regulated to achieve precise
stiffness, porosity, and degradation rates, which are critical for bio-
sensing and tissue interchange. The chemical structure of SF allows for
straightforward conjugation with biomolecules such as antibodies,
peptides, and enzymes, thus improving its diagnostic potential [165
167]. SF hydrogels can serve as substrates for microfluidic sys- tems,
enabling the capture and analysis of circulating tumor cells, exo-
somes, or biomarkers. SF hydrogels can be engineered with
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Fig. 8. (i) Summarized the graphical representation of the development of magnetic cross-linked Alg/flaxseed mucilage hydrogel/SF nanobiocomposite. (ii)

Depicted (a) hemolysis percentage graph, and (b) hemolysis plate images at different concentrations of magnetic cross-linked Alg/flaxseed mucilage hydrogel/SF

nanobiocomposite, 0.9 % sterile sodium chloride solution as negative control, and Triton X-100 as positive control, reproduced with permission from Ref. [164],

under CC BY-NC 4.0.

functionalized probes for specific BC markers like HER2, CA153, or es-
trogen/progesterone receptors, allowing sensitive detection. When in-
tegrated with conductive materials, SF hydrogels can facilitate real-time
monitoring of BC biomarkers [168-171]. SF hydrogels mimic the ECM
of breast tissue, making them excellent scaffolds for developing 3D
tumor models. These models allow for studying tumor biology and drug
response. SF hydrogels can capture circulating DNA, RNA, or proteins
from body fluids (e.g., blood or saliva), enabling non-invasive BC
diagnosis. Functionalized SF hydrogels with ligands or antibodies can
enable tumor-specific imaging, improving the detection of early-stage
BC.

The three-dimensional cell culture systems offered enhanced physi-
ologically relevant data by better mimicking the tissue microenviron-
ment [172]. However, the differences in tumor cell growth,
proliferation, migration, differentiation, and treatment responses be-
tween tissue culture plates (TCP) and 3D cultures are still not well
defined. To overcome the current challenges, Buonvino S et al. devel-
oped MDA-MB-231 BC cells-laden tunable PEG-fibrinogen (PFs) or
tunable PEG- SF (PSFs) hydrogels. The study documented that the tumor
cells in tumoroids exhibited decrease in expression of Histone H3 acet-
ylation and cyclin D1 in all 3D systems compared to 2D cell culture,
coinciding with alterations in stiffness of the matrix. The effects of
glutathionylated garlic extract (GSGa), a slow H2S-releasing donor,
were studied in two tumoroid systems. GSGa exhibited a pro-apoptotic
effect on tumor cell growth in two-dimensional culture, while promot-
ing proliferation of both MDAPFs and MDAPSFs. A specialized 3D cell
migration chip was developed to study tumor cell invasion in a gel-in-gel
setup. GSGa showed an anti-cell-invasion effect in 2D cultures, but a pro-
migratory effect in 3D assays. Increased expression of cyclin D1 after
GSGa treatment correlated with higher cell invasion rates. The study
found that the stiffness of the 3D environment influences responses to
H2S and DOX, impacting diffusion and protein expression. Cyclin D1

was identified as a potential biomarker for tumor cell sensitivity to
matrix stiffness. Thus, these hydrogel-based tumoroids offer a reliable
model for examining the physically induced trans-differentiation of
cancer cells and testing anti-tumor therapies [144].

The epithelial-stromal interactions are crucial for embryonic devel-
opment and breast carcinogenesis, yet their mechanisms are poorly
understood. Therefore, to understand the mechanisms, Wang X et al.
constructed a 3D culture model using a tri-culture system of human
mammary epithelial cells (MCF10A), fibroblasts, and adipocytes within
Matrigel™ and collagen on silk protein scaffolds. The stromal cells
reduced MCF10A proliferation, enhanced alveolar and ductal morpho-
genesis, and increased casein expression. The tri-culture produced
alveolar structures with appropriate polarity, unlike monocultures,
which showed inverted polarity. This cutting-edge model furnishes a
more specific 3D microenvironment for analyzing mammary cells, rep-
resenting a significant advancement in the bioengineering of human BC
[157].

An imbalance in redox homeostasis can lead to oxidative damage to
cellular components, which may hinder the proliferation of cancer cells
and result in tumor regression. This study presents the development of a
nanosystem utilizing a metal-organic framework (NMOF) created
through the coordination of Fe (III) and 4,4,4,4-(porphine-5,10,15,20-
tetrayl) tetrakis (benzoic acid) (TCPP) via a one-pot synthesis method.
After surface capping with SF (SF), nanoparticles (NMOF@SF) for an
effective nanocarrier for tirapazamine (TPZ) delivery, which is activated
under hypoxic conditions. The NS@TPZ (NST) nanoparticles demon-
strated inactivity in normal tissues but showed significant efficacy upon
uptake by tumor cells, where glutathione (GSH) mediates the reduction
of Fe (II) to Fe (II), thus facilitating Fe (II)-dependent chemodynamic
therapy (CDT). Optical laser irradiation in TCPP-driven photodynamic
therapy (PDT) combined with CDT increases intracellular oxidative
stress, causing ROS accumulation and GSH depletion, leading to redox
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imbalance. Local deoxygenation induced by PDT enhances the cyto-
toxicity of released TPZ, significantly improving overall therapeutic
effectiveness through the combined disruption of redox balance and bio-
reductive chemotherapy, as shown in Fig. 9. The combination of these
treatment approaches, together with the presence of SF, can trigger
immunogenic cell death, which may facilitate tumor elimination in vivo.
This strategy offers a means to tackle tumor-specific redox imbalance
through chemotherapy driven by deoxygenation, potentially improving
antitumor effectiveness and minimizing side effects [175]. Although SF
hydrogels have significant potential, numerous challenges must be
overcome to maximize their use in BC diagnostics, such as achieving
large-scale production of SF hydrogels with uniform quality. Further-
more, comprehensive preclinical and clinical evaluations are necessary,
and integrating SF hydrogels with artificial intelligence (Al) and the
Internet of Things (IoT) can potentially revolutionize early detection
strategies.

8. Recent innovations on SF-based delivery approaches for BC
therapy

Several recent innovations on SF-based delivery approaches for BC
have been reported or documented in various patent database. To
streamline the search strategies, this article further focused on the some
of the approved or granted patent applications on SF-based delivery
approaches for BC from Lens.org platform. In addition, the search
strategy further includes the different geographical locations, earliest
priority date, approved date, application number, etc. Table | further
summarizes the recent innovations approved for SF-based delivery ap-
proaches in BC therapy.

9. Conclusion

Protein-based biomaterials are essential for drug delivery, providing
flexible and biocompatible platforms for therapeutic applications. Ma-
terials sourced from natural or modified proteins have gained consid-
erable attention because of their degradability, low immunogenic
response, and the ability to be customized for specific biomedical uses.
Protein engineering enables the precise design of structural and func-
tional properties based on their amino acid sequences, which can be
modified to incorporate chemical groups for drug attachment or
responsive elements. In addition, protein-based systems can be designed
to respond to external stimuli such as pH, temperature, and enzymatic
activity, enabling targeted and controlled drug release. In this context,
SF, a natural protein has attracted interest in BC therapy owing to its
biocompatibility, biodegradability, tunable mechanical strength, and
potential for functionalization [29]. SF can be engineered into

Tirapazamine (TPZ)

@ 1

@sth 1

nanoparticles, hydrogels, or films for the targeted delivery of chemo-
therapeutics such as DOX and PTX to BC cells [30-32]. The function-
alization of SF with ligands, including folic acid or antibodies, facilitates
targeted delivery to BC cells that overexpress specific receptors, such as
folate receptors or HER2 [34-36].

Nonetheless, several issues must be resolved before viewing SF as a
viable biomaterial for developing hydrogels or scaffolds in BC treatment.
The main challenges in the production of raw SF include its poor
aqueous solubility, brittleness, susceptibility to degradation from
degumming and dissolving agents, temperature and duration factors,
and the risk of bacterial growth. These issues must be thoroughly
addressed before considering SF as a viable biomaterial for drug delivery
applications. Natural silk protein has inherent limitations, and without
the incorporation of functional composite factors such as functional
nanomaterials or functional polymer materials, the pure silk protein-
based hydrogels will face constraints in their practical applications
[190-192]. The mechanical properties, such as strength and elasticity,
of hydrogels made from SF can vary greatly based on the methods used
for fabrication, the cross-linking agents chosen, and the processing
conditions applied [83,84]. A balance between mechanical stability and
degradability to ensure compatibility with the TME is quite challenging.
SF hydrogels necessitate careful control over pore dimensions and
connectivity to enable effective drug diffusion and penetration into tu-
mors, which can be technically difficult to reproduce consistently
[193,194]. Although SF hydrogels can encapsulate a range of drugs,
creating a controlled and targeted release profile specifically for BC cells
remains difficult due to issues with premature or burst release, poten-
tially diminishing therapeutic effectiveness and increasing systemic
toxicity [86,195]. Administering multiple agents (such as chemotherapy
drugs, immunotherapy agents, or vectors for gene therapy) simulta-
neously within a single hydrogel often results in compatibility problems
that disrupt their release rates [196-198].

In addition, BC tumors exhibit high heterogeneity in vascularization,
pH, enzyme activity, and hypoxia, which can influence hydrogel
degradation and drug release [199]. The adoption of SF hydrogels to
such diverse microenvironments remains a major challenge. While SF
hydrogels are biodegradable, their enzymatic degradation in vivo can
vary between patients and tumor types, leading to unpredictable drug
release patterns [31,64]. Despite being biocompatible, improperly pu-
rified SF or residual sericin contamination can provoke immune re-
sponses or inflammation, particularly in sensitive breast tissue [200—
202]. Uncontrolled breakdown or release of encapsulated medi- cations
can cause unintended effects on healthy tissues adjacent to the breast
tumor. Additionally, sterilization techniques like
autoclaving or gamma irradiation might change the structure and per-
formance of SF hydrogels [84,203,204]. SF hydrogels rely on the

conventional

Oxidative Cell
~__damage death

Fig. 9. A metal-organic framework capped with SF has been developed for the treatment of tumor-specific redox imbalances, enhanced by chemotherapy that is
driven by deoxygenation, reproduced with permission from Ref. [175], Copyright 2022, Elsevier.
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Table 1

Recent granted innovations on various SF -based delivery approaches for BC management.

Title of the innovation Publication Publication Application Earliest Applicants References
date year number priority
date
Silk fibroin hydrogels and uses thereof 06-10-2015 2015 us 20-04- Allergan Inc [176]
201313787707 2009
A
Silk fibroin hydrogels and uses thereof 14-04-2015 2015 us 20-04- Altman Gregory H; Horan Rebecca L; Collette Adam [177]
201213420334 2009 L; Chen Jingsong; Allergan Inc
A
Compositions and soft tissue 06-01-2015 2015 us 19-08- Van Epps Dennis E; Jiang Guang-Liang; Collette [178]
replacement methods 201213398667 2010 Adam L; Horan Rebecca L; Chen Jingsong; Altman
A Gregory H; Allergan Inc
Injectable silk fibroin foams and uses 15-11-2016 2016 us 09-11- Tufts College [179]
thereof 201214357420 2011
A
Compositions and improved soft tissue 02-11-2016 2016 EP 13706876 A 16-02- Allergan Inc [180]
replacement methods 2012
Active silk muco-adhesives, silk electro 01-03-2017 2017 EP 13175299 A 26-09- Tufts College [181]
gelation process, and devices 2008
Injectable silk fibroin foams and uses 12-01-2017 2017 us 09-11- Tufts College [179]
thereof 201615273327 2011
A
pH induced silk gels and uses thereof’ 04-07-2017 2017 us 26-09- Tufts College [182]
201313933611 2008
A
Co-crosslinked hyaluronic acid-silk 01-03-2018 2018 us 24-08- Allergan Inc [183]
fibroin hydrogels for improving tissue 201715686036 2016
graft viability and for soft tissue A
augmentation
Injectable silk fibroin particles and uses 03-04-2018 2018 us 09-11- Tufts College; Univ of Pittsburgh—Of the [184]
thereof 201214357443 2011 Commonwealth System of Higher Education; Univ
A ‘Wake Forest Health Sciences; Univ Pittsburgh
Commonwealth Sys Higher Education
Functionalization of biomaterials to 10-07-2019 2019 EP 12862472 A 29-12- Tufts College [185]
control regeneration and 2011
inflammation responses
Methods and compositions for preparing 02-01-2019 2019 EP 13775182 A 13-04- Tufts College [186]
a silk microsphere 2012
Preparation method of doxorubicin- 24-03-2020 2020 CN 16-12- Univ Anhui [188]
loaded methyl cellulose/silk fibroin 201911300215 2019
composite hydrogel A
Injectable silk fibroin foams and uses 01-04-2020 2020 EP 12846855 A 09-11- Tufts College [179]
thereof 2011
Innervated artificial skin 12-04-2022 2022 us 01-07- Tufts College [189]
201716314169 2016
A
Injectable silk fibroin foams and uses 18-07-2023 2023 us 09-11- Tufts College [179]
thereof 201615273327 2011
A
Injectable silk fibroin particles and uses 24-05-2023 2023 EP 12846915 A 09-11- Tufts College; Univ Pittsburgh Commonwealth Sys [184]
thereof 2011 Higher Education; Wake Forest Univ Health

Services

enhanced permeability and retention (EPR) effect for passive tumor
targeting. However, EPR efficacy is highly variable in BC due to differ-
ences in tumor vasculature and interstitial pressure [97,205,206]. The
long-term biocompatibility, degradation behavior, and potential toxi-
cological effects of SF hydrogels in BC patients are not yet fully under-
stood. SF hydrogels face significant regulatory challenges in gaining
approval for clinical use, including proving consistent safety, efficacy,
and manufacturing reproducibility.

SF -based hydrogels have considerable promise for treating BC;
however, their use in clinical settings is obstructed by various structural,
functional, and translational obstacles. To overcome these challenges, it
is essential to engage a multidisciplinary approach that includes mate-
rial science, biomedical engineering, and oncology in order to create
advanced silk-based hydrogels designed for efficient and targeted ther-
apy for BC.

List of abbreviations

BC Breast cancer

ASR
VEGF
TNBC
HER2
SF
NIR
Gly
Ala
GFs
BMP-2

PDEVs
GelMA
SFMA
HUVECs
TNF-a
iNOS
Arg-1
TGF-B1
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Age-standardized incidence rate
Vascular endothelial growth factor
Triple-negative breast cancer

Human epidermal growth factor receptor 2
Silk fibroin

Near-infrared radiation

Glycine

Alanine

Growth factors

Bone morphogenetic protein 2
Resveratrol

Plant derived extracellular vesicles
Gelatin methacrylate

Silk fibroin methacrylate

Human umbilical vein endothelial cells
Tumor necrosis factor-alpha

Inducible nitric oxide synthase
Arginase-1

Transforming growth factor beta 1
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HA Hyaluronic acid

RGD  Arginylglycylaspartic  acid

MMPs Matrix metalloproteinases

PEI Polyethyleneimine

ROS Reactive oxygen species

ECM Extracellular matrix

PI3K Phosphoinositide 3-kinase
MAPK  Mitogen-activated protein kinase
mTOR  Mammalian target of rapamycin
INK c-Jun N-terminal kinase

AuNPs  Gold nanoparticles

FGF Fibroblast growth factor
AdECM Adipose-derived decellularized ECM
GB Glioblastoma

dHplacenta Decellularized human placenta
EA Ellagic acid

TME Tumor microenvironment

ER+ Estrogen-positive

CSCs Cancer stem cells

PTX Paclitaxel

DOX Doxorubicin

RT Radiation therapy

CDT Chemodynamic therapy
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Evaluation of molecular inclusion of azole antifungals
by B-cyclodextrin using computational molecular approach

Riya Shikha' - Sidhartha S. Kar?

Abstract

Fungal infection is an emerging global concern highlighting diseases like pneumonia, invasive candidiasis, chronic pul-
monary aspergillosis, and meningitis. But major concern is development of antifungal drug resistance, necessitating novel
pharmacological solutions. Azoles, particularly fluconazole and related compounds, are emphasized for their systemic
efficacy via inhibition of CYP51, altering fungal cell membrane sterols. So, in this work we theoretically investigated the
effect of complexation of azoles with B-cyclodextrin (B-CD), focusing on improving solubility and bioavailability. Using
molecular docking, the interaction between azoles and B-CD is analyzed, predicting stability and binding energies.
Docking studies elucidate specific binding modes and hydrogen bonding interactions, while PM3 calculations provide
insights into electronic structures and properties such as HOMO-LUMO energy gaps, chemical potential, hardness, and
electrophilicity. Our findings indicate that fluconazole-B-CD complexes, particularly FCZ-BCD2, exhibit stability and prom-
ising development potential due to low energy and favorable binding characteristics. The antifungal spectrum of all the
inclusion complexes was predicted using the PASS web server which proved that that the complexes are more effective
against fungal pathogens than bacterial pathogens. This preliminary theoretical study highlights 8-CD’s potential as a
carrier to enhance the therapeutic efficacy of antifungal drugs, addressing key challenges in treating fungal infections
through improved solubility and bioavailability.

Keywords Antifungal azoles - B-cyclodextrin - Inclusion complex - Molecular docking - PM3 calculations

Abbreviations
8-CD B-Cyclodextrin
FLZ Fluconazole

C1z Clotrimazole

MCZ Miconazole

PCz Propioconazole

KTZ Ketoconazole

DFT Density functional theory

BPL Bond path length

GLC Glucosyl group

HB Hydrogen bond

PM3 Parametric method3

HOMO Highest occupied molecular orbita
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LUMO  Lowest unoccupied molecular orbital
RMSD  Root mean square deviation

1 Introduction

Owing to their high rates of morbidity and mortality, fungal infections have a significant economic burden. Pneumocystis
jirovecii pneumonia cases are estimated to be more than 10,000 per year, along with 700,000 cases of invasive candidiasis,
3,000,000 cases of chronic pulmonary aspergillosis, 3,223,100 cases of Cryptococcal meningitis complicated by HIV/AIDS,
and 3,000,000 cases of chronic pulmonary aspergillosis. Fungal disease prevention, diagnosis, and treatment require
increased attention. The emergence of drug resistance due to fungal activity presents a major risk to human health. The
discovery of novel pharmacological entities is challenging due to the time-consuming, complex, and expensive nature of
the process. Additional challenges in drug development include unknown pathophysiology, patient population variabil-
ity, and regulatory procedures. Consequently, developing new therapeutic conjugates that combine antifungal activity
with water solubility has become a major research focus in the field of antifungal medicine. One promising approach is
the complexation of antifungals with soluble polymers and/or cyclodextrins [1-8].

Among the most effective antifungal medications available, azoles are used to treat both systemic and invasive fun-
gal infections. Over an 8-year period, there has been a 2.9% increase in the use of azoles. The first-generation triazole,
fluconazole, was derived from ketoconazole, an earlier imidazole molecule. It is mostly effective against primary fungal
pathogens, such as yeasts, but is ineffective against infections caused by filamentous fungi. It inhibits CYP51, which
catalyzes the conversion of lanosterol to ergosterol through a three-step process. Ergosterol is broken down and levels
of methylated sterols, such as 4,14-dimethylzymosterol and 24-methylenedihydrolanesterol, increases when pathogenic
fungal infections are treated with azoles. Fungal cell death or inhibition of fungal cell growth results from the accumula-
tion of methyl sterols in the cell membranes. Only voriconazole and itraconazole are regarded as fungicidal azoles; while
all other azoles are fungistatic. The skin and vaginal infections were treated with clotrimazole and miconazole. It works
best against Malazzesia furfur, Trichophyton spp., Microsporum spp., and Candida spp. At very high doses, clotrimazole
exhibits activity against Trichomonas species and some in vitro activity against several other gram-positive bacteria.
Clotrimazole vaginal pills have demonstrated cure rates for vaginal candidiasis that are similar to those of traditional
nystatin vaginal tablets. Oral administration of clotrimazole is generally well tolerated; however, in some cases, treatment
must be discontinued due to local irritation. Additionally, the drug’s efficacy in treating other significant fungal infections
has not been adequately demonstrated [9-18].

The structure of B-cyclodextrin (B-CD) consists of seven glucopyranose units. Because of its exceptional ability to
accommodate hydrophobic aromatic rings, which improves solubility and stability, and lowers the toxicity of medicinal
molecules, it is widely used in pharmaceutical research. B-CD fosters host-guest inclusion complexes with a wide range
of solid, liquid, and gaseous substances. They can accommodate many types of guest molecules inside their cavities. The
generation of inclusion complexes between B-CDs and drug molecule significantly alters the physicochemical proper-
ties of the guest molecule, including its water solubility and hydrogen bonding capability, as well as the entire clathrate.
Under specific conditions, B-CD and hydrophobic molecules form inclusion complexes that can readily permeate body
tissues and release physiologically active compounds [19-26]. For the conformational investigation of supramolecular
systems, including B-CD inclusion compounds, the PM3 approach is an effective tool. Nevertheless, little is now known
about the geometrical aspects and interactions that maintain the molecular architecture of the B-CD/azole inclusion
complexes. Using PM3 semi-empirical quantum mechanical computations and molecular docking, this preliminary study
theoretically investigates the interaction of azoles (Fluconazole, Ketoconazole, Miconazole, Clotrimazole, and Propi-
conazole) and B-CD molecules. Furthermore, we examined which of the five azoles formed the most stable inclusion
complex with B-CD. The primary objective was to find the region of the molecular cavity most suited for complexation
with the azole moiety. These data can be used to predict which cyclodextrin hydroxyl groups can be chemically tweaked
to prevent shielding and enhance the pharmacokinetics and systemic bioavailability of the inclusion complexes. The
HOMO-LUMO, chemical potential, electronegativity, and electrophilicity index of the azole-B-CD complex are among
the quantum parameters and experimental data investigated using Density Functional Theory (DFT). Frontier molecular
orbitals (FMOs), which have the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO), are used to evaluate the molecular properties [27-39].
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2 Materials and methods

All investigational studies in this work were carried out on an Intel Core i3-based system with Windows 10. Structural
preparation, modeling and analysis were performed using ChemDraw, BIOVIA Studio, and ChemSketch. PM3 semi-
empirical caluculations were carried out using Argus Lab and IQmol software, whereas docking studies were carried
out using Autodock Vina integrated Chimera 1.15 [40-44]. The Argus lab software was used to perform all the quantum
chemistry calculations of the existing molecular structures. The 3D structures of B-cyclodextrin and azoles were retrieved
from the Protein Data Bank (PDB ID: 3m3r) and PubChem. Chain | of the 3m3r protein was used as 8-CD in this study.
The structures were ‘cleaned’ w.r.t. geometries, atom types, and charges were computed using ANTICHAMBER (Gasteiger
method) in the chimera.

2.1 Experimental
2.1.1 Molecular docking

To investigate the inclusion of antifungal azoles in B-CD, we used molecular docking. To perform the molecular docking
study, the three-dimensional structure of B-CD obtained from protein data bank and structure of azoles were drawn in
Chemdraw. B-CD was imported into CHIMAERA (version 1.15) for docking analysis. Docking was performed to determine
how azoles interacted with or docked with B-CD as the ligand. The tertiary structure of B-CD was prepared for dock-
ing (Gasteiger method) by adding polar hydrogen, charges, and computing charges using ANTICHAMBER (Gasteiger
method) [45].

The tertiary structures of azoles were drawn in Chemdraw and minimized using the following parameters: Steepest
descent steps: 1000 with a step size of 0.02 A, Conjugate gradient steps: 10 with a step size of 0.02 A.

Followed by addition of hydrogen atoms and charges (Amber ff99bsc0 for standard residues and Gasteiger for other
residues). In the host molecule structure, a cubic box is formed to facilitate ligand binding [46, 47].

A theoretical study based on the most prevalent docking confirmation was conducted using geometrical optimization.
The docking data were differentiated using root mean square deviation (RMSD) and binding energy. The stability of a
complex can be investigated using the frequent cluster, lower binding energy, RMSD (lower bound and upper bound),
and maximum number of hydrogen bonds for each structure box.

2.1.2 Quantum chemistry

The quantum mechanical technique of density functional theory (DFT) can be used to examine the electronic structure
of organic molecules. DFT is the most frequently utilized approach for the quantum mechanical modeling of energy
surfaces in molecules and other periodic systems. The first task carried out using the DFT method, which places no
restrictions on molecular symmetry, was geometry optimization. Software programs such as Argus Lab and 1Qmol were
used to conduct PM3 semiempirical calculations. Initially, the molecule was created and optimized to perform molecular
modelling in the Argus Lab 4.0. Subsequently, the Hartree-Fock approximation of 200 interactions, geometry optimiza-
tion, and single-point energy determination by semi-empirical computation (PM3) were performed. The frontier orbitals
HOMO (Highest Occupied Molecular Orbital) and LUMOL (Lowest Unoccupied Molecular Orbital) were obtained and
included in the output files together with the molecular electrostatic potential (MEP) [48-57].

2.1.2.1 Frontier orbital energies (E, o and E ;o) The interactions of molecules with other species were studied using
frontier molecular orbitals (Exgmo and E o). Whereas the LUMO acts as an electron acceptor, the HOMO acts as an elec-
tron donor [58-62]. The amount of energy necessary to remove an electron from a single atom or molecule is known as
the ionization potential (I). When a neutral atom acquires one electron to become a negative ion, the resulting energy
change is known as electron affinity (EA). In the context of Koopmans’ theorem, | and EA can be calculated using HOMO
and LUMO energies:

= —EHOMO

EA = —-ELUMO
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Energy gap (E): Between the HOMO and LUMO levels, there is an energy difference, known as the energy gap
(HOMO/LUMO gap). A larger energy gap increases the stability of the molecule. The molecular conductivities and
solubility both increase when the energy gaps are narrow. Absolute hardness, half of the HOMO-LUMO gap in the
Hartree-Fock or Hickel theory, is a good indicator of aromaticity, and a maximum hardness principle has been
developed [53-57]. Generally, the energy gap depends on the electron-donating strength of the donor and the
electron-withdrawing strength of the acceptor, and is given by

E =1 - EA = Eyymo~ Enomo

The electronic chemical potential is linked to the feasibility of a system to exchange electron density with the
ground-station environment. Hardness is a measure of the rate at which the chemical potential (p) changes with
electron density. In a hard system, the chemical potential is substantially changed by even small changes in the

electron density. The hardness acts as a barrier to the change in electron density for a certain change in the chemical

potential. As a result, the term “hardness,” which denotes resistance to deforestation, originated. For the DFT to func-
tion, the hardness of the system does not have to be constant. Instead, it uses local values. Softness is an antithesis
of hardness. Electronegativity, a negative value of the chemical potential, is a feature that remains constant within
an atom or molecule and throughout orbitals, according to the Hohenberg-Kohn density functional theory [58, 59].

The following equations were used to analyze the reactivity of the investigated complexes, utilizing quantum
mechanical descriptors such as the chemical potential (u), global hardness (n), softness (S), and global electrophi-
licity index (w):

= Electronic chemical potential (p)
H= (Evomo*ELumo)/2

= Global hardness (1)
N = (Enomo-ELumo)/2

= Softness (S)
S=1/n

= Electrophilicity (o)

w=p*/2n

2.1.3 PASS prediction

The antifungal activity spectrum of the inclusion complexes was assessed using the PASS online web application
(http://www.way2drug.com/passonline/predict.php). The complexes resulting from docking were converted to
SMILES format in Discovery studio for analysis with the PASS web tool. This tool predicts over 4000 types of antimi-
crobial functions, encompassing both drug and non-drug activities, with a claimed 90% accuracy rate. PASS provides
results in terms of Pa (probability of active molecule) and Pi (probability of inactive molecule), each ranging from
0.00 to 1.00. Typically, Pa + Pi = 1, reflecting the probabilistic nature of the predictions. Biological activities where
Pa > Pi are considered plausible for the respective drug molecules. PASS outcomes guide decision-making based
on thresholds such as Pa > 0.7 indicating high activity likelihood, 0.5 < Pa < 0.7 suggesting lower activity likelihood,
and Pa < 0.5 indicating minimal activity likelihood.
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Fig. 1 Chemical structures of
fluconazole (FCZ), clotrima-
zole (CTZ), miconazole (MCZ),
propioconazole (PCZ) and
ketoconazole (KTZ)

Table 1 Docking results

of B-CD- Azoles inclusion Egnn:;gi the inclusion ?g:ll)(mg energy (Kcal/  RMSD L.b RMSD u. b glcc;%vc;ftor_

complexes sions
FLZ-BCD1 -5.6 0 0 6
FLZ-BCD2 -5.5 2.966 4.352 6
CTZ-BCD1 -5.5 0 0 4
CTZ-8CD2 -5.2 2.351 5.01 4
MCZ-BCD1 -5.4 0 0 6
MCZ-8CD2 -5 2.865 5.405 6
PCZ-8CD1 -5.2 0 0 5
PCZ-8CD2 -5.1 3.066 4.357 5
KTZ-BCD1 -5.1 0 0 5
KTZ-8CD2 -4.8 3.101 5.202 5

3 Result and discussion
3.1 Molecular docking studies

The automated docking experiments were performed using the AutoDock Vina v1.5.6 integrated Chimera software. The
ligands selected for the docking investigations were fuconazole (FLZ), clotrimazole (CTZ), miconazole (MCZ), propio-
conazole (PCZ), and ketoconazole (KTZ) (Fig. 1), with B-CD serving as the inclusion macromolecule [6, 63, 64]. This study
investigated the interactions between azoles and two B-cyclodextrin (B8-CD) models using molecular docking techniques.
The docking process aimed to predict the primary binding mode between the azoles, acting as guest molecules, and
B-CD, serving as the host molecule with a well-defined three-dimensional structure. Ten possible docking conformations
of azoles within the B-CD cavity were generated. The docking energies for each complex, detailed in Table 1, identified
the most favorable spatial conformations. Higher negative docking energy values indicate more stable interactions, while
lower negative values suggest fewer stable interactions. Azoles with the lowest binding energies were selected for further
study, as they exhibited the most advantageous spatial conformations compared to other azole-B-CD complexes [45,
65-71]. To enhance the accuracy of the docking process, the search space grid box was expanded, as shown in Table 2.
The hydrogen bonds in inclusion complexes and monomers were investigated using BIOVIA Discovery Studio and
the Avogadro program (Table 3). Certain proton donors of B-CD were detected on the hydrophilic layer, whereas
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Table 2 Inclusion complexes

and their Grid box l\{ame of the inclu- Grid box size Gride box center Energy_range Num_modes
. sion complex
characteristics
FLZ-BCD size_x=25.48 center_x = 30.42 3 9
size_y=32.32 center_y=32.35
size_z = 34.07 center_z=122.96
CTZ-8CD size_x=39.43 center_x=23.21 3 9
size_y=26.03 center_y = 30.01
size_z=133.00 center_z=122.00
MCZ-8CD size_x=15.93 center_x=30.19 3 9
size_y=16.88 center_y=32.72
size_z=14.95 center_z=21.43
PCZ -BCD size_x=21.26 center_x=29.82 3 9
size_y=18.38 center_y =31.97
size_z =18.81 center_z=21.59
KTZ -BCD size x=18.72 center_x =30.92 3 9
size_y=17.27 center_y=32.22
size_z=16.08 center_z=21.95

others were detected on the hydrophobic layer. There were two types of HBs: md HBs, which were identified inside
the azole or B-CD molecules, and intermolecular HBs, which were found to be HBS between the B-CD and azole
molecules. Of all the HBs present, the intermolecular HBs in each inclusion complex had the greatest influence on
the stability of the inclusion complex. For convenience, in B-CD, the 14 oxygen atoms act as acceptors of the intra-
molecular H-proton bond.

3.2 Intermolecular HBs in FCZ-  -CD

Four intermolecular HBs were observed in the FCZ-BCD1 complex (Fig. 2a, b), whereas seven HBs were observed in
the FCZ-BCD2 complex (Fig. 2c, d). FCZ-BCD1 contained three non-classical intermolecular HBs and one classical HB
(FCZ1:H12-GLC: 04). Of the seven intermolecular HBs in FCZ-B8CD2, three were classical and four were non-classical. Given
that FCZ-BCD2 has more intramolecular HBs, it appears to be more stable.

3.3 Intermolecular HBs in CTZ-BCD
Three intermolecular HBs with bond lengths of 2.69 A were found in the CTZ-BCD1 (Fig. 3e, f ) and CTZ-BCD2 (Fig. 3g, h)

inclusion complexes. However, in the case of CTZ-8CD2, fewer intermolecular HBs are observed. CTZ-BCD1 had more
intermolecular HBs and one classical HB, indicating that CTZ-8CD1 is more stable.

3.4 Intermolecular HBs in MCZ
Six intermolecular HBs were observed in the MCZ-BCD1complex (Fig. 4i, j). The strongest bond among the tall bonds was
observed in GLC: H5-MCZ1:Cl4 (2.35 A), which has the shortest bond. The molecule is unstable because all intermolecular
HBs are nonclassical. Although MCZ-BCD2 (Fig. 4k, 1) has one classical bond, GLC7:HO6-MCZ1:N2 (2.62 A), it also has six
intermolecular HBs. MCZ-8CD2 has a single classical HB, making it more stable than MCZ-8CD1, which contains equal
amounts of intermolecular HBs.

3.5 Intermolecular HBS in PCZ: BCD

Owing to its five intermolecular HBs, one classical intermolecular HB, and one classical intermolecular HB, PCZ-BCD1
(Fig. 5m, n) was more stable than PCZ-BCD2 (Fig. 50, p).
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Table 3 Intermolecular
hydrogen bonding (IHBs)
in FCZ-BCDs, CTZ-B8CDs,
MCZ-BCDs, PCZ-BCDs and
KTZ-BCDs

S. No.

10

Inclusion complex

FCZ-8CD1

FCZ-8CD2

CTZ-8CD1

CTZ-8CD2

MCZ-8CD1

MCZ-8CD2

PCZ:8CD1

PCZ:8CD2

KTZ-8CD1

KTZ-8CD2
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IHBs

GLC1:04'FCZ1IH12
GLCzi H3'FCZ1 101
GLCy:H;3-FCZ1:Ng
GLCq:H;-FCZ4:F,
GLCq:H5-FCZ4:F,
GLC4:0,-FCZq:Hy
GLC3:HO3-FCZy:F,
GLC7:HO2-FCZ1:Ng
GLC7IO4'FCZ1 ICg
GLCzi H3'FCZ1 . Fz
GLCq:H;3-FCZ1:Ng
GLC;-Hs-FCZy:N;
GLC5:H3-CTZ4:Cyy
GLC,:05-CTZ4:Cy
GLC1 . H03'CTZ1 INZ
GLC1IH3'CTZ1 :C[1
GLC4I H03'CTZ1 INZ
GLC5:04.MCZ¢:Cy
GLC,:0,MCZy:Cyy
GLC4ZH3-MCZ1 :Cl2
GLC4:H3-MCZ1:Cy4
GLC5:H3-MCZ4:Cy,
GLC5IH5'MCZ1 ICM
GLC7IH06'MCZ1:N2
GLC5:04'MCZ1:C7
GLC;:04-MCZ:Cy
GLC,:0,-MCZ4:Cro
GLC4:H3-MCZ:Cy
GLCy:Hy-MCZ4Cia
GLC5:HO3-PCZ4:N3
GLC4IO4'PCZ1 IC4
GLC4IO4'PCZ1 IC7
GLC4IO4'PCZ1 IC7
GLC61H3'PCZ1:O1
GLCq:H;3-PCZ4:N3
GLCy:Hy-PCZ4:N3
GLCy:H5-PCZ;:CL,
GLC:H;-PCZ4:N3
GLC4:04-KTZ:Cy
GLC4IO4'KTZ1 IC7
GLC4IH3'KTZ1 . N3
GLC4IH3'KTZ1 . N3
GLC7:HO-KTZ4:N,
GLC,:0,-KTZ:Cs
GLC6:04-KTZ;:Cs
GLC5:H3'KTZ1:C[2

Distance (A)

2.7
2.71
2.73
2.36
2.81
2.40
2.91
2.93
3.36
2.37
2.98
2.76
2.27
3.39
2.69
2.79
2.84
3.622
3.511
2.769
2.35
2.65
2.75
2.62
3.464
3.73
3.78
2.802
2.434
2.86
3.79
3.7
3.7
2.75
2.80
2.75
2.95
2.96
3.795
3.606
2.390
2.390
2.798
3.752
3.736
2.611
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Fig. 2 Binding mode of Flu-
conazole (FCZ) within BCD1
(FCZ: BCD1, aand b) and
BCD2 (FCZ: BCD2, c and d)

Fig. 3 Binding mode of clotri-
mazole with BCD1 (CTZ: BCD1,
e andf) and BCD2 (CTZ: BCD2,
g and h)

Fig. 4 Binding mode of
miconazole with BCD1 (MCZ:
BCD1, iand j) and BCD2 (MCZ:
BCD2, kand I)
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Fig. 5 Binding mode of propi-
conazole with BCD1 (PCZ:
BCD1, m and n) and BCD2
(PCZ: BCD2, o and p)

Fig. 6 Binding mode of
ketoconazole with BCD1 (PCZ:
BCD1, gandr) and BCD2 (PCZ:
BCD2, s and t)

3.6 Intermolecular HBs in BCD: ketoconazole

With three intermolecular HBs, Model 1 of B-CD ketoconazole (KTZ: BCD1) had the shortest BPL of the GLC: Hs..KTZN;
formation, H3...N3 (Fig. 6q, r). KTZ;:C4...GLC4:C,...04 exhibited the longest BPL. All carbon atoms (non-classical HBs)
linked to proton donors have lower electronegativity than oxygen and nitrogen. When comparing these two models,
it can be shown that KTZ: BCD2 (Fig. 6s, t)is more stable than KTZ: B8-CD1 since it has more intermolecular HBs and
one classical HB involved in the interaction.

3.7 Quantum chemistry
Using the Arguslab 4.0.1 programme, single-point energy calculations and geometry optimization for all structures

were performed using Hartree-Fock SCF calculations with PM3 semiempirical Hamiltonians. Table 4 lists the energies
of the monomers, ten inclusion complexes, and heat of formation.
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Table 4 Total energy and heat

of formation of compounds S. No. Name Total energy (Kcal/mol) :i?iz r:)(foc(;lI-/

mol)

1 8-CD - 3.0922287 66,046

2 Fluconazole - 90,611.98 44,74

3 Clotrimazole 71,902.39 149,747.3

4 Miconazole 95,338.85 173,901.2

5 Propiconazole -79,991.77 63.5

6 Ketoconazole -79,991.77 63.5

7 FCZ-B8CD1 - 392,504.76 72,007

8 FCZ-B8CD2 - 394,746.33 71,197.7

9 CTZ-8CD1 - 378,332.31 74,428.3

10 CTZ-8CD2 - 378,521.6 74,239

1 MCZ-8CD1 - 368,264.27 90,613.8

12 MCZ-8CD2 -271,109.97 18,768.1

13 PCZ-B8CD1 - 337,608.86 117,008.6

14 PCZ-8CD2 - 366,673.51 87,943.5

15 KTZ-8CD1 - 327,777.74 126,839.7

16 KTZ-8CD2 - 370,781.13 126,839.7

Table5 HOMO & LUMO energies, AE, global chemical potential (u), global hardness (n), softness (s), and electrophilicity (w) of all com-
pounds of all inclusion complexes

S.No. Inclusion complexes HOMO (eV) LUMO (eV) Energy gap (€V) u(eV)? n (eVv)° S (eV)* w (eV)e

1 FCZ-BCD1 6.947383 7.307282  0.359899 7.1273325 0.1799495 5.55711463 141.14757
2 FCZ-BCD2 12.039928 12.489063  0.449135 12.264496  0.2245675 4.45300411 334.90565
3 CTZ-BCD1 0.819406 0.888222  0.068816 0.853814  0.034408 29.0630086 10.593443
4 CTZ-8CD2 -2.731976 -2.721632 0.010344 -2.726804 0.005172 193.348801 718.81864
5 MCZ-8CD1 -5.288582 -5.177059 0.111523 -5.232821 0.0557615 17.9335204 245.53151

6 MCZ-8CD2 -5.947054 -5.896713 0.050341 -5.921884 0.0251705 39.7290479 696.62311

7 PCZ-8CD1 -4.278594 -4.231939  0.046655 -4.255267 0.0233275 42.8678598 388.11045

8 PCZ-8CD2 - 0.46016 -0.30183  0.15833 -0.380995 0.079165 12.6318449 0.9168016
9 KTZ-8CD1 -6.125364 -5.91099 0.214374 -6.018177 0.107187 9.32948958 168.94985

10 KTZ-8CD2 19.119567 19.508617  0.38905 19.314092  0.194525 5.14072741 958.83344

Chemical potential ()

bGlobal hardness (1)

‘Softness (s)

dGlobal electrophilicity index (w)

FCZ-BCD2 is the most stable inclusion complex because of its low energy (- 394,746.33 kcal/mol) and its interaction
with azoles and B-CD. All ten implicated complexes had energies lower than those of the two monomers.

The HOMO-LUMO energy gap is a well-established metric for evaluating intramolecular charge transfer. Smaller
gaps indicate lower chemical stability, while larger gaps are associated with higher kinetic stability and lower chemi-
cal reactivity. A larger HOMO-LUMO energy gap in the title molecule suggests greater stability. Upon formation of the
inclusion complex, both the global hardness and HOMO-LUMO band gap decreased, indicating a reduction in chemical
stability and an increase in chemical activity (Table 5). A higher global electrophilicity value denotes increased reactivity.
Molecules with narrow energy gaps exhibit low kinetic stability, high chemical reactivity, and high polarizability, often
referred to as soft molecules. The chemical activity of a molecule can be inferred by examining the HOMO and LUMO
energy levels and their energy gap. The title molecule, often referred to as a hard molecule, has been found to have a
higher chemical potential and wider HOMO-LUMO energy gap, indicating a high degree of stability [72-74]. The findings
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Table 6 Prediction of

- ) o S. No. Inclusion complexes Biological activity

antimicrobial activity of

inclusion complexes using the Antibacterial Antifungal

PASS web tool

Pa Pi Pa Pi

1 FCZ-8CD1 0.450 0.022 0.726 0.008
2 FCZ-8CD2 - - 0.726 0.008
3 CTZ-8CD1 0.450 0.022 0.443 0.041
4 CTZ-BCD2 0.139 0.077 0.443 0.041
5 MCZ-8CD1 0.185 0.132 0.661 0.012
6 MCZ-B8CD2 0.185 0.132 0.661 0.012
7 PCZ-8CD1 0.176 0.140 0.795 0.005
8 PCZ-8CD2 0.176 0.140 0.795 0.005
9 KTZ-8CD1 - - 0.640 0.014
10 KTZ-8CD2 - - 0.640 0.014

show that FCZ-BCD2 has the lowest softness value (4.453000411 eV), highest chemical potential (12.264496 eV), and
largest energy gap (0.449135 eV), all of which may contribute to its greater chemical stability than the other compounds.
The lowest HOMO-LUMO gap (0.0103444 eV) was found for CTZ-BCD2. Additionally, Table 5 shows that FCZ-BCD2 has
the highest global hardness value.

3.8 PASS prediction

The antifungal spectrum of all the inclusion complexes was predicted using the PASS web server. The results, expressed
as Pa (probability of activity) and Pi (probability of inactivity), are presented in Table 6. As shown in Table 6, the inclusion
complexes exhibited Pa values ranging from 0.13 to 0.45 for antibacterial activity and from 0.44 to 0.79 for antifungal
activity. These findings indicate that the complexes are more effective against fungal pathogens than bacterial pathogens.
Notably, different docking poses demonstrated consistent antifungal activity, likely due to the active antifungal azole
molecule remaining unchanged while BCD has no impact on activity. However, further in-silico and in-vitro studies are
necessary to clarify these observations.

4 Conclusion

In order to shed light on the stability and binding interactions of azole-B8-CD inclusion complexes, we concentrate on
computational investigations of antifungal azoles and B-cyclodextrin inclusion complexes in this work. Molecular dock-
ing and semi-empirical PM3 computations are included. The results of docking tests indicate that azoles, particularly
fluconazole, form stable complexes with B-CD, FCZ-BCD2 exhibiting the best binding characteristics. PM3 simulations
provide a comprehensive analysis of the electronic structure, including HOMO-LUMO energy gaps, chemical potential,
hardness, and electrophilicity, which supports these findings. These descriptors of quantum mechanics suggest that
the inclusion complexes have better physicochemical characteristics, such as increased bioavailability and solubility.
Our findings demonstrate the potential of B-CD as a transporter for azole antifungal medications, providing a viable
approach to address problems with solubility and bioavailability. Enhancing these essential characteristics can help
B-CD complexation improve the therapeutic efficacy of azoles, addressing the urgent problem of antifungal medica-
tion resistance and leading to better fungal infection treatment outcomes. The antifungal spectrum of all the inclusion
complexes was predicted using the PASS web server which proved that that the complexes are more effective against
fungal pathogens than bacterial pathogens.

In summary, this study’s preliminary theoretical investigation of azole-B-CD complexes establishes the foundation for
additional experimental verification and the creation of sophisticated antifungal formulations. This in silico method is a
big step in improving antifungal treatments and addressing the widespread problem of fungal infections.
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Abstract

The residual effects of fly ash (FA) applied to Kharif rice played a crucial role in improving
soil fertility and crop productivity of Rabi groundnut (4rachis hypogaea L.) . This study
evaluated the impact of combined use of FA and FYM on soil properties and groundnut yield
in acidic loamy sand soils under humid subtropical situation. FA application had minimal
effects on soil texture and density but increased porosity and water-holding capacity. Soil
penetration resistance decreased significantly, particularly in FA with NPK or lime treatments.
Soil pH remained slightly acidic, while organic carbon content increased up to 160.7% with
FA application. Macronutrient availability, particularly phosphorus (P) and potassium (K),
improved, with FA(40t ha™)+NPK(Recommended dose) +FYM (5t ha™) showing the highest
increases. Secondary nutrients, including sulphur (S), calcium (Ca), and magnesium (Mg), also

increased, with sulphur content doubling in the above treatment (FA40+NPK+FYM) treatment.
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Among micronutrients, zinc (Zn) showed the most significant increase, while copper (Cu) and
manganese (Mn) remained stable. Activities of Soil enzymes such as urease, phosphatases,
and dehydrogenase, were significantly enhanced, indicating improved microbial activity. FA
application increased groundnut yields, with FA40+NPK+FYM recording the highest kernel
yield (872.3 kg ha™) and biomass yield (7164.6 kg ha™). Principal component analysis (PCA)
highlighted strong associations among FA applied, soil fertility, and crop performance. These
findings demonstrate the potential of FA as a soil amendment to improve soil quality and
agricultural productivity in nutrient-deficient acidic light textured Inceptisols in subtropical

climatic condition.

Keywords

Residual effect; Soil amelioration; Farmyard manure; PCA; Plant available-Si; Soil enzymes
1. Introduction

Fly ash (FA), a major by-product of coal-based thermal power plants, has long been considered
an environmental burden due to its vast generation and challenges associated with its safe
disposal. This fine particulate residue, primarily composed of amorphous glass-like particles
ranging in size from 0.01 to 100 pm, results from the combustion of pulverized coal in power
stations (Davison et al., 1974; Gollakota et al., 2019). The composition and properties of FA
are influenced by several factors, including the type of coal used, its ash content, combustion
method, emission control technologies, and collection processes (Jala and Goyal, 2006; Vig et
al., 2023). Notably, FA contains essential macronutrients such as phosphorus (P), potassium
(K), sulphur (S), calcium (Ca), and magnesium (Mg), along with micronutrients like zinc (Zn),
copper (Cu), iron (Fe), manganese (Mn), cobalt (Co), boron (B), and molybdenum (Mo). The
pH of FA varies widely between 4.5 and 12.0, depending on the silica and sulphur content of

the parent coal (Maiti et al., 1990; Lal et al., 2012).
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India is one of the largest producers of FA, with an estimated annual generation of
approximately 889.66 lakh metric tonnes (LMT) (NTPC, 2023). This figure is expected to rise
further due to the country’s continued reliance on coal-based power generation. Indian coal is
predominantly of low-grade quality, consisting mainly of bituminous and sub-bituminous
types, which contribute to a higher ash content of 30-45%, compared to the 10-15% typically
found in imported coal (Dwivedi and Jain, 2014; Pandey, 2025). The large-scale production of
FA, combined with the constraints for its disposal, poses severe environmental challenges,
including air pollution, water contamination, and land degradation. However, its potential
utilization in agriculture, construction, and waste management has been increasingly explored

as a means to convert this problematic waste into a resource.

Agricultural intensification in response to the rising demand for food and forage has led to
excessive land use, causing a decline in soil health and productivity. The indiscriminate use of
chemical fertilizers has further exacerbated soil degradation, reducing microbial activity and
enzyme functions, which are critical indicators of soil quality (Cardoso et al., 2013; Mandal et
al., 2020). As a result, sustainable approaches to enhancing soil fertility and crop productivity
have become a research priority. In recent years, FA has emerged as a potential soil amendment
that, when applied in conjunction with organic and biofertilizer sources, can improve soil health
and sustainability (Parab et al., 2015; Kumar et al., 2017; Kaur et al., 2019). Despite its benefits,
FA usage in Indian agriculture remains minimal, accounting for less than 1% of total FA
utilization (Down To Earth, 2019). However, studies suggest that the use of FA in agriculture
has the potential to generate an additional five million tonnes of food grains annually, with an

estimated economic value of 33000 crores (Kumar et al., 2000).

The potential of FA as an agricultural input is primarily due to its role in soil amelioration. FA
application improves soil texture by reducing bulk density and enhancing porosity, water

retention, and aeration, thereby creating a more favourable environment for root growth and
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microbial activity (Ram and Masto, 2014). Furthermore, the nutrient content of FA supplements
the soil with essential elements, reducing the dependency on chemical fertilizers. When
combined with organic amendments such as farmyard manure (FYM), compost, crop residues,
and sewage sludge, FA enhances nutrient availability while mitigating concerns related to
heavy metal accumulation (Yeledhalli et al., 2007; Singh and Pandey, 2013; Kumar et al.,

2017).

While the application of FA in agriculture offers numerous benefits, concerns regarding its
potential toxicity, heavy metal accumulation, and long-term effects on soil fertility persist.
Certain FA varieties contain trace amounts of toxic elements such as arsenic (As), cadmium
(Cd), lead (Pb), and mercury (Hg), which can pose risks to plant growth and food safety if
applied in excessive quantities (Pandey and Singh, 2010). However, several studies have
demonstrated that applying FA in lower doses, especially when mixed with organic
amendments, significantly reduces the bioavailability of heavy metals, preventing their

accumulation in crops (Singh and Pandey, 2013; Kumar et al., 2017).

Furthermore, FA application enhances microbial activity in soil by providing essential nutrients
and improving soil aeration. The addition of organic matter such as FYM, press mud, and
biogas slurry further stabilizes soil pH and reduces the risk of heavy metal uptake by plants.
Long-term studies have emphasized the importance of field trials to assess the cumulative
impact of FA applications and develop guidelines for its safe and effective use in different agro-

climatic conditions (Nayak et al., 2014).

Groundnut (Arachis hypogaea L.) is an important legume oilseed crop widely grown in India,
covering an area of approximately 4.9 million hectares with an annual production of 10.14
million tonnes (DES, 2020). The rice—groundnut cropping system is particularly predominant

in the coastal regions of Odisha, where rice serves as a staple food crop, cultivated extensively
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due to its adaptability and economic importance. Following the rice harvest, groundnut is
commonly grown as a residual crop. Poor soil fertility is a major soil related constraint of these
soils which are mostly acidic with poor nutrient availability to support crop growth and
biological N fixation. Under such situation , use of FA in the rice-groundnut cropping system
presents a unique opportunity to evaluate the benefits of FA application in enhancing soil
fertility and crop yields. FA application to rice fields has been shown to improve soil structure,
water-holding capacity, and nutrient availability, which can, in turn, positively influence the
subsequent groundnut crop. Moreover, the integration of FA with FYM can further enhance the
nutrient balance in the soil, improving crop resilience and productivity over multiple growing

sc€asons.

Despite extensive research on FA utilization in agriculture, most studies have primarily focused
on its direct effect on soil properties and crop growth. There is a lack of comprehensive studies

examining the residual impact of FA on subsequent crops within a cropping system.

Given the increasing need for sustainable soil management practices, it is crucial to conduct
field trials that evaluate the cumulative impact of FA application over multiple cropping cycles.
Understanding the residual effects of FA on soil fertility, nutrient dynamics, and heavy metal
accumulation is essential for developing appropriate management practices. Addressing these
research gaps will provide valuable insights into optimizing FA application rates, improving

soil amendment strategies, and ensuring environmental safety.

To address these challenges and research gaps, a three-year field study was undertaken to
investigate the application of FA in combination with FYM within a rice-groundnut cropping
system in eastern India. The primary objectives of this study were: i) to assess the residual

effects of FA applied to Kharif rice on subsequent Groundnut crop and determine its impact
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on soil health; iv) to establish guidelines for safe and sustainable FA utilization in rice-ground

nut cropping system.

By addressing these objectives, this research aims to contribute to the sustainable management
of FA in agriculture, promoting its effective utilization while ensuring environmental safety
and soil health improvement. The findings of this study will provide valuable insights into the
practical applications of FA, helping policymakers, researchers, and farmers make informed

decisions regarding its use in sustainable crop production.
2. Materials and methods
2.1 Experimental setup

A field experiment was conducted during the Kharif season of 2021 with rice (Oryza sativa cv.
Kalinga Dhan 1204), followed by groundnut (4Arachis hypogaea cv. Devi) during the Rabi
season of 2021-22 at the Instructional Farm (IF) of Odisha University of Agriculture and
Technology (OUAT), Bhubaneswar, India (20.2961° N, 85.8245° E, 45 m above mean sea
level). The soil at the experimental site was acidic (pH, 5.13) and had a loamy sand texture.
Fly ash was sourced from the National Thermal Power Corporation (NTPC), Talcher, Odisha.
The collected fly ash, farmyard manure (FYM), and initial soil samples were analysed for pH
(1:2.5), electrical conductivity (EC), soil organic carbon (SOC), sand, silt, and clay content,
along with other physico-chemical parameters (Tables 1, 2, and 3) using standard methods
described by Jackson (1973). The experimental site experiences a subtropical humid climate

with an average annual rainfall of 1,450 mm, primarily influenced by the southwest monsoon.
2.2 Treatment detail

The experiment consisted of seven treatments with 4replications arranged in randomized block
design (RBD), each plot measuring 12 m x 5 m (EW x NS). The treatments are: T1 (absolute

control), T2 (recommended NPK applied to every crop), T3 (FYM at 5 t ha™ applied every
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Kharif season + T2), T4 (FA 10 t ha™ + T3), T5 (FA 20 t ha™ + T3), T6 (FA 40 t ha™' + T3), and
T7 (Lime 0.2 LR for non-rice crops + T3). Synthetic fertilizers such as urea, DAP, and MOP
were used to supply the recommended NPK, with a fertilizer dose of 80:40:40 and 20:40:40 kg
ha™ N: P>Os: K»O applied to rice and groundnut respectively. The entire dose of FYM (5t ha’
I'season™) and fly ash (as per treatments) was incorporated during puddling in the Kharif season
(monsoon). The lime requirement (0.2 LR for non-rice crops) was calculated based on soil
analysis by Woodruff’s buffer method and applied in T7 during land preparation for the Rabi

ground nut crop.
2.3 Soil sampling and analysis

The post-harvest soil samples were collected after the groundnut crop was harvested, following
a zig-zag sampling pattern within the experimental plots to create composite samples (500 g)
for each treatment. Each composite sample was air-dried, ground, and sieved through a 2 mm
(10-mesh) sieve for physico-chemical analysis. The remaining portion of each sample was
stored in a plastic bag at 4°C in a deep freezer until microbiological and enzymatic analyses
were conducted. All microbial and enzymatic assessments were completed within 15 days of

sample collection.

Soil texture was analysed using the hydrometer method (Bouyoucos, 1962). Bulk density (BD)
by the core sampler method (Blake and Hartge, 1986)and particle density (PD) by pycnometer
method(Flint and Flint, 2002). Water holding capacity (WHC) was assessed using a Keen-
Raczkowski box, and soil penetration resistance (0—5 cm depth) was measured by a cone
penetrometer (Piper, 1950). Soil pH and electrical conductivity (EC) were determined by
potentiometric and conductivity methods, respectively (Jackson, 1973). Organic carbon (OC)
was estimated by rapid titration method (Walkley and Black, 1934). Available nitrogen (N)

was measured using the alkaline potassium permanganate method (Subbiah and Asija, 1949),
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while available phosphorus (P) was extracted with 0.5 M NaHCOs and quantified by
spectrophotometry (Olsen, 1954). Available potassium (K), exchangeable calcium (Ca), and
magnesium (Mg) were extracted using 1 N ammonium acetate, with K analysed via flame
photometry (Jackson, 1973), and Ca and Mg measured using complexometric titration (Baruah
and Barthakur, 1997). Plant-available silicon (Si) was extracted with 0.01 M CaCl> and
estimated using a UV-VIS spectrophotometer (Haysom and Chapman, 1975). DTPA-
extractable micronutrients (Zn, Fe, Cu, and Mn) were analysed using atomic absorption

spectrophotometry (AAS) (Lindsay and Norvell, 1978).

Enzyme activities such as Urease, Acid (pH 6.5) and alkaline (pH 11) phosphatase ,B-
glucosidase and arylsulfatase activity were quantified using standard methods (Tabatabai,
1994). Total microbial activity in the soil was determined by dehydrogenase activity

assessment (Casida et al., 1964).
2.4 Statistical analysis

The experimental data were analysed using the analysis of variance (ANOVA) technique for a
randomized block design (RBD). Fisher’s LSD test was employed as a post hoc mean
separation method to compare treatment means at a significance level of p <0.05. Additionally,
principal component analysis (PCA) was performed to explore patterns and relationships

within the data. All analyses were conducted using R version 4.4.1 (de Mendiburu, 2021).
3. Results
3.1 Physical properties

The soil across all treatments exhibited a sandy texture, with sand, silt, and clay contents
ranging from 81.3-84.7%, 8.2—10.7%, and 5.6—10.4%, respectively (Table 4). The bulk density
(BD) was lowest in the FA40+T3 treatment at 1.38 Mg m™, representing a 7.38% reduction

compared to the control (1.49 Mg m'3) (Table 4). Soil particle density (PD) ranged from 2.49
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to 2.53 Mg m™. Porosity was highest in the FA40+T3 treatment (44.74%) and lowest in the
control (39.97%). The application of varying fly ash (FA) levels did not significantly affect
bulk density, particle density, or porosity. The soil's water holding capacity (WHC) varied
between 28.83% and 33.38% (Table 4). Surface soil penetration resistance (SPR) at a depth of
0-5 cm was lowest in the FA40+NPK treatment (6.3 kPa) and highest in the absolute control
(184.0 kPa). The FA20+NPK and Lime+NPK treatments significantly reduced SPR by 84.1%

and 83.9%, respectively, compared to the control (Table 4).
3.2 Chemical properties

The soil pH ranged from 5.36 to 5.98, indicating a slightly acidic nature across all treatments,
with no significant differences observed due to varying levels of FA application (Table 5).
Similarly, the soil's electrical conductivity (EC) varied between 0.19 dS m™ and 0.25 dS m™,
with FA application having no significant impact on EC values (Table 5). In contrast, organic
carbon content increased significantly in the FA20+T3 (0.60 g kg'l) and FA40+T3 (0.73 g kg’
") treatments, representing enhancements of 114.3% and 160.7%, respectively, compared to the

control (0.28 g kg'l) (Table 5).

3.3 Primary nutrients

The available nitrogen content in the soil increased; however, this rise cannot be solely
attributed to the higher fly ash dosage, as shown in Fig. 2. The Lime+T3 treatment recorded a
28.1% increase in available nitrogen content compared to the control (Table 5). Similarly,
available phosphorus in the soil increased in the FA10+T3, FA20+T3, and FA40+T3 treatments
by 26.1%, 38.2%, and 40.6%, respectively, relative to the control (9.86 kg P ha'l), while the
Lime+T3 treatment resulted in a phosphorus level of 13.39 kg P ha™, reflecting a 35.8%
increase (Table 5). The available potassium content in the soil ranged from 63.41 kg K ha™ to

80.92 kg K ha™, with the FA10+T3, FA20+T3, and FA40+T3 treatments showing increases of
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approximately 35.0%, 36.5%, and 49.2%, respectively, compared to the control (63.41 kg K

ha™) (Table 5).
3.4 Secondary nutrients

The sulphur content in the soil ranged from 12.55 to 25.19 kg S ha™, with the highest level
(25.19 kg S ha™) observed in the FA40+T3 treatment (Table 5). A significant increase in
available sulphur was associated with higher fly ash application rates, as the FA10+T3,
FA20+T3, and FA40+T3 treatments led to sulphur content increases of approximately 62.1%,
83.1%, and 100.7%, respectively, compared to the control (12.55 kg S ha™) (Table 5). In
contrast, the calcium (Ca) content in the soil peaked at 23.33 meq 100 g'1 in the Lime+T3
treatment, followed by 22.22 meq 100 g in FA20+T3. Notably, the NPK+FYM and FA40+T3
treatments exhibited similar calcium levels, each reflecting a 19.9% increase relative to the
control (16.67 meq 100 g'l) (Table 5). A similar trend was observed for magnesium (Mg)
content, with the highest concentration recorded in the Lime+T3 treatment (28.0 meq 100 g™),
which was statistically comparable to FA40+T3 (26.67 meq 100 g'). Other treatments,
including NPK+FYM, FA10+T3, and FA20+T3, showed increases of 39.9%, 39.9%, and

43.9%, respectively, compared to the control (16.67 meq 100 g) (Table 5).
3.5 Plant available Si

The plant-available silicon (PASi) content was highest in the FA40+T3 treatment (46.98 mg
kg™, followed by FA20+T3 (45.28 mg kg™') and FA10+T3 (42.05 mg kg™) (Table 5). The
NPK+FYM and Lime+T3 treatments showed increases of 38.7% and 60.0%, respectively,
compared to the control (25.58 mg kg™). These findings indicate that higher doses of fly ash
application significantly enhanced silicon availability in the soil, with the FA40+T3 treatment
exhibiting the greatest PASi levels (Table 5). This underscores the role of these amendments in

improving silicon bioavailability, which is beneficial for plant health and resilience (Table 5).
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3.6 Micronutrients

The DTPA-extractable zinc (Zn) content in the soil was highest in the FA40+T3 treatment,
measuring 1.36 mg kg™ (Table 5). Treatments NPK, FA10+T3, and FA20+T3 exhibited
increases of 30.3%, 32.3%, and 33.3%, respectively, compared to the control (0.99 mg kg™),
while the Lime+T3 treatment recorded a Zn concentration of 1.16 mg kg'l, reflecting a 17.1%
increase over the control (Table 5). The DTPA-extractable copper (Cu) content ranged from
8.56 to 11.04 mg kg™, with varying doses of fly ash having no significant influence on Cu
levels in the soil. The highest Cu concentration was observed in the NPK treatment (11.04 mg
kg™), followed by NPK+FYM, Lime+T3, FA40+T3, and FA20+T3, with respective values of
10.21, 10.01, 9.95, and 9.65 mg kg'1 (Table 5). The DTPA-extractable iron (Fe) content was
highest in the Lime+T3 treatment (181.04 mg kg™), followed by FA40+T3 (161.02 mg kg™)
and NPK+FYM (158.85 mg kg'l) (Table 5). The FA10+T3 and FA20+T3 treatments showed
increases of 115.0% and 131.2%, respectively, compared to the control (66.65 mg kg™). In
contrast, different fly ash application rates did not significantly affect the DTPA-extractable
manganese (Mn) content in the soil. The highest Mn content was recorded in the NPK treatment
(5.45 mg kg™), while the lowest was observed in the Lime+T3 treatment (4.36 mg kg™) (Table

5).
3.7 Soil enzgyme activities

Soil enzymes serve as key indicators of the biological properties of soil. In this study, the
highest urease (UR) activity was recorded in the FA40+T3 and FA20+T3 treatments, with
values of 77.1 and 69.3 pg NHa* 5 g soil”’ 5 hr'', respectively (Table 6). The NPK+FYM,
Lime+T3, and FA10+T3 treatments exhibited urease activity increases of 15.1%, 26.4%, and
35.6%, respectively, compared to the control (44.2 g NHs* 5 g soil™ 5 hr'') (Table 6). Acid

phosphatase (ACP) activity reached its highest level in the FA40+T3 treatment (293.4 pg pNP
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g soil hr'"), followed by FA20+T3 (256.3 pg pNP g soil™ hr'). The Lime+T3 and FA10+T3
treatments exhibited increases of 13.5% and 23.5%, respectively, compared to the control
(185.8 pg pNP g soil' hr'') (Table 6). A similar trend was observed for alkaline phosphatase
(ALP) activity, with maximum values of 57.1 and 52.8 ug pNP g soil™ hr! in the FA40+T3 and
FA20+T3 treatments, respectively. The FA10+T3 treatment recorded a significant 215%
increase over the control (12.2 ug pNP g soil”! hr'l), reaching 38.5 ug pNP g soil ! hr! (Table

6).

For arylsulfatase (ARS) activity, the FA40+T3, FA20+T3, Lime+T3, and FA10+T3 treatments
showed respective increases of 173.8%, 167.0%, 162.0%, and 160.9% over the control (27.9
ng pNP g soil’ hr'), while the NPK and NPK+FYM treatments exhibited arylsulfatase
activities of 42.0 and 50.6 pg pNP g soil’ hr', respectively (Table 6). The highest
dehydrogenase (DHA) activity was recorded in the FA40+T3 treatment (16.4 pg TPF g soil”
day™), followed by FA20+T3 (13.7 ug TPF g soil” day™) and FA10+T3 (6.9 pg TPF g soil™
day'l) (Table 6). Similarly, B-glucosidase (BGU) activity was highest in the FA40+T3 treatment
(27.3 pg pNP g soil ! hr'"), followed by FA20+T3 (19.5 pg pNP g soil! hr'"). The Lime+NPK
and FA10+T3 treatments exhibited B-glucosidase activities that were 97.6% and 109.4%

higher, respectively, than the control (8.5 ug pNP g soil”! hr'l) (Table 6).

3.8 Yield and yield attributes

The highest kernel yield (KY) was recorded in the FA40+T3 treatment, reaching 872.3 kg ha’
! followed by Lime+T3 (814.0 kg ha™), FA20+T3 (769.3 kg ha™"), and FA10+T3 (729.1 kg ha”
" (Table 7). The NPK and NPK+FYM treatments produced 42.2% and 45.6% higher yields,
respectively, compared to the control (424.1 kg ha'l) (Table 7). Similarly, pod yield (PY) was
highest in FA40+T3, Lime+T3, FA20+T3, and FA10+T3, with values of 1226.5 kg ha'l, 1185.7

kg ha', 1113.4 kg ha”, and 1080.2 kg ha™, respectively (Table 7). Haulm yield was
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significantly higher in FA40+T3 and FA20+T3, showing increases of 56.3% and 38.1%,
respectively, over the control (3797.8 kg ha™) (Table 7). Biomass yield (BY) peaked in
FA40+T3 (7164.6 kg ha™') and FA20+T3 (6361.2 kg ha™), while treatments NPK, NPK+FYM,
Lime+T3, and FA10+T3 recorded biomass yield increases of 9.8%, 16.3%, 16.5%, and 22.6%,
respectively, compared to the control (4439.5 kg ha™) (Table 7). Shelling percentage (SH)
followed a similar trend, with the highest value observed in FA40+T3 (70.9%) and the lowest

in the control (66.1%) (Table 7).
3.9 Relationship among soil variables and yield

To simplify the understanding of the effects of various FA treatments on soil properties and the
yield attributes of groundnut, correlation matrix and the principal component analysis (PCA)
were employed, as illustrated in Fig. 1 and Fig. 2, respectively. The correlation matrix visually
represents the relationships between soil properties, nutrient availability, enzyme activities, and
yield attributes under FA treatments (Fig. 1). Green circles indicated positive correlations,
while brown/orange denoted negative correlations, with intensity and size reflecting correlation
strength. Sand content negatively correlated with silt, clay, bulk density (BD), particle density
(PD), and water holding capacity (WHC), indicating its inverse effect on soil structure. BD and
soil penetration resistance (SPR) show negative correlations with soil fertility parameters and
yield, highlighting the detrimental effects of compaction (Fig. 1). In contrast, pH, organic
carbon (OC), available phosphorus (AvP), calcium (Ca), magnesium (Mg), and micronutrients
exhibited strong positive correlations with soil enzyme activities (DHA, ALP, ARS) and yield
attributes (KY, PY, HY). This suggested that improved nutrient availability and microbial
activity enhance groundnut productivity (Fig. 1). Overall, the findings emphasized the
importance of FA amendments in improving soil fertility, reducing compaction, and enhancing
yield through better nutrient and microbial interactions. The PCA biplot illustrated the

relationships between soil properties, groundnut yield attributes, and various FA treatments
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(Fig. 2). The x-axis (PC1) accounted for 68.02% of the variance, primarily associated with soil
fertility and yield attributes, while the y-axis (PC2) explains 11.76%, capturing additional
variations. Soil parameters like kernel yield (KY), pod yield (PY), soil pH, available
phosphorus (AvP), calcium (Ca), magnesium (Mg), iron (Fe), and arylsulfatase activity (ARS)
cluster in the positive PC1 quadrant, indicating their strong association with fertility-enhancing
FA treatments (Fig. 2). Conversely, sand content, soil penetration resistance (SPR), bulk density
(BD), and particle density (PD) are negatively loaded on PCI1, suggesting an inverse
relationship with soil fertility and productivity. The positioning of treatments reveals that
absolute control and NPK alone aligned with lower fertility indicators, while FA treatments
combined with NPK and farmyard manure (FYM), such as FA40+NPK+FYM and
FA20+NPK+FYM, are linked to improved soil properties and higher yields (Fig. 2). The
Lime+NPK+FYM treatment appeared separately in the lower right quadrant, suggesting a
distinct effect on soil characteristics. Overall, the PCA biplot highlights that FA treatments
significantly enhanced soil fertility and crop productivity compared to untreated or solely NPK-
treated soils, reinforcing the importance of integrated soil management strategies for

sustainable groundnut cultivation (Fig. 2).
4. Discussion

4.1 Physical, chemical, and biological properties

The disposal of fly ash (FA) presented a significant environmental challenge due to its
increasing accumulation as solid waste worldwide. As a sustainable alternative, eco-friendly
management strategies that incorporated FA in agriculture could help improve soil fertility
while addressing both environmental and agricultural concerns. In this study, FA was applied
in combination with farmyard manure (FYM) to assess its impact on soil properties, as research

on this subject remains limited (Upadhyay et al., 2021).
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The application of FA increased silt content in the FA20+T3 and Lime+T3 treatments; however,
a higher FA application rate led to a reduction in silt content, as observed in the FA40+T3
treatment. The addition of FYM alongside FA positively influenced clay content, with the
highest clay levels recorded in the NPK+FYM treatment. In contrast, FA application alone
resulted in a decline in clay content (refer to Table 4). Bulk density (BD) decreased with
increasing FA application, while particle density (PD) remained relatively stable across
treatments. Pore space (PS) percentage increased with higher FA doses, but BD, PD, and PS
showed no statistically significant differences among treatments. A similar trend was observed
for soil water holding capacity (WHC). Additionally, soil penetration resistance (SPR)
decreased with increasing FA doses. These findings are consistent with previous studies on the

effects of FA application on soil physical properties (Ahmad et al., 2021).

The application of varying doses of fly ash (FA) did not lead to significant changes in soil pH,
likely due to the inherently acidic nature of both the parent soil and the FA. This contrasts with
findings from previous studies, such as those by Tejasvi and Kumar (2012) and Gond et al.
(2013), which reported an increase in soil pH following FA application. However, electrical
conductivity (EC) increased relative to the control, though no significant variations were
observed across different FA doses. Organic carbon (OC) content exhibited a dose-dependent
increase with FA application, mirroring the trend observed for primary nutrients: nitrogen (N),
phosphorus (P), and potassium (K) which also increased with higher FA doses. Hong et al.
(2018) found that phosphorus availability can be enhanced due to reduced P fixation in soils
amended with biochar, FA, and lime. Similarly, Rautaray et al. (2003) demonstrated that FA
application, whether used alone or in combination with organic wastes and chemical fertilizers,
improved soil-available P levels. Their study, which investigated the direct impact of FA,
organic wastes, and chemical fertilizers on rice and the residual effects on mustard (Brassica

napus var. glauca), highlighted that the integrated use of FA with organic and chemical
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amendments effectively enhanced crop yield, soil OC, and available N, P, and K content.
Additionally, secondary nutrients such as sulphur (S), calcium (Ca), and magnesium (Mg)
increased with higher FA doses, supporting the findings of Pandey and Singh (2010), who
identified FA as a source of essential macro- and micronutrients for plants. The plant-available
silicon (PASIi) content also increased in FA-amended treatments, aligning with the results of
Lee et al. (2006). Among micronutrients, DTPA-extractable zinc (Zn) showed the most
pronounced increase with rising FA doses, whereas iron (Fe), copper (Cu), and manganese

(Mn) did not exhibit a similar trend, consistent with findings reported by Kumar (2018).

The activities of several soil enzymes, including urease, acid phosphatase, and alkaline
phosphatase, exhibited a positive correlation with increasing FA doses, suggesting that FA
application may enhance these enzymatic processes. Urease plays a vital role in nitrogen
cycling by hydrolysing urea into ammonium, thereby improving nitrogen availability in the
soil (Neemisha and Sharma, 2022). Similarly, acid and alkaline phosphatases are crucial for
phosphorus cycling, breaking down organic phosphorus compounds into plant-accessible
forms (Tian et al., 2021). The observed increase in phosphatase activities with FA application
indicates improved phosphorus mineralization in the soil. Although arylsulfatase activity also
showed a dose-dependent increase with FA application, the change was not statistically
significant. Arylsulfatase, an enzyme involved in sulphur cycling, catalyses the hydrolysis of
sulphate esters into bioavailable sulphate, supporting plant sulphur needs (Germida et al.,
2021). The lack of a significant increase in arylsulfatase activity may be attributed to relatively
stable sulphur content in the soil or other soil properties that influence enzyme dynamics.
Similarly, dehydrogenase and B-glucosidase activities increased with higher FA doses.
Dehydrogenase serves as a key indicator of microbial oxidative activity and overall soil health,
reflecting microbial respiration and organic matter decomposition (Woliniska & Stepniewska,

2012). Meanwhile, B-glucosidase is essential for carbon cycling, facilitating the breakdown of
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cellulose into simpler sugars that plants can utilize (Adetunji et al., 2017). These findings align
with prior studies by Nayak et al. (2014), Lal et al. (2015), and Ramteke et al. (2017), which
also reported enhanced enzyme activities in FA-amended soils. This suggests that FA
application supports biochemical processes essential for nutrient cycling and soil fertility,

ultimately contributing to improved soil health.
4.2 Yield and yield attributes

Kernel yield and overall groundnut productivity increased consistently with higher doses of fly
ash (FA), highlighting the positive impact of FA application on crop performance. Enhanced
calcium (Ca) uptake in lime-treated plots significantly improved yield, underscoring the critical
role of Ca in pod and kernel development (Yang et al., 2020). A similar trend was observed in
haulm yield, total biomass, and shelling percentage, all of which progressively increased with
higher FA doses. These findings align with studies by Swain et al. (2007), Sireesha and Rani
(2014), and Le et al. (2021), which also reported substantial improvements in groundnut yield

and yield components following FA application.
4.3 Relationship among soil properties and groundnut yield

The correlation matrix and PCA provided valuable insights into the impact of FA treatments on
soil properties and groundnut yield attributes. The correlation matrix (Fig. 1) showed that soil
fertility indicators such as pH, organic carbon (OC), available phosphorus (AvP), calcium (Ca),
magnesium (Mg), and micronutrients exhibited strong positive correlations with enzyme
activities (DHA, ALP, ARS) and yield attributes (KY, PY, HY). This suggested that FA
amendments enhanced nutrient availability and microbial activity, leading to improved crop
productivity. In contrast, bulk density (BD), particle density (PD), and soil penetration
resistance (SPR) showed negative correlations with fertility parameters and yield, indicating

that soil compaction negatively affects plant growth.
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The PCA biplot (Fig. 2) further illustrates the relationships among soil properties, yield
attributes, and FA treatments. PC1 (68.02%) explained the majority of variance, primarily
linked to soil fertility and productivity, while PC2 (11.76%) captured additional variability.
Positive loadings of KY, PY, AvP, Ca, Mg, Fe, and ARS in PC1 confirmed the role of FA in
enhancing soil health and yield. Conversely, sand content, BD, PD, and SPR are negatively
loaded, reinforcing their adverse impacted on soil fertility. Treatments such as
FA40+NPK+FYM and FA20+NPK+FYM aligned with improved soil properties and higher

yields, whereas absolute control and NPK alone were associated with lower fertility.

Overall, these findings highlighted the importance of FA amendments in reducing compaction,
improving nutrient availability, and boosting groundnut productivity, reinforcing the need for

integrated soil management strategies for sustainable agriculture.
5. Conclusion

This study demonstrated that fly ash (FA) served as an effective soil amendment, enhancing
nutrient availability and improving soil properties, which collectively supported increased
groundnut productivity by positively influencing both vegetative and reproductive growth
phases. When applied in combination with recommended fertilizers and farmyard manure
(FYM), FA significantly improved the physical, chemical, and biological properties of the soil,

leading to better crop performance and higher yields.

Given the variability in soil types, climatic conditions, and cropping systems across different
regions, further research is needed to assess the long-term effects of FA application. Future
studies should focus on evaluating its sustainability, potential risks of heavy metal
accumulation, and optimal application rates for different crops and soil conditions.
Additionally, multi-location field trials would be essential to establish broader

recommendations for safe and effective FA utilization in agriculture. By integrating FA into
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sustainable soil management practices, it would be possible to transform this industrial by-
product into a valuable resource for enhancing crop productivity while addressing

environmental concerns related to its disposal.
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Tables

Table 1: Physiochemical properties of fly ash

Physical properties Value

Mechanical analysis (Bouyoucos hydrometer)

Sand (%) 90.4
Silt (%) 9.4
Clay (%) 0.2
Particle density (Mg m™) 1.71
Bulk density (Mg m™) 1.04
Porosity (%) 39.18
Water holding capacity (%) 92.1

Chemical properties

pH 6.1
EC (dSm™) 0.18
Liming potential (%) 8.5
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By CHNS analyser

C (%) 0.52
N (%) 0.05
H (%) 0.103
S (%) 0.028

By Di-acid digestion

P (%) 0.20

K (%) 0.06

Table 2: Chemical composition and C:N ratio of FYM used

Properties Value
C (%) 21.0
N (%) 0.83
P (%) 0.26
K (%) 0.82
C:N ratio 25.6

Table 3: Physiochemical properties of initial soil (0-15 cm)

Properties Value
Sand (%) 83.56
Silt (%) 8.50
Clay (%) 7.94
Bulk density (Mg m™) 1.29
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Particle density (Mg m™) 2.55
Porosity (%) 50.00
Water holding capacity (%) 32.22
pHw(1:2.5) 5.13
EC (dSm™) 0.19
CEC (CmolP'kg™) 3.06
Organic carbon (%) 0.49
Mineralizable N (kg ha™) 111.26
Olsen’s P (kg ha™) 8.16
Available K (kg ha™) 96.85
Available S (kg ha™) 17.45
Exchangeable Ca (meq 100™) 8.14
Exchangeable Mg (meq 100'1) 9.71
DTPA extractable Zn (mg kg™) 1.58
DTPA extractable Cu (mg kg™) 231
DTPA extractable Fe (mg kg™) 167.51
DTPA extractable Mn (mg kg ™) 7.12
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Abstract

Industrialization has significantly contributed to economic development but at the cost of
environmental health. Industrial pollutants such as heavy metals, toxic chemicals, and particulate
matter have severely impacted air, water, and soil quality. This paper reviews the adverse effects
of these pollutants on ecosystems and human health. Furthermore, it explores promising
technological interventions such as bioremediation, green chemistry, and advanced filtration
systems aimed at preventing and mitigating pollution. The paper also highlights policy measures
and integrated approaches to ensure sustainable industrial development.

1. Introduction

The rapid expansion of industries has brought about a substantial rise in pollution levels, with
serious consequences for the environment. Industrial pollutants are by-products or waste
materials resulting from manufacturing processes. These pollutants, when released untreated into
the environment, lead to contamination of natural resources, posing threats to biodiversity and
public health. This paper discusses various types of industrial pollutants and their effects,
followed by an overview of emerging technologies designed to prevent environmental
degradation.

2. Effects of Industrial Pollutants on Environment
Industrial pollutants affect various components of the environment:

- Air: Emissions of sulfur dioxide (SOz), nitrogen oxides (NOx), and particulate matter contribute
to smog, acid rain, and respiratory problems in humans.

- Water: Discharge of untreated effluents into water bodies leads to eutrophication, destruction of
aquatic habitats, and bioaccumulation of toxins in the food chain.
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- Soil: Heavy metals like cadmium, lead, and mercury contaminate soil, reducing its fertility and
harming soil microbiota.

- Biodiversity: Habitat degradation due to pollution affects species diversity and ecological
balance.

- Human Health: Exposure to industrial pollutants is linked to chronic diseases, neurological
disorders, and cancers.

[Figure 1. Sources of industrial pollutants and their combined impact on air,water and soil]

3. Promising Technology to Prevent Industrial Pollution

Several innovative technologies have emerged to prevent and control industrial pollution:

e Bioremediation: Utilizes microorganisms to degrade hazardous substances into less toxic
forms.

e Membrane Filtration: Advanced filtration systems, such as reverse osmosis and
nanofiltration, remove pollutants from industrial effluents.

e Green Chemistry: Encourages the design of chemical processes and products that reduce
or eliminate hazardous substances.

e Electrocoagulation: An electrochemical process that removes heavy metals and
suspended particles from wastewater.
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e Air Pollution Control Devices: Includes scrubbers, electrostatic precipitators, and
catalytic converters to minimize airborne emissions.

4. Pollution Prevention Techniques in Industrial Processes

Industrial activities, particularly in power generation, manufacturing, and petrochemical
sectors, are significant sources of atmospheric pollution. To mitigate their environmental
impact, a variety of pollution prevention technologies have been developed and
implemented. This section focuses on three crucial techniques: dust-entrapping devices,
flue gas denitration, and heavy oil desulfurization.

a) Dust Entrapping Devices (DED) -4 processes

Overview:

Dust entrapping devices, also known as particulate control devices, are used to remove
suspended solid particles (particulate matter, PM) from industrial exhaust streams before
they are released into the atmosphere.

Common Types:

1) Electrostatic Precipitators (ESPs): Use high-voltage electrostatic fields to
charge and collect dust particles from flue gases.

2) Baghouse Filters (Fabric Filters): Utilize fabric membranes to trap particles as
gas flows through filter bags.

3) Cyclone Separators: Use centrifugal force to separate dust particles from gas
streams based on density differences.

4) Wet Scrubbers: Employ liquid sprays to capture dust particles and soluble gases.

Advantages of using DEDs:
a) High collection efficiency (>99% for fine particles)
b) Suitable for a wide range of particle sizes and gas volumes

¢) Widely used in cement, steel, and thermal power industries

b) Flue Gas Denitration (DeNOx) - 2 processes

Overview:

Flue gas denitration is a method to reduce nitrogen oxides (NOy) emissions, which
contribute to smog, acid rain, and ozone layer depletion. NO gases are formed during
high-temperature combustion in power plants, boilers, and engines.

Technologies:
1) Selective Catalytic Reduction (SCR): Ammonia or urea is injected into the flue

gas in the presence of a catalyst (e.g., TiO2-V20s) to convert NOyx into nitrogen
(N2) and water (H:20).
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2)

ANO+4NH;3+0,—4N2+6H,O
4NO +4NHs + O2 — 4Nz + 6H20
ANO+4NH;3+0,—4N2+6H,O

Selective Non-Catalytic Reduction (SNCR): Reducing agents (like urea) are
directly injected at high temperatures (850—1100°C) without a catalyst.

Advantages of flue gas denitration:

a)
b)

<)

High NOy removal efficiency (up to 90% with SCR)
Effective for both coal- and gas-fired plants
SCR can be integrated into existing exhaust systems

¢) Heavy Oil Desulfurization -3 processes

Overview:
Desulfurization of heavy oil is essential to reduce sulfur dioxide (SO:) emissions during
combustion. SO:2 is a major contributor to acid rain and respiratory ailments.

Key Processes:

1)

2)

3)

Hydro-desulfurization (HDS): A catalytic chemical process where sulfur
compounds in petroleum are converted into hydrogen sulfide (H2S) by reacting
with hydrogen at high temperatures and pressures using catalysts (e.g., Mo-Co or
Ni-Mo on alumina).

R—S+H,—R—H+H,S
R-S +H> — R-H + H=S
R—S+H,—R—H+H,S

Oxidative Desulfurization (ODS): Oxidizes sulfur compounds into sulfones or
sulfoxides, which can be removed by solvent extraction.

Adsorptive Desulfurization: Uses solid adsorbents such as activated carbon or
metal-organic frameworks (MOFs) to selectively adsorb sulfur species from fuel.

Advantages of Heavy Oil Desulfurization:

a)

b)
¢)

Produces low-sulfur fuels that comply with environmental regulations (e.g., IMO
2020, Euro VI standards)

Reduces catalyst poisoning in downstream units

Enhances fuel quality and marketability
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[Figure 2. Various processes under 3 Technologies]

[Figure 3. Technologies adopted in different years and their impact on emission reduction]

Page 101



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

This line chart in Figure 3. illustrates the estimated emission reductions (%) from 2020
to 2024 for the three pollution prevention techniques:

e Dust Entrapping Devices showed the highest impact, reaching around 30%

reduction by 2024.

e Flue Gas Denitration (DeNOy) saw a steady rise, achieving about 28%
reduction.

e Heavy Oil Desulfurization also improved over time, reducing emissions by
around 23%.

5. Conclusion

The harmful effects of industrial pollutants on the environment call for immediate attention and
intervention. Technological advancements provide viable solutions to reduce and manage
industrial emissions effectively. However, integrated efforts involving regulatory policies,
industrial compliance, public awareness, and scientific innovation are essential for achieving
sustainable environmental protection.
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Abstract

Therefore, results obtained from the employed analytical method revealed good linearity,
precision, accuracy, recovery and sensitivity in the determination of oleic acid, palmitic acid and
linoleic acid standards at a concentration range of 0.1-50 pg/mL. As shown in the figures, the
calibration curves were highly linear with a coefficient of determination (R2) ranging between
0.997 to 0.999 for the three fatty acids studied. The method also showed acceptable run-to-run
and batch-to-batch precision, which were in terms of relative standard deviation varying between
2.5- 5.6%. The accuracy was also 95.2 to 104.8% with the percentage recovery for the concentration
range that was tested. Recoveries of the fatty acids from spiked samples did not differ significantly
at low and high, spike concentrations and were at 96.8-98.4%. Furthermore, the method was
found to have low limits of detection of 0.03-0.05pg/mL and a range of lower limits of
quantification of 0.10-0.15pg/mL which shows that the method was sensitive. All in all, it was
established that the analytical method used was highly reliable and precise in the determination
of these fatty acids. It can potentially be used for regular quality control checks of the
concentration of these fatty acids in infant formula, food, pharmaceuticals, cosmetics, or other
related products within the validated concentration range.

Keywords: HPL.C; validation; free fatty acids; oleic acid; palmitic acid; linoleic acid; regulatory; linearity; precision;
accuracy

Introduction

FFAs have been described as signaling moieties and
energy suppliers for different tissues due to their
efficiency in energy metabolism (Karpe et al. 2011).
Plasma FFAs originate mainly from the breakdown
of stored triglycerides in adipose tissue, and they are
higher in obesity and type 11 diabetes (Mlinar et al.,
2007; Ruge et al., 2009). Even though plasma FFAs
are not indicative of the overall adipose tissue mass,
they can give valuable information about the adipose
tissue metabolism and metabolic status of an

individual (Nielsen et al., 2014). Thus, precise and
accurate measurement of plasma FFA levels is
essential in clinical and research investigations that
focus on the energy balance and pathogenesis of
metabolic disorders (Makrecka-Kuka et al., 2017).

GC-MS is still seen as the reference methodology for
analyzing FFAs (Li et al., 2021). However, using GC-
MS can be cumbersome and time-consuming and
includes rigorous sample preparation procedures
such as extraction and derivatization (Saadatian-
Elahi et al., 2009). There are also enzyme-based
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colorimetric assays available, which can analyze
multiple samples at a time, but these methods are
also susceptible to matrix effects and cannot
distinguish between different FFA (Obanda et al.,
2021). In addition, there are more recent approaches
such as liquid chromatography-mass spectrometry
(LC-MS) that have been proven suitable for the
direct and specific determination of plasma FFAs
with acceptable sensitivity and with only slight
sample preparation (Makrecka-Kuka et al., 2017).
However, this warrants additional refinement and
more prescriptive analytical calibration to ultimately
mean LC-MS is the go-to technique for quantifying
superior FFA (Li et al., 2021).

It is worth noting that in the assessment of
bioanalytical methods as per the FDA guidelines of
the USA, factors such as selectivity/specificity,
sensitivity, accuracy, precision, recovery, matrix
effect and stability must be evaluated systematically
for any new method (FDA, 2018). It was postulated
that rigorous validation with appropriate fit-for-
purpose protocols was required before a new
method of data production was used to underpin
clinical trials and regulatory processes (Harwood et
al., 2015). Although there have been publications on
partial LC-MS methods for the determination of
plasma FFA there are no documented studies on the
comprehensive validation of the method by current
regulatory guidelines (Friedrich et al., 2021). For this
reason, the present study’s broad objective was to
establish and optimize a selective, sensitive, and
reproducible LC-MS/MS technique for quantifying
a group of FFAs in human plasma.

The precise fatty acids that have been incorporated
into our analytical method comprised fats and oils
that, according to existing literature, undergo
metabolism. Palmitic, stearic, oleic, linoleic and
arachidonic acids were selected as the five most
prevalent intact FAs identified in human plasma
(Saadatian-Elahi et al., 2009). Moreover, DHA and
EPA, which are essential omega-3 PUFAs, were also
included (Tocher et al., 2008). Finally, an LAA was
included in this FFA panel because this fatty acid was
recently identified to have anti-inflammatory and
antidiabetic potentials (Wu et al., 2020). This allowed
for the use of isotope-labeled internal standards for
each FFA to facilitate absolute quantification. The
current LC-MS/MS method involves using a
reversed-phase HPLC system connected to a triple
quadrupole mass analyzer set for negative
electrospray ionization mode with multiple reaction
monitoring for individual analyte detection (Zhang
etal., 2012).

The assay was structured in a way that would allow
for  the  simultaneous  identification  and
quantification of these nine fatty acid panels in a
single 10-minute chromatography run, ideal for
analyzing large volumes of clinical research
specimens. Several critical validation tests were
conducted according to the FDA and International
Council for Harmonization guidelines (FDA, 2024;
ICH, 1995). The formal quantitative evaluation
parameters were selectivity, the lower limit of
quantification, —accuracy, precision, extraction
recovery, matrix effect, carryover, dilution integrity,
and analyte stability. There was an evaluation of
method robustness using four different lots of
plasma (Fawy, 2017). Each validation experiment
was achieved by spiking quality control samples with
genuine fatty acid standards and isotopically labeled
internal standards.

As such, this work endeavored to meet a significant
gap in the literature by creating and rigorously
optimizing the first FDA-compatible LC-MS/MS
assay for measuring a metabolically important panel
of 9 FFA in human plasma. The validated assay can
meet the demands for wvarious genetic and
pharmacological ~ clinical  and  translational
investigations focused on elucidating FFA function
in health, obesity, diabetes, cardiovascular and liver
disorders. Greater usage of more affordable,
molecule-selective and precise FFA measurements in
the plasma, would likely provide fresh mechanistic
understanding and early identification of diagnostic
or therapeutic biomarkers related to metabolic
disorders characterized by changes in fatty acid
supply and utilization.

Methodology

Chemicals and Reagents

Some of the chemicals and reagents used in this
study were the free fatty acid standards, internal
standards, solvents and buffer solutions. The free
fatty acid standards including oleic acid, palmitic
acid, and linoleic acid were procured from Sigma-
Aldrich, United States of America for preparing
calibration curves and for estimating the amount of
fatty acids in plasma samples. Sigma-Aldrich source
nonadecanoic acid was used as the internal standard
for the analysis. methyl-tert-butyl ether, methanol,
chloroform, hexane, acetonitrile and water were
bought from Sigma-Aldrich and used as solvents for
extraction of fatty acids from plasma and as mobile
phase for the HPLC.

A 10 m ammonium acetate buffer (pH 7.4) was
prepared from the concentrate and used as a
component of the mobile phase for the
chromatographic analysis of fatty acids. These
chemicals and reagents were analytical grade and
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provided precise and repeatable bioanalytical
methods for the quantitation of free fatty acid.

Sample Collection and Preparation

The text explains how blood samples are taken from
apparently healthy participants and how the plasma
is extracted and readied for lipid profiling. The
peripheral blood was obtained from whole blood
centrifugation and stored at -70 o C until use.
Nonadecanoic acid which was used as an internal
standard was added to the plasma sample before
extraction by the chloroform/methanol method. It
enables the determination of the quantity of the
extracted lipids compared to the internal standard.
The lipids were extracted out of the organic phase
and collected, the excess solvent was removed by
evaporation and the lipids were redissolved in
hexane ready for further analysis as more complex
methods such as chromatography or mass
spectrometry to determine the individual lipid
species.

Instrumentation and
Conditions

The FFAs were quantified using an Agilent 1200
series HPLC system which includes a C18 reverse-
phase column of 150 mm x 4.6 mm with 5 pym
particle size. The mobile phase included a gradient
elution with 10 mM ammonium acetate in water as
solvent A, and acetonitrile as solvent B. The gradient
program was as follows: For the first 5 min, 30-50%
B mobile phase; for 5-15 min, 50-70% B; for 15-20
min, 70-100% B; for 20-25 min, 100% B; and for 26-
30 min, 100% B at a flow rate of 1 mL/min. The
FFA was detected using a diode array detector which
was set at a wavelength of 205 nm. The total amount
of injection for all the samples was 20 microliter. In
the present study, the use of the HPLC system with
C18 column, gradient mobile phase conditions and
205 nm detection point helped in achieving the
separation, identification and estimation of the free
fatty acids present in the samples.

Chromatographic

Method Validation

The analytical method for determining FFAs was
optimized and fully validated for compliance with
the current industry guidelines. The linearity and the
range were determined based on the calibration
curves generated from FFA standards at eight
concentrations of 0.1, 1, 5, 10, 25, 50, 75 and 100
pg/mL. The curves obtained in this study were

shown to display good linearity within the
concentration range used in this study with R2 values
greater than 0.99. Inter and intra-assay precision was
determined by the mean of the coefficient of
variation obtained from three QC samples at low,
medium and high levels and studied over six replicate
measurements. The intra-day precision was found to
be between 2.3 % and 4.7% RSD; inter-day precision
was between 3.1% and 5.2% RSD. The accuracy was
presented as the percent recovery and had values
from 98.5% to 101.2%. For sample recovery of the
extracted FFAs, plasma was spiked with known
amounts of FFAs before sample preparation.
Recovery analysis of peaks showed that the recovery
levels were excellent, 96.4% to 103.1%. The present
LOD and LOQ wete 0.05 pg/mL and 0.1 pg/mL
according to the signal-to-noise ratio criterion, which
can serve well in determining the physiological
concentration of FFAs.

Results

Linearity and Range

Table 1 is the FFA calibration data. Three fatty acids
were employed to establish calibration curves on the
concentration range of 0.1ug/mL to 50pg/mL. Fatty
acids identified were oleic acid, palmitic acid and
linoleic acid acids. In graphs, the concentration of
each fatty acid was plotted on the x-axis, while the y-
axis represented the instrument response. The data
was then modeled by employing linear regression
analysis and the general equation of the linear
straight line which is y = mx + b, where ‘m’ is the
gradient of the line and b’ is the y-intercept of the
line.

The calibration of the oleic acid provided an
equation that is y = 0.065x + 0.001 and it had the
highest correlation coefficient of determination of
0.999. In the case of the palmitic acid equation, the
equation was y = 0.071 x + 0.002 with an R2 of
0.998. At last, for linoleic acid the equation emerged
as y = 0.060x + 0.003, and the value of R2 was 0.997.
The linear plot of the relationship and the high values
of R2 show that the analyzed fatty acids exhibit a
very good linear relationship within the tested
concentration range. This calibration data could have
been used to perform quantitative FFA
determination by entering instrument responses into
the equation to arrive at the concentrations of the
samples.

Table 1: Calibration Curve Data for Free Fatty Acids

FFA Concentration Range (ug/mL) | Equation R?

Oleic Acid 0.1-50

y = 0.065x + 0.001 | 0.999

Palmitic Acid | 0.1 - 50

y = 0.071x + 0.002 | 0.998

Linoleic Acid | 0.1 - 50

y = 0.060x + 0.003 | 0.997
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Figure 1: Calibration Curves for Free Fatty Acids

Figure 1A: Calibration curve for oleic acid

Figure 1B: Calibration curve for palmatic acid

Figure 1C: Calibration curve for linoleic acid

Precision and Accuracy deviations (RSD) of the method employed was
The intra-day precision expressed as mean between 2.5 % and 4.2 %. This means that the
coefficients of variation (CV) or relative standard within-day variation for the sample measurements
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was between 2.5 and 4.2 percent of the mean. The
repeatability which was determined as inter-day RSD
for measurements made on different days was
between 3.1-5.6%. This corresponds to the slight
variation that results from the multiple-day analysis
compared to the multiple-measurement analysis on

the same day. Overall, the method also obtained
measurement accuracies of between 95.2% and
104.8% at the varying FFA concentrations. In other
wortds, the measured values were within the limits of
95.2/104.8 or 1.048 of the actual expected values,
therefore a good accuracy.

Table 2: Precision and Accuracy of the Method

FFA Concentration (ug/mL) | Intra-day Precision (RSD%) | Inter-day Precision (RSD%) | Accuracy (%)
Oleic Acid Low (0.5) 3.2 3.9 96.7
Medium (10) 2.8 35 99.1
High (50) 2.5 3.1 97.5
Palmitic Acid | Low (0.5) 4.0 4.6 98.4
Medium (10) 3.6 4.2 95.2
High (50) 33 3.9 96.8
Linoleic Acid | Low (0.5) 4.2 5.6 104.8
Medium (10) 338 52 100.2
High (50) 35 4.8 98.3

The method chosen for the determination of oleic
acid, palmitic acid, and linoleic acid was checked at
low medium and high concentration levels. In the
case of oleic acid, the intra-day precision in terms of
RSD % was found between 2.5 to 3.2 % while intet-
day precision was found between 3.1 to 3.9 %. The
percentage recovery of oleic acid was in the range of
96.7% — 99.1%. For palmitic acid, the intra-day CV
was 3.3-4.0% while the inter-day CV was 3.9-4.6%.
The average accuracy range for palmitic acid analysis
was between 95.2% and 98.4%. In the case of linoleic
acid, the intra-day CV was between 3.5 — 4.2 % while
the inter-day CV was between 4.8 — 5.6 %. The
average percent recovery of the linoleic acid analysis
method was between 98.3 percent and 104.8 percent.
In general, the improvements in precision and
accuracy were found to be satisfactory for the
determination of these three fatty acids over the
concentration range.

Recovery

The mean recovery for oleic acid, palmitic acid, and
linoleic acid was 97.5%, 98.3%, and 96.8%,
respectively.

It was also established that the overall efficiency of
the fatty acid recovery was quantified for the oleic
acid and palmitic acid at the spike concentrations of
5pg/mL and 25pg/mL of linoleic acid. For oleic
acid, the recovety at the spike level of 5 pg/mL was
determined to be 97.6%, using the concentration of
4.88 + 0.23 pg/mL in the sample. At the spiked level
of 25 pg/mL the concentration of oleic acid which
was measured was 24.25 + 0.94 pg/mlL with a
recovery rate of 97.0%. In the case of palmitic acid,
the percentages of recovery were 98.4 % at 5 pg/mL
spike  concentration since the determined
concentration was 4.92 £ 0.20 pg/mL and 98.3% at
25 pg/mL spike concentration, with a determined
concentration of 24.58 £ 0.87 pg/mL. Last of all, for
linoleic acid, the recovery was 97.8% at the spike
level of 5 pg/mlL, with the measured concentration
being 4.89 + 0.22 pg/mL and at 25 pg/mL spike
level, the recovery was 96.8% with the
concentrations found being 24.20 £ 0.92 pg/mL. In
conclusion, the recovery results for all three fatty
acids expressed in percentage at both spike
concentrations were within 95-98% showing that the
analytical method was accurate.

Table 3: Recovery of Free Fatty Acids from Plasma

FFA Spiked Concentration (ung/mL) | Measured Concentration (ug/mL) | Recovery (%)
Oleic Acid 5 4.88 £ 0.23 97.6
25 24.25 £ 0.94 97.0
Palmitic Acid | 5 4.92+0.20 98.4
25 24.58 £0.87 98.3
Linoleic Acid | 5 4.89 £ 0.22 97.8
25 24.20 £0.92 96.8
LOD and LOQ and LOQ was found to be 0.10 pg/mL. Lauric acid

Details of the LOD and LOQ for the fatty acids
analyzed are as follows: The LOD is the lowest
amount of the analyte that an analytical method can
identify with reasonable certainty in a sample. LOQ
is the smallest amount at which the analyte can be
measured accurately and precisely. In the case of
oleic acid, the LOD was calculated to be 0.03 pg/mL

was characterized by an LOD of 0.05 pg/mL and an
LOQ of 0.15 pg/mlL, and palmitic acid had a slightly
higher LOD of 0.04 pg/mL and an LOQ of 0.12
pg/mL. Last of all, the LOD of linoleic acid was the
highest, 0.05pg/mL and the LOQ of the mentioned
fatty acids was 0.15 pg/ml. As the table above
shows, the LOD and LOQ values for palmitic acid
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and linoleic acid increase with the increase in the
catbon chain length as well as the number of double
bonds which suggests that among the three fatty
acids tested in this study, oleic acid has the best
detectability.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism software. The precision and accuracy results
were evaluated using one-way ANOVA followed by
Tukey’s post hoc test. A p-value < 0.05 was
considered statistically significant.

Figure 2: Chromatograms of Free Fatty Acids

Figure 2A: Chromatogram of oleic acid

Figure 2B: Chromatogram of palmitic acid

Figure 2C: Chromatogram of linoleic acid
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Discussion

As evident from the fatty acid analysis outlined in
Table 1, the proposed method vyields linear
calibration, excellent precision, accuracy, recovery,
and acceptable LOD and LOQ for the
determination of oleic acid, palmitic acid, and linoleic
acid. As stated earlier, the ranges of concentrations
applied in this present study were 0.1-50 pg/mL, and
all three fatty acids yielded good linear regression
with R2 wvalues of 0.999, 0998, and 0.997
respectively. This suggests that the instrumental
response was directly related to the fatty acid
concentrations within the specified range.

The intra-day and inter-day precision which was
measured in terms of relative standard deviations
(RSD) for the three fatty acids ranged from 0.42 to
5.6%, which is an indication that the analytical
method is reproducible within a day and between
days. According to FDA regulation, for biological
samples, the acceptable percent RSD for precision
must not exceed 15% (Sharma et al., 2023). The
above accuracy results of between 95.2-104.8% also
imply that the measured values were agreed with high
precision with the true concentrations. The accuracy
that should preferably be obtained is 80-120%
(Penugonda & Lindshield, 2013).

The correspondingly high percentage recovery of
96.8 — 98.3% for the three fatty acids further
substantiates the reliability of this method. The term
‘good recovery’ involves efficient desorption and
pre-concentration of the analytes from the sample
matrix. Thus, according to ANSI standards, recovery
rates within the range of 0.8-1.1 are accurate (Fawy,
2017).

According to LOD and LOQ) data, the sensitivity of
the technique can be defined. Lower levels of LOD
and LOQ mean that there is a higher ability to
quantify smaller amounts of the analyte present.
Comparing the three fatty acids, the LOD and LOQ
values were found to be the lowest for oleic acid at
0.03pg/mL and 0.1 pg/mL respectively. The LOD
and LOQ respectively elevated with increased
carbon chain length and higher unsaturation,
meaning a higher number of double bonds. This
indicates that oleic acid (C18:1) was likely more
ionizable and detectable than palmitic (C16:0) and
linoleic (C18:2) acids based on its higher ionization
efficiency (Rutherfurd & Dunn, 2011). These
sensitivities seem to be adequate for precise
measurements of fatty acid concentrations in the
range of the present study.

The analytical method presented here proves to have
robustness and reliability for determining these fatty

acids. The result for linearity was found to be in the
range of 1.000 to 1.100, for precision percent relative
standard deviation was 1.061%, for accuracy percent
recovery was 1.020%, for LOD it was 0.005 and for
LOQ it was 0.015; all these values were within the
regulatory recommendations and guidelines. It could
therefore be potentially used for rough screening of
food or biological samples for fatty acid content.

A possible shortcoming might be that the
researchers compared the effect of only three fatty
acids. Itis also worth noting that there could be other
long-chain fatty acids such as stearic, lauric, myristic,
etc. in samples. To further solidify this method,
testing different fatty acids of varying chain lengths
and varying degrees of unsaturation is required
(Thompson et al., 2015). Testing on more complex
matrices such as food, plasma, tissues, etc. can also
help further confirm the above applicability.

In addition, several factors such as temperature,
sample storage stability and extraction protocols may
affect quantitation and thus should be properly
matched (Koutsari et al.,, 2011). Another way of
ensuring the results obtained are accurate could be
to use another quantification method such as gas
chromatography to compare results with. Finally, to
obtain linear ranges while performing higher or
lower concentrations, one can identify the actual
higher and lower concentrations that ensure precise
and accurate methods (Piovesana, 2022).

In a nutshell, the discussed methodology offers
reliable results with good analytical characteristics for
fatty acid determination. Increasing the number of
fatty acids examined, verifying in actual samples, and
comparing with other approaches can enhance its
applicability towards more general laboratory use.
Thus, it can be proposed that the given methodology
can be further elaborated into a reproducible fatty
acid profiling method if the recommendations are
employed and validated systematically.

Conclusion

Therefore, results obtained from the employed
analytical method revealed good linearity, precision,
accuracy, recovery and sensitivity in the
determination of oleic acid, palmitic acid and linoleic
acid standards at a concentration range of 0.1-50
pg/mL. As shown in the figures, the calibration
curves were highly linear with a coefficient of
determination (R2) ranging between 0.997 to 0.999
for the three fatty acids studied. The method also
showed acceptable run-to-run and batch-to-batch
precision, which were in terms of relative standard
deviation varying between 2.5- 5.6%. The accuracy
was also 95.2 to 104.8% with the percentage recovery
for the concentration range that was tested.
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Recoveries of the fatty acids from spiked samples did
not differ significantly at low and high, spike
concentrations and  were at  96.8-98.4%.
Furthermore, the method was found to have low
limits of detection of 0.03-0.05ug/mL and a range of
lower limits of quantification of 0.10-0.15pg/mL
which show that the method was sensitive. All in all,
it was established that the analytical method used was
highly reliable and precise in the determination of
these fatty acids. It can potentially be used for regular
quality control checks of the concentration of these
fatty acids in infant formula, food, pharmaceuticals,
cosmetics, or other related products within the
validated concentration range.
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Article Info ABSTRACT:
AIM: Green chemistry, also known as ecologically sustainable
chemistry, is an area of study in chemistry whose major goal is the

reduction of the adverse impacts of chemical processes along with
Volume 6, Issue 13, July 2024 products. Objective is supporting the advancement of viable &
Received: 02 June 2024 ecologically therapies by reducing/eliminating the implimentation

of noxiuous chemicals, limiting the fabrication of explosive
Accepted: 30 June 2024 chemicals, along with conserving energy, as well as resources.

MATERIAL/METHOD: This investigation found that the
Published: 24 July 2024 concentration range of azelnidipine (AZDN) was linear, ranging

from 02 to 12 pg/mL. Having a sample size of six, the recovery
doi:  10.33472/AFJBS.6.13.2024.1618-1627 | %age from tablet formulation was assessed to be 99.6% with a
standard deviation (SD) of £

0.004. The accuracy study inferred recovery rates that, on average,
varied between 99.6 and 100.1%.

RESULTS: Throughout intra-day assessments, resulting %RSD,
showed a value that was significantly less than 2%, stipulating a
remarkable range of accuracy in the strategic plan. Such
recommended processes can be implemented inside the aided
quality control laboratories, according to the results of validation
and statistical analyses of the technique.

CONCLUSION: The current approach is considered to be
appropriate for quantitatively evaluating AZDN in tablet dosage
formulations subsequently, it successfully removes any of the
possible obstructions among commonly utilized preservative.
Therefore, this particular method can be used for routine analytical
objectives.

Keywords: Ecologically Sustainable Chemistry, Accuracy, Eco-
friendly, Spectrophotometric, Azelnidipine, Quality by design,
Toxic Chemicals.
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1. INTRODUCTION

In an effort to lessen the harm that chemicals produced and distributed cause to the
environment, a comprehensive strategy termed as "green chemistry" is being established.
Development of ecologically friendly alternatives to typical chemical-based techniques is the
primary emphasis of this inquiry in order to reduce waste, conserve resources, and increase
the use of organic products [1]. Because of the increased advancement of science &
technology developments, revenue generation is currently occurring all over the world.
However, this economic growth also contributes to environmental degradation, as evidenced
by problems like ozone holes, climate change, and the accumulation of non-invasive organic
contaminants throughout the natural world [2]. Azelnidipine (AZDN), signified by the
IUPAC (International Union of Pure and Applied Chemistry) naming, 3-1-Benzhydryl-3-
azetidinyl-5-isopropyl-2- amino-6-methyl-4-(m-nitrophenyl)-1,4-dihydropyridine-3,5-
dicarboxylate (Fig 1). This drug acts by blocking L-type calcium channels, which are
responsible for allowing calcium to pass through vascular smooth muscle cells. This causes
vasodilation, which lowers blood pressure [3]. Because of its distinct pharmacokinetic
characteristics and established therapeutic advantages, AZDN is an essential addition to the
treatment toolkit for hypertension [4].

Figure 1 Chemical structure of AZDN

AZDN in tablet dosage forms as well as biological samples is measured using the LC- MS,
HPLC, and UV-visible spectroscopy methods [5]. However, the revealed UV
spectrophotometric technique has a number of flaws. A restricted linearity range, the absence
of Sandell's sensitivity, along with the omission of the molar extinction coefficient are a few
of these [6]. In order to further develop a novel and developed UV spectrophotometric
approach for quantifying AZDN through tablet manufacture, Quality-by-Design (QbD) was
employed as a result.

An integrated strategy, Quality-by-Design (QbD), which integrates excellence in all areas of
the business to ensure that the intended result is realised. International Council for
Harmonisation (ICH) regarding technical requirements for pharmaceuticals for human use,
predominantly in ICH-Q8-(R2), has established standards for systematic creativity that QbD
complies with. This method starts with goals that are well-defined and emphasises
understanding and preserving the ultimate product and its organisation [7]. The method used
in this plan is founded on sound scientific principles and includes precautions to reduce
hazards, ensuring the accuracy and reliability of the outcomes. QbD has been introduced
since the FDA released its "Pharmaceutical Current Good Manufacturing Practises (cGMPs)
for the 21st Century" in 2002. Implementation of the empirical QbD Perspective along with
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arriving at a robust, dependable, & high-quality analysis technique involving six steps.
Moreover, applying the QbD methodology shortens the time needed to create a reliable
analytical method and takes into account a financially sensible approach to guarantee quality
starting from the beginning of method development. DoE is commonly seen as an important
technique for QbD, since it plays a key role in identifying the optimal configuration domain
for method efficiency. This study is primarily concerned with the application of strict
experimental designs; the overall objective is the reduction of amount of fluctuation
regarding the spectrophotometric aspects of AZDN. The main goal is to identify the best
choices. The study initiated a factor screening analysis with the use of a Fractional Factorial
Design (FFD) in line to identify critical technique variables that impacting the performance.
The central composite design (CCD) was then put into practice to enhance the process,
guaranteeing its durability and achieving predefined goals. This investigation's specific goal
was to prosper a novel, rigorous, along with accountable UV spectrophotometric
methodology for figuring out how much AZDN was present in tablet formulations.

2. MATERIALS AND METHODOLOGY

Reagents and Standards

Presenting the AZDN standardised sample was Laksh Finechem Pvt. Ltd. with a purity of
over 99.5%. The ethanol (EtOH) that we used to prepare our pharmaceutical & reagent
solution was purchased from Merck Ltd. located in Jamshedpur, India. Since, commercially
available tablet form of AZDN (Zeblong 16mg) was available, it was acquired and examined
in accordance with the protocol.

INSTRUMENTATION AND OPTICAL CHARACTERISTICS

10mm calibrated quartz cuvettes were used in the spectrum research, which was performed
using microprocessor controlled single beam system along with LI-285 UV
spectrophotometer (produced by Lasany, India). A high-precision analytical device was
utilised to guarantee accurate readings of the reagents. The use of ultrasonication (Enertech,
India) was used to affect the tablet dosage form's dissolution.

INCORPORATION OF ANALYTICAL TARGET PROFILE

To create an analytical target profile, a comprehensive analysis of the available literary text
sources and drug profiles—including their physical and chemical characteristics—was
carried out. This profile includes an analytical approach in addition to a brief summary of the
quality features. The ultimate goal of this research was to develop a cost-effective, accurate,
and efficient analytical technique for calculating the concentration of AZDN in tablet form.
Therefore, in keeping with the main goal regarding this investigation, UV spectrophotometric
method was utilized for speeding up the analysis of AZDN. UV spectrophotometric method's
benefits over more sophisticated analytical techniques, such as its simplicity and efficiency,
led to the decision to use it for drug analysis [8].

INCORPORATION OF RISK MANAGEMENT & CAUSE-EFFECT RELATIONSHIP

One of the simplest tools, Ishikawa fish-bone diagram, for observing how various parameters
that could impact a method's performance are related. To acquire more skills regarding these
variables might alter AZDN's UV spectrophotometric effects, an Ishikawa diagram was
created. Based on the Control-Noise-Experimentation (CNX) technique, researchers
employed Cause-Effect Risk Assessment Matrixes to determine which variables are most
imaginable to impact the analytical aspects of the investigation. Numerous Critical Method
Variables (CMVs) those were connected towards increased final reports were discovered by
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the investigation, suggesting that they are high-risk variables. These CMVs are made up of
several combinations of detecting solvent type, intensity of sampling, scan rate, wavelength,
sample integrity, as well as sample pH. In order to estimate these critical technique
parameters, screening design was also implemented to examine the CMVs. The organisation
of response surface optimisation was then carried out using a preferable experimental design.

SCREENING OF CMVS BY FFD

Design Expert 13 software, version 13.0.14, USA, is being used to monitor key parameters in
order to discover the variables that carry a high risk. The differentiation in the precision,
absorbance, and spectrum design, led to the selection of a number of variables as crucial
method variables. To determine the detection wavelength, solvent type, and sample integrity,
prioritisation studies were conducted based on existing knowledge and the Ishikawa fish-
bone diagram. These factors were verified through firsthand observation. Using design expert
software, an FFD experiment with at least five trials (one as a centre point) was carried out
for evaluating the parameters regarding methodology such as, EtOH concentration (X1),
Sample pH (X2), as well as Sampling interval (X3). Similarly, how parameters were assessed
at both higher as well as lower values, the programme was also utilized for identifying CMVs
that had an impact on the response variable's absorbance (Y). By analysing the plot of actual
values vs anticipated values, the prediction equation, the pareto chart, and the fitting
summary plot, significant parameters were found.

METHOD OPTIMIZATION & ROBUSTNESS STUDY IMPLEMENTING CCD

To ensure that the procedure for obtaining the ideal method circumstances was dependable,
the CCD was used. Thirteen dummy runs, including the Conc. of EtOH (A) & pH (B), were
prepared as a result of the screening investigations. At least five central points were selected
and relied upon CCD to obtain the best CMVs. Absorbance at 252 nanometre was used as the
response variable to examine the experiment results. A standard AZDN of 10pg/mL was
utilized for each test.

The designed Expert software is employed to fix experimental details using Multiple Linear
Regression Analysis (MLRA) into a mathematically represented model. Main and interaction
effects might be investigated with this model. For assessment of the model, only significant
coefficients (p value<0.05) were used for parameter analysis and polynomial equation
framing, such as R, adjusted R?, and the Predicted Residual Sum of Squares (PRESS),
respectively. These analyses were conducted using ANOVA. Feasibility of the replica was
assessed using a variety of profilers, including three-dimensional response surface profilers,
projection profilers, and interaction profilers. By finding a balance between the several
elements to be considered, we were able to discover the ideal solution using a numerical
desirability function. This was then used to demarcate the region of the design.

METHOD CONTROL STRATEGY

The DoE technique created a design space that was utilized to guide the advancement of
control strategies regarding the method. This space allowed the methodology to maintain its
flexibility even when slight modifications in its performance were made.
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PREPARATION OF STANDARD STOCK SOLUTION

10 mg of AZDN was mixed in 10 mL of EtOH to create the AZDN standard stock solution
(1000pg/mL). Five millilitres from the prepared stock solution were shifted to a 50 millilitre
volumetric flask, and contents were labelled with water to generate 50 millilitres, in order to
create 100 g/mL standard solutions.

TABLET DOSAGE FORM ANALYSIS

The label of Zeblong 16/Laksh Finechem Pvt. Ltd. states that the formulation of its AZDN
tablets contains 16 mg. 10 millilitres of EtOH should be used to dilute 10 mg equivalent
weight of AZDN for the stock solution. Once the solution was prepared, 5 millilitres from it
were added into a 50 millilitre volumetric flask & labelled to 50 millilitre level using water.
The material was ultrasonically treated for thirty minutes. To further filter this solution for
particulates, Whattmann filter paper was used. The filtered solution was further diluted with
water in order to examine it. We calculated the amount of medication in the sample solution
using a calibration curve based on the conc. of standard AZDN.

3. METHOD VALIDATION

THE SPECIFICITY

The presence of the medicine in the formulation excipients was used to evaluate the
specificity of the UV spectrophotometric approach. In order to determine whether the
excipients could have caused any potential interference, the spectrums were analysed in line.

LINEARITY

At the conclusion of the process, several aliquots were taken with the AZDN working
standard solution and put into different 10 mL volumetric flasks. These were then diluted
with H20 to produce a measurement of concentrations ranging from 2 to 12 g/mL. At
particular wavelength of 252 nanometre, UV absorption was measured. To determine the
outcomes such as linear, calibration curve was plotted by placing the concentration (in g/mL)
& the absorbance on X & Y axes, respectively.

PRECISION & ACCURACY

Three different levels were utilised in the investigation, using the conventional dilution
approach, to evaluate the precision and recovery of the methodology: 80%, 100%, and 120%
of the AZDN (10pg/mL) test solution. For each degree, recovery studies were conducted in
duplicate. Plotting a calibration curve was used to calculate the standard medication, AZDN,
combined with the recovery solution. To assess intra-day precision, six replicates of a
constant onc. of AZDN (10pug/mL) examined in single day, and the percentage RSD values
were then calculated [9].

4. RESULTS

The current study devised the Ultraviolet Spectrophotometric (UV Spectrophotometry)
method to ascertain the quantity of AZDN in a tablet formulation. The QbD approach was
implemented to determine the variable key factors that would be required to build the final
spectrophotometric settings. A traditional Ishikawa fish-bone diagram was created in order to
identify the technique variables. The physical assessment of the procedure's variables was
completed. It was found that neither acetone nor ether caused the medicine to disintegrate. In
water, AZDN was soluble. The wavelength of 252 nm was selected as the detecting
wavelength because it is the wavelength at which the std. AZDN solution meets its Amax,
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maximum absorption in water (Fig. 2).

Fig 2 Typical UV absorption spectrum of AZDN

Good sample integrity shown by the melting point test. Sampling interval, Sample PH, scan
speed, and however, are necessary regarding a comprehensive investigation to evaluate their
responses about procedure robustness. Using FFD makes it simpler to screen CM Vs based on
sample PH, conc. of EtOH, and scan speed. The model's fitness was displayed in actual vs.
forecasted charts. The appropriateness of the model was demonstrated by the p-value
(0.0004), R2 (0.9399), and RMSE (Root Mean Square Error) (0.0270). The fit summary
displayed the adjusted R2 (0.8970) and the expected R2 (0.5729) In order to verify how the
CMVs altered the reaction absorbance, the CCD was put into use. Thirteen trials were
conducted in a random order using a UV spectrophotometer in order to obtain a bias-free
result with a minimum of five centre points. The spectrophotometric range examined and the
observations from each experiment are displayed in Table 1.

Table 1. Experimental-design matrix displaying spectrophotometric range studied for
robustness study and obtained responses

Run No. Conc.li)lf(it)OH m pH (B) Absorbance (Y)
1 2.5 4.5 0.824
2 1 6 0.684
3 2.5 4.5 0.824
4 1 3 0.691
5 2.5 6.62132 0.772
6 2.5 4.5 0.824
7 2.5 4.5 0.824
8 4 3 0.592
9 4.62 4.5 0.623
10 4 6 0.731
11 2.5 4.5 0.824
12 0.37868 4.5 0.663
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13 2.5 | 2.37868 | 0.781
Range Low High
EtOH 1 4

pH 3 6

Depending on a preset significant range of 0.05 regarding p-value, the null hypothesis (HO)
was accepted. To arrive at significant findings, a thorough analysis of the CCD model was
carried out using a variety of statistical analytic methods, including ANOVA, parameter
estimations, and prediction profilers.

Plots of perturbations show the expected models and the effects of independent factors on a
particular response in Figure 3(A), with all other parameters fixed at a reference point. A
slope or curve's degree of steepness reveals how sensitive an impact is to a particular element.
According to the analysis shown in Fig. 3(A), factor B, the sampling interval had the second-
greatest significant effect regarding absorbance, after sample pH. Baseline model is displayed
in the actual vs predicted graphic (blue dots), and it can be seen, the line derived with respect
to the experiment data precipitates smoothly regarding the accuracy interval parameters (Fig.
3(B)). Due to the observed outcome's strong resemblance regarding the expected data, null
hypothesis is refuted & model's ability to adequately describe data variation is demonstrated.

Fig 3(A) Pertubation Plot, 3(B) Predicted vs. Actual Plot

Response surface examples are plotted against pH and EtOH concentrations in (Fig 4) (The
pH is used to represent the concentration of EtOH). Analysing perturbation and response
plots and optimising models revealed that factors significantly affected the analytes'
absorbance [10].

Fig 4 3-D Response surface plot for absorbance against Conc. of EtOH Vs. pH Furthermore,
the results of the ANOVA's Analysis of Variance revealed P-value, less
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than 0.0005, suggesting the model is appropriate to handle the variable observed data.
Additionally, this result implies that the null hypothesis needs to be disproved. In addition,
the lowest value seen in anticipated PRESS supported the appropriateness of the concept.

In order to estimate the risk of variability from a variety of variables, it is essential to analyse
parametric calculations. When p-value < 0.05, non-zero slope is present.

Sampling interval x pH (B2) and conc. of EtOH (A) are the greatest impacting key variables.
Absorbance (Y) = 0.8240 - 0.0136 A + 0.0149 B + 0.0365 AB - 0.0993 A” - 0.0326B* where,
A=Conc. of EtOH, B=pH.

The optical characteristics connected to the spectrophotometric method are shown in Table 2.
It was revealed that, the frequently used formulation preservatives in the tablet dose
formulation is not comply with respect to the projected methodology, the developed approach
displayed both specificity and selectivity. The drug showed linearity in the range of
approximately 2—12 pg/ml. Regression analysis was performed on the linearity data, and the
results showed a strong overall goodness of fit. The R2, adjusted R2, also anticipated R2
statistical measures produced results of 0.9399, 0.8970, & 0.5729, in that order. Statistically
significant p-value < 0.05, in ANOVA suggested that the method for evaluating the linearity
of the data was considered sufficient.

Table 2. Optical Characteristics and Summary of validation parameters

Parameters Obtained Values
Linearity Range (pug/ml) 2-12
Wavelength (nm) 252
Regression equation(Y=ax+b)* 0.0681x + 0.0037
Correlation coefficient(R?) 0.9999
Molar extinction coefficient (Itr/ mol.cm) 3.961 * 10°
Precision (% R.S.D., n=6) 0.0842847
Accuracy (% RSD + S.D.)
120% 0.162865 +0.002449
100% 0.691547 +£0.009428
80% 0.199362 £+ 0.002449
% Range of error
99% confidence limit +0.4902
95% confidence limit +0.0037

RSD: Relative Standard Deviation; SD: Standard Deviation; AU: Absorbance Unit
Y= ax+b, where Y = absorbance, a = slope, b = intercept and x = concentration, (average of
three determinations at each level)

5. DISCUSSION
The accuracy investigation's recovery rates showed an average limit of 99.6-100.1%. With

regard to intra-day evaluations, %RSD showed a value significantly less than 2%, suggesting
a high degree of accuracy in the recommended methodology. The results of the used
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methodology are achieved within the predefined range, suggesting the availability of
additives has no effect on the approach.

6. CONCLUSION

The QbD methodology makes it possible to measure AZDN precisely using a UV
spectrophotometric method. A high calibre of analysis was ensured by the QbD process. In
particular, the conc. of EtOH and pH had to be considered by the researcher when designing
future trials to maintain improving the method's performance and developing control
approaches. The approach appears to be novel, simple, accurate, and exact based on the data.
Statistics on the method validation findings show that the developed techniques can be used
in quality control labs. This method can be used to monitor the dosage form of AZDN tablets,
which are commonly used fillers without causing any issues. This means that this approach in
particular can be used for typical analytical objectives.
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Abstract
[

Introduction: Athletes and active individuals suffer chronic sports injuries, leading to long-term
pain and disability. Digital health interventions (DHIs) can improve medication adherence and
rehabilitation outcomes through reminders and progress tracking.

Objective: Affecting whether a mobile application with a wearable device can increase medica-
tion adherence, pain management, rehabilitation progress and quality of life in individuals suf-
fering from chronic sports injuries.

Methods: A randomized controlled trial (RCT) was conducted with 200 participants. The inter-
vention group used the DHI, while the control group received standard care. Medication adher-
ence, pain scores, associated rehabilitation progress (DASH scale), and quality of life (SF-36)
were the data collected at baseline, 6 weeks, and 12 weeks.

Results: The intervention groups showed significant improvements in medication adherence
rate (85.2 vs. 62.1, (p < 0.001), pain reduction (3.2 vs. 5.0 on VAS, (p < 0.001), rehabilitation
progress (-22.5 vs. =12.3 on DASH, (p < 0.001) versus the interventions group after the inter-
vention. In the intervencion group, quality of life also greatly improved (22.4 vs. 12.3, p<0,001).
Conclusion: DHIs significantly improve medication adherence, pain management, rehabilita-
tion progress, and quality of life in individuals with chronic sports injuries, suggesting their
potential for broader clinical application in rehabilitation settings.

Kemords

Chronic sports injuries; digital health interventions; medication adherence; rehabilitation;
wearable devices.

Resumen

Introduccion: Los atletas y las personas activas sufren lesiones deportivas crénicas, lo que pro-
voca dolor y discapacidad a largo plazo. Las intervenciones de salud digital (ISD) pueden mejo-
rar la adherencia al tratamiento y los resultados de rehabilitacién mediante recordatorios y
seguimiento del progreso.

Objetivo: Evaluar si una aplicacién mévil combinada con un dispositivo portatil puede aumen-
tar la adherencia al tratamiento, mejorar el manejo del dolor, el progreso de la rehabilitacion y
la calidad de vida en personas con lesiones deportivas crénicas.

Métodos: Se realizé un ensayo controlado aleatorizado (ECA) con 200 participantes, asignados
al grupo de intervencion, en el que se utilizé la ISD, y al grupo de control, que recibié atencién
estandar. Se recopilaron datos sobre la adherencia al tratamiento, los niveles de dolor, el pro-
greso en la rehabilitacion (escala DASH) y la calidad de vida (SF-36) en los momentos inicial, a
las 6 semanas y a las 12 semanas.

Resultados: El grupo de intervencién mostr6 mejoras significativas en la tasa de adherencia al
tratamiento (85.2 vs. 62.1, p < 0.001), la reduccién del dolor (3.2 vs. 5.0 en la escala VAS, p <
0.001), el progreso en la rehabilitacion (-22.5 vs.-12.3 en la escala DASH, p < 0.001) en compa-
racion con el grupo de control. Ademas, en el grupo de intervencidn, la calidad de vida también
mejoro significativamente (22.4 vs. 12.3, p < 0.001).

Conclusidn: Las ISD mejoran significativamente la adherencia al tratamiento, el manejo del do-
lor, el progreso de la rehabilitacién y la calidad de vida en individuos con lesiones deportivas
cronicas, lo que sugiere su potencial para una aplicacién clinica mas amplia en entornos de
rehabilitacion.

Palabras clave
[

Adherencia al tratamiento; dispositivos portatiles; intervenciones de salud digital; Lesiones de-
portivas croénicas; rehabilitacion.
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Introduction
_______________________________________________________________________________________________________|
Repetitive trauma to the muscles, ligaments, tendons or bones in the muscles makes chronic sports in-
juries a continuing challenge in the field of healthcare. Statistics show that almost 30 percent of athletes
will endure chronic sports injury at some point in their careers, and the rate is notably higher with high
impact sports (Leggett, 2024). Therefore, effective management strategies for these injuries are essen-
tial due to the possibilities of long-term pain, disability and a decreased quality of life. The medication
adherence has a significant role in the treatment of chronic sports injuries, as medication use is im-
portant to help heal the injury or manage pain (Gohil et al., 2022). Nevertheless, the medication adher-
ence is suboptimal, with studies revealing that up to almost 40 to 50 percent do not follow their medi-
cations as dictated (Bohlouli Masouleh, 2024). Not only does non adherence to prescribed regimens
delay the recovery, it also increases the risk of complications and the possibility of recurring injuries
(Aldanyowi & AlOraini, 2024).

In the past, the traditional ways of improving medication adherence included in person interventions
like consultations with healthcare provider, written instructions, and reminder services. However, these
methods have been shown to be ineffective, especially because of patient forgetfulness, lack of engage-
ment, and insufficient motivation (Balaji et al., 2023). Therefore, in recent years, digital health interven-
tions (DHIs), including mobile applications, text message reminders and wearable devices have come
up as good possibilities to improve medication adherence in different clinical situations (Eaton et al,,
2024). It involves technology to give patients real time, personal reminders, education on medication
regimens and tracking of their progress, helping patients adhere to their medication regimens (Weiss &
Copelton, 2023). Such DHIs have the possibility of improving medication adherence in the context of
chronic sports injuries addressing consistent use of prescribed drug and thereby reducing pain, and
improving rehabilitation outcomes, and overall recovery (Rudisill et al., 2023).

Although DHIs have attracted increasing attention, the effectiveness of the management of chronic
sports injuries has not been explored well. There are studies which have confirmed the potential bene-
fits of DHIs on adherence, in situations such as diabetes and hypertension (Pong et al., 2024) but in that
of chronic sports injury research has not been targeted. Therefore, this is an opportunity to investigate
the feasibility of DHIs in enhancing adherence to medication regimes and maximizing recovery in ath-
letes and active people.

The aim of this study is to assess whether a digital health intervention is effective in assisting people
with chronic sports injuries to improve their medication adherence. More specifically, the study aims to
find out whether the use of a mobile application coupled with a wearable device to remind and track
medication can significantly increase adherence to prescribed medications as compared with a control
group that receives standard care. This intervention is an attempt to aid patients by offering the same
consistent reminders, educational information on the use of medication, as well as monitoring of pro-
gress through the rehabilitation.

Besides the main aim of medication compliance, the study will also explore secondary outcomes, like
how the intervention affects the improvement in the pain management as well as rehabilitation pro-
gress. Chronic sports injuries recovery requires pain reduction and improved medication adherence is
expected to help with better pain control. The study will also evaluate the effect of the digital health
intervention on the entire rehabilitation process, including time to full activity and quality of rehabilita-
tion efforts. Other secondary outcomes will include quality of life, specifically improvements in physical
function and emotional wellbeing.

For the specific aims, factors that may influence the adoption and effectiveness of digital health inter-
ventions such as user engagement, ease of use, patient satisfaction will be identified in the study. This
study attempts to contribute useful evidence regarding the role of digital health tools in improving ad-
herence to medication use and rehabilitation results in patients with chronic sports injuries by address-
ing these objectives.

Hypothesis of this study is that there will be significant increase in the medication adherence of persons
with chronic sports injuries through the digital health intervention. More specifically, it is predicted that
in the intervention group the use of a mobile application and a wearable device to track medication use,
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and to send reminders, scores higher levels of adherence to prescribed medication regimens in compar-
ison to the control group which has only standard care. The study also hypothesize that the intervention
group will show more reductions in pain and better rehabilitation progress because of better adherence
to medication, crucial, for pain management and facilitating recovery from persistent injuries. It is finally
expected that the intervention group will report a marked improvement in their overall quality of life,
especially in terms of physical functioning and emotional wellbeing compared to the control group. To
test these hypotheses, we relied on previous studies that suggested that digital health tools can promote
adherence and health outcomes through continuous, personalized support and engagement (Adams et
al,, 2022). The goal of this study is to contribute to the evidence to the question whether digital health
interventions are effective in reducing chronic sports injuries and expediting patient recovery.

Method
[

Study Design

This prospective, parallel group, RCT study evaluates the feasibility and effectiveness of a digital health
intervention in enhancing medication adherence and, of course pain control, rehabilitation, and quality
of life in persons living with chronic sports injuries. The trial will be in two groups - control versus an
intervention group that uses a digital health platform with a mobile application linked with a wearable
device to aid with medication tracking and reminding. The first hypothesis is that the digital health in-
tervention will lead to better medication adherence and related outcomes compared to the standard
care group.

In the intervention group, researches will have participants use a mobile app that will remind them
about the medication adherence in real time and a wearable device that will track the physical activity,
the progress in rehabilitation and the pain levels. Typical care, including general counselling, rehabili-
tation protocols, and manual reminders from healthcare providers, will be given to the control group.
The study will be run for 12 weeks and will be assessed at baseline, 6 weeks and 12 weeks. The primary
and secondary outcomes will be measured by these assessments including medication adherence, pain
levels, rehabilitation progress and quality of life.

Participants

The participants will be adults between 18 and 65 years of age with chronic sports injuries. Injuries
included, but not limited to, tendinopathies, muscle strains, ligament injuries and other musculoskeletal
conditions that have been present for at least 6 weeks and less than 12 months. For participants to be
eligible, they need to report pain that is ongoing, functional impairment due to the injury or limitation
in rehabilitation. In addition, they must have access to a smartphone and the technology needed to in-
teract with the mobile application and wearable device used in the intervention. This allows participants
to make the most of the digital health tools for medication adherence tracking and rehabilitation moni-
toring.

Exclusion criteria are individuals who are pregnant or breastfeeding, those with uncontrolled comor-
bidities (cardiovascular diseases, diabetes, severe renal dysfunction) that may interfere with the out-
comes of the study or prevent their participation in the rehabilitation process. Participants will also be
excluded who have psychological or cognitive disorders that may impair their ability to follow the med-
ication regimen or use the digital health tools. In addition, those using opioid pain medications or other
substances that could confound the results of the study will not be included. Finally, participants who
are also involved in other concurrent interventions, e.g. using other digital health tools for managing the
same injury or participating in other rehabilitation programs, will be excluded to ensure the integrity of
the findings.

Procedure
Intervention

A comprehensive digital health intervention aimed at improving medication adherence and rehabilita-
tion outcomes will be given to the intervention group. The intervention will be a mobile application that
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will remind of the daily medication, track the adherence to the prescribed medication regimen and pro-
vide educational content on medication use. Apart from medication adherence, the mobile app will en-
able users to log their rehabilitation activities, track their pain, and get feedbacks regarding their pro-
gress. The physical activity will be tracked using a wearable device, real time feedback of the user’s re-
habilitation progress will be provided, and motivational support will be given to increase the user’s en-
gagement with the intervention.

The mobile application will be user friendly and will be compatible with Android and i0S devices, thus
making it accessible to a larger number of participants. The wearable device will connect to the mobile
application to help seamlessly track physical activity to ensure that rehabilitation monitoring is availa-
ble to detect when users ‘do not keep up with prescribed levels of activity. The application and the device
will be designed to interact with the user in personalized feedback, including progress report and re-
minders to continue using the medications and to be actively working out in exercises.

Standard care may be provided (verbal or written medication instructions, basic rehabilitation advice
and occasional future healthcare provider follow up consultations) to the control group. However, they
won’t have access to the mobile application or wearable device and will be given standard methods of
medication management and rehabilitation guidance.

Data analysis
Outcome Measures

The intervention will be evaluated for effectiveness based on primary and secondary outcomes.
Primary Outcomes

The primary outcome will be medication adherence, defined as the percent of medications as pre-
scribed, which will be measured using the data from the mobile application. Daily reminders and re-
cording of medication intake will be tracked within the intervention and control groups, and compared
at the end assessment points.

Secondary Outcomes

Pain Level: The pain levels will be determined by using a standardized pain scale (for e.g., Visual Analog
Scale) at baseline, 6 weeks of treatment and 12 weeks of treatment. Pain scores between the interven-
tion and control groups will be compared.

Measures of Rehabilitation Progress: Measures of rehabilitation progress will include self-reported
physical function scales (e.g. Disabilities of the Arm, Shoulder, and Hand (DASH) scale) and data from
the wearable device that tracks physical activity levels and rehabilitation exercises.

Quality of Life: General wellbeing, physical function and emotional health will be measured using the
Short Form 36 Health Survey (SF-36) to assess quality of life.

Randomization and Blinding

A computer-generated randomization process will be used to ensure that participants are equally dis-
tributed across the intervention and control group. Stratification will be done by injury type and base-
line pain level to control for potential confounders.

To reduce the possible bias of data collection, it will be blinded to outcome assessors who will not know
which participants belong to which group. Since the nature of the intervention, it will not be possible to
blind participants to their group assignment. Therefore, participants will not be allowed to disclose their
group assignment in follow-up assessments.

Statistical Methods

The primary analysis will be based on the intention to treat (ITT) principle, including all participants in
their randomized groups, regardless of adherence to the intervention. Baselinc characteristics and out-
come measures will be summarized with descriptive statistics. The mixed effects models will be used to
analyze continuous variables (e.g., pain scores, rehabilitation progress) that are repeated measures
taken over time and chi squared tests will be performed for categorical variables (e.g., adherence rate).
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Assessment of the intervention group and control group in each of the assessment points (baseline, 6
weeks, 12 weeks) will be compared.

All main outcomes will be reported with confidence intervals to assess the precision of the effect esti-
mates and statistical significance will be set at p < 0.05.

Results
[

Participant Flow

A total of 250 participants were screened for eligibility and 200 met the inclusion criteria and were
randomized to the study. The intervention group was assigned 100 participants and the control group
100 participants. Of the 10 participants in the intervention group and 8 in the control group, 10 dropped
out of the study during the 12 weeks study period for personal reasons or could not comply with the
study requirements (see Figure 1).

Figure 1. Participant Flow Diagram
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Baseline Characteristics

Demographic and clinical characteristics of the participants at baseline are presented in table 1. There
were no differences between the two groups in age, gender, injury type or baseline pain levels. Partici-
pants were 33.4 years old (SD = 9.2) and male to female ratio was 2:1. The most common injuries were
tendinopathies (45%) and muscle strain (30%). The Visual Analog Scale (VAS) was used to assess base-
line pain scores and was not different between the groups (intervention mean VAS score = 6.5 + 1.4,
control mean VAS score = 6.6 + 1.3).

Table 1. Baseline Demographics and Clinical Characteristics

Characteristic Intervention Group (n=90) Control Group (n=92) p-value
Age (years) 33.4+92 33.2+9.0 0.84
Gender (M/F) 60/30 62/30 0.92
Injury Type
- Tendinopathy 40 42 0.85
- Muscle Strain 28 28 0.99
Baseline Pain Score (VAS) 6.5+14 6.6+1.3 0.71

Primary Outcome: Medication Adherence

In intervention group, medication adherence was significantly more in comparison to control group.
Ninety-five subjects completed both sessions: 135 (Table 1) assigned to the intervention and 60 allo-
cated to control (Table 2), both conditions were run in parallel. At the 12 weeks' follow up, the group
intervention had an adherence rate of 85% (mean adherence = 85.2%, SD = 6.5) compared to 62 %

Page 127



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

(mean adherence = 62.1%, SD = 9.0) for control (p < 0.001) (Table 2). These data support the benefit of
the digital health intervention on adherence with the use of prescribed medication regimens.

Figure 2. Medication Adherence Rates at 12-Week Follow-up
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Figure 2 shows the Intervention Group had significantly higher medication adherence rate (85.2%) re-
garding the Control Group (62.1%) in 12 weeks afterwards. This implies that digital health intervention
with real-time medication tracking, reminders, and support increased participants adherence of their
prescribed medication. It is likely that the intervention helped to overcome some of the common barri-
ers to adherence such as forgetfulness, lack of motivation or confusion about medication schedules. This
large difference between the two groups demonstrates the effectiveness of digital health tools in im-
proving medication adherence in patients with chronic sports injuries and therefore the utility of such
interventions in clinical practice to improve treatment outcomes.

Table 2. Medication Adherence Comparison

Group Medication Adherence (%) p-value
Intervention Group 85.2+6.5 <0.001
Control Group 62.1+9.0

Secondary Outcomes

Pain Management: There was significant decrease in pain levels in the intervention group as compared
to the control group. Upon completion of the intervention at 12 weeks, the mean pain score of the inter-
vention group was significantly reduced from baseline from 6.5 + 1.4 to 3.2 + 1.2 (p < 0.001), whereas
the control group reduced from 6.6 + 1.3 to 5.0 + 1.5 (p = 0.02). This improvement in pain relief was
significantly greater in the group that was given the intervention.

Figure 3. Pain Score Reduction at 12-Week Follow-up
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The reduction in the pain scores (measured using the Visual Analog Scale, (VAS) is illustrated in Fig 3 at
the 12 week follow up. The Control Group (5.0 points) had a greater pain reduction than the Intervention
Group (3.2 points). Both groups improved, but the Control Group had a slightly greater reduction of
pain, which may be due to the natural healing process and typical rehabilitation protocols. The Inter-
vention Group's smaller degree of pain reduction however, may represent better and more consistent
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pain management through the digital health tools. The intervention had a positive impact on pain relief,
but that the groups differed could suggest that also medication adherence and progress of rehabilitation
can influence pain management and that further study is necessary to comprehensively evaluate these
effects.

Rehabilitation Progress: The Disabilities of the Arm, Shoulder, and Hand (DASH) scale was significantly
more improved in the intervention group (DASH score change: -22.5 + 6.7) than in the control group (-
12.3+5.1) (p < 0.001).

Figure 4. Rehabilitation Progress (DASH Score) at 12-Week Follow-up
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Figure 4 shows that the Intervention Group had significantly more improvement in rehabilitation pro-
gress, as measured by the Disabilities of the Arm, Shoulder, and Hand (DASH) scale, than the Control
Group. The change in the Intervention Group was -22.5 + 6.7 and in the Control Group it was -12.3 +5.1.
This implies that the digital health intervention was a very powerful positive influence on rehabilitation
outcomes. Intervention may have increased engagement by the patients or adherence to rehabilitation
exercises, and monitoring of recovery through real time feedback increased to a bigger functional per-
formance improvement. Both groups have some variability, but the intervention’s significant effect
shows the potential of digital tools to improve rehabilitation progress for chronic injury management.
Quality of Life: The intensity of the intervention group was followed by high quality of life, as assessed
with the SF-36 Health Survey (mean change = 22.4 + 10.5), which was significantly higher (p = 0.001)
than that in the control group (mean change = 12.3 + 8.9). Improvements in physical functioning and
emotional health were shown by the intervention group (Table 3).

Table 3. Quality of Life Improvements (SF-36) at 12-Week Follow-up

Group SF-36 Quality of Life Change (points) p-value
Intervention Group 22.4+105 0.001
Control Group 12.3+89
Safety and Adverse Events

During the study, there were no significant adverse events. Nevertheless, 3 participants in the interven-
tion group had mild skin irritation from the wearable device, which resolved after adjusting the device
fit. However, the intervention did not lead to any serious adverse events or safety concerns and was well
tolerated by each group.

Subgroup Analyses

To examine the effects of the digital health intervention in particular patient groups, subgroup analyses
of injury type (tendinopathy or muscle strain), as well as baseline pain levels were performed. Across
all subgroups, the intervention showed a high level of benefit and demonstrated its maximum efficacy
in topics with tendinopathy (p < 0.01 for medication adherence, pain reduction and rehabilitation pro-
gress). Though no difference in quality-of-life improvements between those with baseline levels of less
than 6 and those with baseline levels greater than 6 (p = 0.09), both groups improved more on pain
management and rehabilitation progress measures amongst individuals with higher levels of baseline
pain (greater than 6, p < 0.05).

Page 129



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

Table 4. Subgroup Analysis Based on Injury Type

Injury Type Medication Adherence (%) Pain Reduction (VAS) Rehabilitation Progress (DASH) p-value
Tendinopathy 87.3+6.0 29+1.1 -253+72 <0.01
Muscle Strain 82.1+7.2 3.6+15 -18.7 £ 6.0 0.03

All these results show that the digital health intervention has sufficiently improved medication adher-
ence, pain management, rehabilitation progress and quality of life compared to standard care for those
with chronic sports injuries. The study results indicate that digital health would be a useful addition to
traditional rehabilitation and medication management practices.

Discussion
|
In this study it was evaluated the effectiveness of a digital health intervention in increasing medication
adherence and reaching rehabilitation better for people with chronic sports injuries. The major conclu-
sions of this study show that the subjects in the Intervention Group showed significantly better medica-
tion adherence, pain management, rehabilitation progress and quality of life than the subjects in the
Control Group. In particular, the Intervention Group had an 85.2% adherence rate to prescribed medi-
cations compared to the 62.1% in the control group. In addition, intervention group also showed a sig-
nificant reduction of 3.2 VAS points of pain levels compared to 5.0 VAS points in control group. In addi-
tion, rehabilitation progress, as measured by the Disabilities of the Arm, Shoulder, and Hand (DASH)
scale, was significantly better in the intervention group with a change of -22.5 + 6.7 compared to -12.3
+ 5.1 in the control group.

Results from these findings suggest that digital health interventions are poised to contribute to the im-
proved patient engagement and the quality of medication adherence and rehabilitation outcomes (Reli-
gioni etal., 2025). A combination of mobile application-based reminders and wearable devices was used
to help patients remain on track with prescribed medication regimens, engage in prescribed rehabilita-
tion exercises, and in the process, for the most part, improve their recovery from chronic injuries. The
interventions in the intervention group show that digital tools can be useful in clinical settings for man-
aging chronic conditions such as improving medication adherence and optimizing rehabilitation (Schu-
man-Olivier et al,, 2025).

This study’s findings are in agreement with a literature that is growing in support for the efficacy of
digital health interventions in enhancing medication adherence and health outcomes in many patient
populations. Investigation has demonstrated that digital health tools, like mobile apps and wearable
devices, helps in significant enhancement in utilizing of medicines as per prescribed through real time
notifications, educational content, and progress monitoring (da Silva et al., 2025). In this case, O'Connor
et al. (2025) demonstrated that the digital intervention improved patient adherence for chronic condi-
tions such as diabetes or hypertension similar to what was observed in this study with chronic sports
injury (Mapesi et al., 2025).

However, this is one of the small but valuable contributions to the digital health literature since its main
focus is on chronic sports injuries, an area not yet much covered (Gaalema et al., 2024). Compared to
other studies, what the current study contributes most is providing evidence of the effectiveness of dig-
ital health interventions for such a unique group of people as athletes or active individuals who have
been injured in sport (Akesson et al,, 2025). These findings are consistent with previous studies that
have shown that digital tools can improve rehabilitation outcomes (Sonnerfors et al., 2025) and this is
what we observed regarding pain management and rehabilitation progress.

This study differs from previous research on things, as it includes medication adherence and rehabilita-
tion progression as primary outcomes (Dodson et al.,, 2025). Most of the existing studies on digital health
interventions concentrate on medication adherence only, without taking into account the important
part that rehabilitation plays in the recovery from chronicinjuries. Thus, looking at these two key pieces
that make up injury management from another level, this study offers a more succinct view on how
digital health tools can add to the management of chronic sports injuries (Sonnerfors et al., 2025).

The study findings have significance in clinical sports medicine and rehabilitation. The study used a dig-
ital health intervention that has potential to improve medication adherence and rehab outcomes in peo-
ple with chronic sports injuries such as Rossetto et al. (2024). Integrated digital tools can be considered
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by clinicians to assist patients in taking prescribed medications and doing rehabilitation exercises. In-
tervention can make up for common barriers to adherence like forgetfulness and low engagement,
which are common stumbling blocks when it comes to overcoming chronic injuries (Sharif & Sabawoon,
2020).

Additionally, the success with pain management and rehab progress reported in the intervention group
implies that the digital health tools may be efficacious for cognitive and psychological recovery outcome
respectively. Digital tools can be utilized by the clinicians to give real time feedback and track the pro-
gress of the patient, allowing them to monitor the adherence and the efforts of the patient in the reha-
bilitation and know that the plan of treatment is followed. This, in turn, may enhance patterns of recov-
ery, reduce pain, and even enhance the quality of life in the patient.

The strengths of this study in terms of validity and reliability are many. The randomized controlled trial
(RCT) design is a robust method to assess the efficacy of an intervention with the intervention and con-
trol groups being well controlled. Furthermore, the combination of mobile applications and wearable
devices offers a complete concept of improving medication adherence and rehabilitation through tech-
nology in the course of regular patient care. In addition, the study used objective outcome measures, i.e.
the DASH scale for measuring rehabilitation progress and the VAS for managing pain, which strengthen
reliabilities of the findings.

The limitations of the study include the possible heterogeneity of the sample, all of the participants were
young adults with musculoskeletal injuries, and thus main result cannot be generalized to other patient
populations or to patients with another type of injury. In addition, the study demonstrated a large dif-
ference in medication adherence but the control group also improved slightly in adherence over the 12
weeks. This could be a natural course of rehabilitation and the support given by healthcare professionals
during standard care. Future studies could extend the population of participants and the type of injury
to increase the generalizability.

A second limitation is that some secondary outcomes, in particular pain management and rehabilitation
progress, rely on secondary outcomes which are self-reported. However, self-reported measures like
the VAS and DASH scales are well known to be commonly used and validated, and self-reported
measures are not free of biases such as social desirability or recall bias. These future studies the use of
more objective measures such as electronic monitoring of rehabilitation exercise to further reduce the
potential for bias.

This study offers much insight around the efficacy of digital health interventions for chronic sports in-
juries, however, there are many ways to further this study. Next, I investigate if and under what condi-
tions a digital health intervention can be sustained for a long enough time period (more than 12 weeks
post treatment). The success of using digital tools should also be assessed over time, in terms of those
digital tools keeping people medication adherent, providing pain management and enabling their reha-
bilitation to progress, and if continued use of digital tools can continue to result in improved or main-
tained recovery outcomes.

There is another opportunity for future research in expanding digital health interventions to be more
personalized. Here, although this study used a general treatment for all participants, future studies may
focus on whether base line digital treatments tailored to the needs and injury types of each patient as
well as their preferences might enhance treatment effectiveness. In addition, features like Al or machine
learning algorithms to offer individual feedback to the patients may help in boosting the patient engage-
ment and adherence.

Further studies need to be made about the cost effectiveness of digital health interventions in the
chronic injury management. Digital tools have been promising in improving adherence and outcomes
but it isimportant to evaluate the cost efficacy of this treatment as compared to conventional treatment.
To support policy and health care provider decisions about digital health interventions, there is a need
to understand the economic impact of these interventions.
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Conclusions

The results of this study show that a digital health intervention helps in improving individuals with
chronic sports injuries medication adherence, pain management, rehabilitation progress and quality of
life. The digital health platform led to much better medication adherence in the intervention group and
this difference was statistically significant between the intervention group vs the control group (85.2%
vs 62.1%). Participants in the intervention group also enjoyed more improvements in the pain relief,
rehabilitation progress and overall quality of life. The results endorse the promise of digital health tools
as a means of improving both physical and psychological recovery of patients with chronic sports inju-
ries. This study’s findings indicate that digital health interventions can complement clinical practice to
help patients deal with chronic sports injuries. Mobile apps and wearables devices can be used by clini-
cians to aid patients to remain adherent with their medication and rehabilitation exercise regimens.
Real time tracking of patients with personalized reminder forms can increase engagement and have an
impact on the better treatment outcome. A cost-effective scalable approach for the optimization of re-
covery is provided by this approach, specifically those utilized for sport medicine and rehabilitation sit-
uations. In order to improve patient care, healthcare providers, policymakers, and researchers should
focus on the adoption of digital health interventions for chronic sports injuries. Future work should in-
vestigate the effect of collecting information for long periods and need more research into the cost ef-
fectiveness of digital tools to aid in decision making and implementing in patients’ clinical settings.
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ABSTRACT

Present study reports analgesic and anti-inflammatory potential of Piper betel (L.) leaf oil loaded
lipid nanocarrier (BLNs)-embedded bigel. BLNs were developed by solvent evaporation technique
and were characterised by FESEM, Cryo-TEM, mean diameter, zeta potential, loading efficiency,
etc. BLNs embedded bigel (BLNs-G) was evaluated for analgesic and anti-inflammatory efficacy in
rat model. Data showed spherical BLNs with intact lamellarity, 138.2+1.08nm mean diameter,
0.182 PDI, -46.6 + 0.61 mV zeta potential, 76.2 + 2.1% (w/w) loading efficiency and a sustained
release in vitro. BLNs-G was homogenous with satisfied viscosity (40 734 + 1.7 cps), spreadability
(8.3 + 1.5 g.cm sec™"), extrudability (91.33 + 1.3% w/w) along with a sustained permeation ex vivo.
Significant analgesic and anti-inflammatory action were depicted by BLNs-G (1% w/w) in rat
model (p <0.05) within 30 minutes post topical application. In silico docking study revealed high
affinity of major phytoactive components with key analgesic/inflammatory mediators. Further
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pre-clinical investigations are warranted for futuristic clinical application of BLNs-G.

1. Infroduction

A new trend in the formulation development has been
the application of active phyto components through
nano carrier modalities for improved therapeutic effect
(Kumari et al. 2022). Delivery of potent phyto compo-
nents through traditional topical dosage forms such as
ointments, gels and creams are restricted by a number
of issues. A major problem lies in their low skin per-
meability across the deep skin layers (Agrawal et al.
2024). This is common for majority of pharmaceuticals
with large molecule sizes or low lipophilicity. Another
issue of topical formulations in achieving desirable
therapeutic outcome is related to limited drug reten-
tion, which means that even if a medication gets thor-
oughly applied over the skin, natural processes like
perspiration, evaporation, or washing might prevent it
from staying for desirable duration (Kumar et al. 2024).
In view of highly variable skin texture among different
people with different age and other ailments, it is dif-
ficult to design specific topical formulations that fit
into every skin (Oliveira and Almeida 2023). Further,
inadequate regulation of drug release frequently

results in sub-therapeutic concentrations across deeper
skin layers leading to short-term effects. This in turn
necessitates repeated application of the formulations,
which decrease patient compliance. Additional typical
side effects including irritation/allergic response are
also by and large common with formulations that
include various chemical enhancers to boost skin per-
meability (Kovacik et al. 2020). All such issues taken
together hamper the clinical efficacy of medications
delivered through conventional topical formulations. In
view of this, nanocarrier-based delivery modalities are
heavily investigated at present as novel, alternative
efficacious strategies for potent bioactive components.
Among various nanocarrier-based delivery systems,
lipid based nanocarrier (LNs) have been preferred cate-
gory of novel carriers for encapsulation of phyto bioac-
tive constituents (Ahmad et al. 2021). LNs are basically
nanosize natural phospholipid-based lipid bilayer con-
structs enclosing aqueous core. Owing to the biode-
gradable, tissue-mimicking, biocompatible nature, LNs
are less likely to cause adverse effects in the body as
compared to conventional pharmaceutical dosage
forms other drug delivery systems (Dhankhar et al.
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2010). Over past years, LNs have been investigated
extensively as effective nano-vehicle for active/passive
delivery of potent essential oils (Esmaeili et al. 2022). In
a recent study, Alpinia galanga leaf essential oil loaded
nanocarrier-based gel showed effective antimicrobial
potential against periodontal pathogens. Experimental
nanocarriers depicted efficient oil carrying capacity
(86.4 £ 3.02% w/w) with sustained release tendency.
Delivery of the leaf essential oil improved antimicrobial
action as depicted from ZOIl and MIC data (Satapathy
et al. 2024). The nanophytosomal gel efficiently treated
periodontal infection in ligature induced model.
Further, improvement in key pharmacokinetic parame-
ters were too observed (Satapathy et al. 2024). In
another research, gingerol encapsulated in a nanolipo-
some based gel showed potent anti-inflammatory
activity. Evaluation of anti-inflammatory action of
encapsulated 6-gingerol and crude ginger extracts was
performed on healthy human volunteers, which
depicted higher anti-inflammatory effect of nanoen-
capsulated 6-gingerol (ICso: 0.82 + 0.55 pM) than crude
ginger extracts (ICsq: of 3.11 £ 0.39) on inhibiting IL-8
(Alshaikh et al. 2024). In a similar study, Jojoba oil-based
emulgel ameliorated the anti-inflammatory effect of
brucine. Data showed an effective reduction in inflam-
mation to 47.7%, which was significant as compared to
marketed formulations, supporting integration of
potent essential oil in liposomal emulgel (Abdallah
et al. 2021).

Among various phyto constituents investigated over
years, essential oil derived from leaves of Piper betel
possesses diverse medicinal benefits including antioxi-
dant, antimicrobial, antihelminthics, gastro protective,
anti-hyperglycaemic, etc. (Singh et al. 2023b). Important
bioactive ingredients in the leaf oil like eugenol, chavi-
betol, allylpyrocatechol, etc. among others have been
reported to possess analgesic/anti-inflammatory effects
(Biswas et al. 2022). These substances have demon-
strated the ability to decrease pain by blocking inflam-
matory mediators and pathways connected to the
sensation of pain. Research findings suggest that the
essential oil might exert analgesic properties via pain
pathway modification processes, potentially through
interactions with neurotransmitters or receptors
involved in pain signalling (Assis et al. 2020).
Additionally, anti-inflammatory action of the leaf essen-
tial oil is associated with its capacity to inhibit key
inflammatory mediators including cytokines (Gandhi
et al. 2020). Eugenol, among the bioactive molecules
has been shown strong anti-inflammatory properties
via altering inflammatory pathways (Maurya et al.
2020). Thus, essential leaf oil of Piper betel could be an
alternative therapeutic candidate to reduce pain and

inflammation associated with rheumatoid arthritis,
strained muscles, and other inflammatory illnesses.
However, high volatile nature restricts its effective in
vivo application in its raw form. Thus, encapsulation of
the oil through novel nanocarriers is considered as an
effective strategy to improve its stability and therapeu-
tic efficacy.

Piper betel leaf-based components though possess
notable pharmacological activities, but studies on the
delivery of those components through nanocarrier-based
platforms are few. Formulation of a stable Piper betel
essential oil encapsulated lipid based nanogel was
reported (Swain et al. 2023). Betel leaf oil delivered
through nanoemulsion showed effective antibacterial
potential against selected food pathogens as reported
elsewhere (Manzoor et al. 2023). The minimum inhibi-
tory concentration of betel leaf oil was reported as
0.5-1.25ul/ml against five different strains of gram-pos-
itive and gram-negative bacteria (Manzoor et al. 2023).
Betel leaf extract loaded emulsion gels (conventional)
depicted potential antifungal effects too (Putranti et al.
2021). Experimental emulsion gels containing varying
amount of leaf extract showed zones of inhibition with
diameters of 5.3+0.29, 6.2+0.29, and 10.2+0.41mm
against Candida albicans (in a concentration dependant
manner). Delivery of betel leaf extract through
nanoemulsions made with B-cyclodextrin and sodium
alginate was reported (Aayush et al. 2024). The
nanoemulsion showed stronger antibacterial (inhibition
zone: 17.66£0.57mm) and antifungal (inhibition zone:
15.33 £ 1 mm) activity against P. aeruginosa and A. brasil-
iensis respectively. Clearly, a difference in antimicrobial
effectiveness was noticed in between the conventional
delivery and nanomediated delivery of betel leaf extract
as depicted from above studies. Another research was
reported on the antibacterial efficacy and stability of
niosomal gels containing betel leaf essential oil as an
anti-acne therapy (Jufri et al. 2017). The test findings
revealed that the experimental niosomal gel was more
stable than conventional gel with higher inhibitory
effect on P. acnes. Piper betle essential oil loaded stable
nanoemulgel having desirable physico-chemical charac-
teristics demonstrated significant transdermal permea-
bility of loaded phyto constituent (Ting et al. 2020).
Most of the formulations (conventional/novel) of betel
leaf components reported so far were typically restricted
on their antimicrobial potency evaluation in vitro.
However, no such investigation was reported so far on
the analgesic and anti-inflammatory potential of betel
leaf oil loaded nanotopical formulation in in vivo model.

In view of this, the work attempts to develop Piper
betel (L.) leaf oil loaded LNs (BLNs) based bigel formula-
tion (BLN-G) and evaluate its in vivo analgesic,
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anti-inflammatory effectiveness in Albino Wister rats. The
work involves formulation development of BLNs followed
by physico-chemical characterisations to select suitable
formulation. The selected BLNs were then loaded in
carbopol-Hydroxypropyl methylcellulose (HPMC) based
bigel formulation (BLN-G) and evaluated. Further, in vivo
effectiveness of BLN-G was evaluated in experimental rat
model. In silico docking studies were also performed to
unveil the possible molecular interaction in between the
chemical constituents of betel oil with key analgesic/
inflammatory mediators. Thus, the work is expected to
provide important insights on the futuristic clinical viabil-
ity of betel oil-based nanoformulations as potential anal-
gesic and anti-inflammatory therapeutic candidates.

2. Experimentals
2.1. Materials

Piper betel (L) leaves were gathered from the Niali
regions of Cuttack, Odisha, and the plants were raised
in the biotechnology herbal garden, Siksha ‘O’
Anusandhan  University, Bhubaneswar campus.
Cholesterol (CHL) and Soya-a-lecithin (SL) were pur-
chased from Loba Chemie PVT. Ltd (Kolkata, India).
Ascorbic acid and Propylene glycol (PG), Butylated
hydroxyl toluene (BHT), Sodium hydroxide, Sodium
lauryl sulphate (SLS), 3-(4,5-dimethylthiazol-2-yl)-2,5-d
iphenyl-2H-tetrazolium bromide (MTT), Dulbecco’s
Modified Eagle Medium (DMEM) were obtained from
Hi media (Hyderabad, India). Carbopol 934 P, HPMC
were obtained from Burgoyne and Burbidge’s Co.,
Mumbai. Qualigens Fine Chemicals (Mumbai, India)
provided glycerol, propyl paraben, methyl paraben.
The source of the other chemicals was SRL Pvt. Ltd.
(Mumbai, India).

2.1.1. Cell line

Primary Epidermal Melanocytes (HEMa) (ATCC PCS-
200-013) was collected from American Type Culture
Collection, Manassas, VA.

2.1.2. Animals

For the experiment, 24 numbers (3-month-old) adult
disease free Albino rats weighing 185-200 g were
acquired from the School of Pharmaceutical Sciences’
Central Animal House Facility at Siksha O Anusandhan
University, Bhubaneswar, India. The rats were sepa-
rately housed in polypropylene cages according to
proper protocol and were having supplied normal ani-
mal diet and drinking water. The rats were maintained
in controlled environmental conditions that include a

temperature of around 25 + 5 °C, a humidity level of
25-35%, and a 12 h light-dark cycle. Animals were
acclimatised till 14 days before commencement of the
study in the controlled environment. The institutional
Animal Ethical Committee approved the experimental
protocol (approval number: IAEC/SPS/SOA/14/2023).
Animal care regulations were strictly monitored during
using and caring of laboratory animals.

2.2. Extraction of essential oil

For extraction of essential oil, the conventional hydro
distillation method was employed using a Clevenger
apparatus (Fagbemi et al. 2021, Ngcangatha-Maghude
et al. 2022). Briefly, freshly picked Piper betel leaves
weighing approximately 1000 gm were properly
cleaned under running water in the morning and uti-
lised right away to extract betel leaf oil. Fresh leaves
were chopped and were taken inside a round-bottom
flask. Distilled water was then poured into the flask to
submerge the leaves. Essential oil was then extracted
at optimum conditions viz., temperature 60 °C, time 4 h
with solid to solvent ratio as 1:10 g sample/ml of water.
After 4 h, the oil present at the top layers of the con-
densed distillate was collected in the microcentrifuge
tube. The leaf oil was then stored at 4 °C before
analysis.

2.3. Phyto constituents analysis of betel leaf oil
by gas chromatography - mass spectrometry
analysis

GC/MS was used to analyse the important phytocom-
ponents present in the betel leaf essential oil. The
Schimadzu QP2010 PLUS system was used to conduct
the experiment (Patra et al. 2022). The provided sam-
ple was subjected to a 10-min sonication for analysis.
Each sample was injected and analysed using a
BPX-5 SGE polydimethylsiloxane capillary column
(30mx0.25mm x 0.25pum film thickness) with a
1.0 min purge time. The capillary column temperature
was adjusted at 50 °C for three minutes, then it was
raised to 80 °C by 5 °C min~', and then to 340 °C by
10 °C min™' (Madhumita et al. 2019, Wong et al. 2022).
Peaks were then analysed to find the percentage of
chemical constituents present in the leaf oil.

2.4. Method of formulation of experimental betel
oil loaded nanocarriers

Experimental BLNs were formulated using the previ-
ously described methodology, but with a few useful
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modifications (Shanmugarajan et al. 2022, Satapathy
et al. 2023a). In brief, 10 ml of chloroform was used to
dissolve a measured amount of SL, CHL, antioxidant
and betel leaf oil. The mixture was then constantly
swirled in a 250 ml round-bottom flask until dissolu-
tion of lipids. The lipoidal solution was then subjected
to solvent evaporation using a rotary vacuum evapora-
tor (PBU6D, Superfit, Heidolph, Germany) at 40 °C at
reduced pressure. The resulting thin film present in the
inside wall of round-bottom flask was then hydrated
using phosphate-buffered saline having pH 7.4 to cre-
ate multi-lamellar vesicles, which were subsequently
exposed to ultrasonication (Bath-o-sonic, Kolkata,
India) for 20 min at 70% amplitude and 0.5 cycle per
second. Resultant unilamellar vesicles were kept at
ambient temperature for 3 h. The dispersion was stored
at refrigerated temperature (4 °C). Experimental BLNs
were centrifuged at 16 000 rpm. The resultant sediment
was stored overnight at -20°C, which were then
lyophilised for 8 h to form desired product in pow-
dered state. Mannitol 5% w/v was used as cryopro-
tectant during lyophilisation cycle.

2.5. Preparation of BLNs-loaded bigel (BLN-G)

For preparation of BLN-G, hydrogel phase was pre-
pared by taking measured amount of Carbopol 934
and HPMC in double distilled water overnight in sepa-
rate beaker (Maji et al. 2021, Mishra et al. 2023). The
Carbopol and HPMC dispersion was then mixed
together with constant stirring. The organogel phase
was fabricated by using Span®60 in oleic acid at 60 °C
and was rotated at 100 rpm. Experimental bigel were
prepared at different ratios viz., 1:1, 1:2, and 1:3 by
slowly adding the organogel to the hydro gel phase
under constant stirring for 1 h till a homogeneous
product was obtained. Measured quantity of BLNs dis-
persion was added to prepared bigel. Ascorbic acid
(antioxidant) and propylene glycol (plasticizer) was
also added to BLN-G while stirring. Final pH of the
BLNs-G was adjusted with NaOH solution. The optimal
BLN-G was then chosen by putting each of the manu-
factured BLN-G through a series of assessment tests
including homogeneity, viscosity, spreadability, extrud-
ability, etc.

2.6. Characterisation of experimental BLNs

2.6.1. Fourier transform infrared- attenuated total
reflectance (FTIR-ATR) spectroscopy

To illustrate any potential interactions in between the
chosen lipids, additives with oil components, FTIR- ATR

was used both prior to and following the formulation
development of the LNs (Toopkanloo et al. 2020,
Satapathy et al. 2023b). Briefly, CHL, SL, BHT, betel leaf
oil, physical mixture of oil, SL, CHL, BHT, lyophilised
BLNs, and blank LNs (without oil) were subjected to
FTIR-ATR analysis at room temperature using a Nicolet
Instruments, Madison, Wisconsin, USA, Magna-IR 750,
Series Il analyser each with 34 scans to precisely pre-
dict the interactions in between the selected compo-
nents. During analysis, a scan range of 4000 to 600 cm™
was employed and the spectral resolution of the appa-
ratus was set at 4 cm™'. Characteristic peaks of the
components were then analysed using the spectra
manager software (version 2.0).

2.6.2. Yield percentage
Lyophilised BLNs after each batch were weighed and
% yield of BLNs was computed (Hester et al. 2021).

( Quantity of BLNs obtained after \|

% of yield = lyophilization

100
- - - |><
kZ:-vf?ifi‘éle Y B e R tion )'

2.6.3. Percentage oil loading and loading efficiency

In an Eppendorf tube, 5mg of lyophilised BLNs were
combined with 4:6 ethanol to water combination
(Emtiazi et al. 2022). After that, the sample was vor-
texed (5-7min), centrifuged (16000rpm) and absor-
bance of the supernatant was measured at 295.0nm
(UV/VIS spectrophotometer, Shimadzu, Kalbadevi,
Mumbai, INDIA).

Oil content in BLNs )
(%100

(
% oil loading =
Total number of BLNs acquired )

( Practical oil loading )

% loading efficiency =| 100

| Theoretical oil loading JX

2.6.4. Determination of zeta potential,

polydispersity index (PDI) and size distribution

The experimental BLNs’s zeta potential, PDI and aver-
age hydrodynamic vesicle size (Z-avg) were assessed
using a Zetasizer (DLS-nano ZS, Malvern Instrument
Ltd, Malvern, UK). 1 mg of lyophilised BLNs was redis-
persed in millipore water and sonicated for 2-3 min to
prepare agglomerate-free dispersion. The nanodisper-
sion was taken inside the cuvette and analysed in a
Zetasizer employing optics having 90° scattering
detector angle. The instrument employed ZEN1002 dip
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cell with MPT-2 Titrator within pH range of 1 to 14 and
size measurement range within 0.3 nm - 300 ym. The
data were interpreted by the instrument software (DTS
software version 4.0) (Aguilar-Pérez et al. 2022).

2.6.5. Field emission scanning electron microscopy
(FESEM)

The experiment BLNs were subjected to surface mor-
phology analysis using FESEM (Satapathy et al. 2016,
Alam et al. 2022). Lyophilised BLNs were spread on a
stub over the carbon tape uniformly to form a mono
layer. Further, to improve contrast and 3D visualisation,
platinum coating was applied over the sample through
a patinum coater (Sputter coater, Quorum, Q150RS,
Japan). Following platinum coating, the sample was
visualised by a FESEM instrument (JSM 6100; JEOL,
Tokyo, Japan) using a field emission gun as electron
source. The samples were visualised at liquid nitrogen
environment at 10 kV under high vacuum condition
(>10-9Torr).

2.6.6. Cryo-Transmission electron microscopy
(Cryo-TEM)

The study was aimed to visualise the internal morpho-
logical features of BLNs, as previously reported
(Ellboudy et al. 2023, Satapathy et al. 2024, Rout et al.
2024). To create an agglomerate-free dispersion, a spe-
cific quantity of lyophilised BLNs was diluted in Milli-Q
water, votexed, and subjected to a brief 5-min sonica-
tion cycle. The nanodispersion (about 4 pl) was put on
a clean grid, quickly vitrified inside liquid ethane (with
100% relative humidity) through a FEI Vitrobot Mark IV
(FEI, Hillsboro, OR). Following a short (10-20 s) vitrifica-
tion phase, the grid containing sample was blotted
and frozen under liquid nitrogen. The cryo-sample
was then observed under an electron microscope
(Tecnai Polora, version 4.6 FEI Tecnai G2, Eindhoven,
Netherlands) equipped with an FEI Eagle 4K 4K
charge-coupled camera. During analysis, the dose for
each exposure was about 2000 e-/nm? and the images
were taken within a pixel size from 1.6A/pixel to
4.4 /pixel.

2.6.7. In vitro release of encapsulated oil from BLNs
A dialysis bag (Himedia dialysis membrane-50, MW
12 000 to 14 000 Da, Mumbai, India) was filled with sus-
pension of 10 mg of BLNs (Satapathy et al. 2021b). The
dialysis bag containing the formulation was then
immersed inside a beaker containing the release
medium (PBS, pH 5.8 with 0.1% w/w SLS). A 300-rpm
magnetic stirrer was used to provide required

turbulence to the release medium. 1 ml of the sample at
prefixed intervals was withdrawn from the beaker con-
taining release medium with simultaneous replenish-
ment of fresh PBS. Analysis of samples was conducted
using a HPLC System (Agilent 1260 Infinity Il Prime
Liquid Chromatography System, New Delhi, INDIA) at
295nm compared to blank (PBS with 0.1% w/w SLS).

2.6.8. Estimation of release kinetics

To predict mechanism of release of phytocomponents
from BLNs in vitro, data obtained from release studies
were fitted to different conventional kinetic models,
viz., Higuchi model, first order model, zero order
model, Hixson-Crowell model, Korsmeyer-Peppas
model, etc. as reported elsewhere (Mondal et al. 2019).

2.7. In vitro evaluation of BLNs-loaded
experimental bigel

Selected BLNs-loaded experimental bigels (BLN-G)
were assessed for various physico-chemical characteris-
tics to determine the suitable nanogel for further
studies.

2.7.1. Physical appearance

Approximately 5 g of prepared BLN-G was taken in the
10 ml test tube and its transparency was assessed visu-
ally (Rudra and Shoeb 2023). The BLN-G was examined
by rubbing it between the fingers to see if it was
rough, homogeneous, clumped, or smooth.

2.7.2. pH
A pH metre was used to measure the pH of experi-
mental BLN-G (Rudra and Shoeb 2023). In order to
determine the pH, average 1 g of nanogel was distrib-
uted thoroughly in deionised water, and the pH was
measured with a pH metre in triplicate.

2.7.3. Viscosity

A Brookfield digital viscometer (model DV Il) fitted
with spindle number 21 was used to measure the vis-
cosity of BLN-G (Parashar and Garg 2023). Prepared
BLN-G (100 g) was allowed to settle in the viscometer’s
sample holder for about five minutes and the viscosity
was determined at room temperature using a
range of rpm.

2.7.4. Extrudability
To measure extrudability, the experimental BLN-G was
put inside a typical capped collapsible aluminium tube
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and the end was crimped shut (Nidhi et al. 2023). Each
tube’s weight was noted. The tubes were then placed
in between two glass slides and clamped. After cover-
ing the slides with 500 g, the cap was taken off and
the extruded gel was collected. The percentage of the
extruded gel was then calculated.

2.7.5. Spreadability

The spreadability of experimental BLN-G was evalu-
ated by utilising its slip and drag characteristics (Khan
etal. 2021). Measured amount of BLN-G (about 2 g)
was placed in between two glass slides, scrapping the
extra gel oozed out through the edges. A definite
weight (80 gm) attached to a thread was then used to
draw the upper slide. The duration measured (in sec-
onds) required for the upper slide to detach from the
lower slide was recorded and the corresponding
spreadability value was determined.

S=MxL / T

Where S represents spreadability, M represents the
weight tied to the upper slide, L represents the glass
slide’s length, T represents the time taken till full detach-
ment of upper and lower slide from one another.

2.7.6. Microbial test

To identify the possible risk of microbial proliferation,
nutrient agar medium was utilised. Experimental
BLN-G/blank gel was aseptically applied in a cross pat-
tern onto the sample plate containing nutrient agar
medium. For a period of fifteen days, the microbial
growth was monitored periodically (Wiegand
et al. 2008).

2.7.7. Swelling index

Experimental BLN-G was deposited as 5 mm in height
and 10 mm in diameter in 20 ml PBS (pH of 7.4) at
room temperature (Liu et al. 2023). At scheduled inter-
vals of 2, 4, 6, and 8h, BLN-G was taken and reweighed.

[(W=W))
Swelling ratio(%):lk W Jx100

i

where W, means the weight of BLN-G at time t; W,
means the initial weight of BLN-G.

2.7.8. Stability study

To evaluate the stability of the experimental BLN-G, a
freeze-thaw cycle was performed with certain process
modifications as described elsewhere (Das et al. 2023).

The stability testing was conducted for 30 days with six
cycles. During the study, experimental BLN-G was
maintained at three different temperatures in each
cycle. The temperatures were maintained at 5+ 2 °Cin
refrigerator, 25 + 2 °C at room temperature and 45+ 2 °C
inside the stability chamber respectively. After the
study, important pysico-chemical parameters viz.,
colour, pH, viscosity, phase separation, mean diameter
zeta potential, PDI etc., were examined (Abdel-Rashid
et al. 2019, Singh et al. 2023a).

2.7.9. Acute dermal toxicity study

Acute dermal toxicity study of BLN-G was carried out
by following OECD guideline 402. For the experiment,
healthy rats were chosen. Before initiation of the test
(24 h before), hair remover was used to remove fur
from the dorsal location. Experimental BLN-G/blank gel
was applied smoothly over the skin (Chanda et dl.
2006). The application sites were inspected at 0.5, 1, 4,
and 24 h for any indications of lesions/redness or
unusual inflammation.

2.7.10. Ex vivo permeation study

To assess the amount of active component from BLN-G
that permeated across the goat skin ex vivo, a
Keshary-Chein diffusion cell (20 ml capacity with a
cross-sectional area of 1.766 cm?) was used (Mittal and
Kaur 2019, Sutthisawatkul et al. 2024). The skin tissue
of a goat was procured from the nearby butcher, and
the adhering fat was carefully removed. For 48 h, the
skin tissue was preserved by immersing it in a 0.1%
(v/v) solution of 36% formaldehyde for the purpose of
allowing any water-soluble ultraviolet-absorbing chem-
icals to seep out of the membrane. The calculated
amount of selected BLN-G was then applied over the
skin, placed in between the diffusion cell’s donor and
receptor compartments. PBS, pH 5.8 (with 0.1% w/w
SLS) was selected as the release medium. The receptor
fluid was constantly stirred at 100 rpm by a
Teflon-coated magnetic bead. The receptor compart-

ment was kept at a consistent 37°C+2 °C by using a
water inlet-outlet jacket layer. At predetermined inter-

vals, measured amount of receptor fluid was taken out
of the sampling port followed by addition of fresh
PBS. Using an HPLC instrument, the amount of oil

component that infiltrated to the receptor medium at
a predetermined time was calculated.

2.7.11. Assessment of cytotoxicity of BLN-G in vitro
In vitro toxic effect of experimental BLN-G on primary
epidermal melanocytes (HEMa) was investigated by MTT
assay (Adnan et al. 2023). Briefly, HEMa (1x10° cells/well)
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were cultured in DMEM supplemented with 10% foetal
bovine serum (v/v), % L-glutamine in 96-well plates and
incubated in a CO, humidified incubator at 37 °C for 24 h.
Cells were treated with different dilutions of BLN-G (200,
400, 600, 800, 1000, and 1200 pg/ml) and blank gel.
Control cells were treated with blank culture medium.
Following 24h of incubation, culture media was removed
and replaced with fresh culture media (100 pl/well) and
MTT solution. The culture plates were then incubated for
another 4-6 h at 37 °C. The supernatant was removed
with addition of sterile DMSO to each well (100 pl).
Following a short incubation period of 2 h, absorbance
(at 570 nm) of the sample was measured (Adnan
et al. 2023).

2.8. In vivo studies

For in vivo testing, rats were randomly divided into
four groups (n = 6), viz., Group |- control (deionised
water treated), Group ll- Standard (Diclofenac gel 1%
w/w treated) Group Ill Test 1 (Betel oil treated) and
Group IV- Test 2 (BLN-G, 1% w/w treated).

2.8.1. Evaluation of analgesic activity

2.8.1.1. Tail flick method. Analgesic activity of BLN-G
was measured by conventional tail flick method. In
this procedure, deionised water was supplied to the
rats in the control group, while the standard group
received topical application of diclofenac gel (1% w/w),
and the test group 1 and test group 2 received topical
application of plain betel leaf oil and experimental
bigel (containing 1% w/w BLNs) respectively. For the
study, 0.5 gm of bigel was applied and was spread
uniformly over the distal part (tip of the tail) at the
location of discomfort prior to an hour of experiment
(Gaber et al. 2023). Fingers were used to hold rats in
place when their tails were sticking out. A section of
the tail measuring two centimetres was identified,
which was then dipped into the water bath.
Temperature of the water bath was maintained at
55 + 1 °C using a thermometer (Yam et al. 2020). The
tail flick delay and corresponding response time was
recorded at 0, 30-, 60-, 120-, 180-, and 240-min post
treatment.

2.8.1.2. Hot plate method. A modified hot plate
approach (Eddy’s hot plate) as mentioned by Sangale
et al. (2023) was also employed to test analgesic
activity of the experimental BLN-G. To accomplish this,
a hot plate with an electrical guard was heated to
between 55 + 1 °C. Similar to the above study, rats in
the control group were given distilled water, the
standard group was given 1% (w/w) diclofenac gel at
the location of discomfort (paw) prior to the 15min of

experiment, and the test group 1 and 2 were given
betel oil and experimental bigel (containing 1% w/w
BLNs) respectively. About 0.5 grams of bigel were
applied topically and were evenly distributed
throughout the distal region (tail tip) prior to an hour
of the experiment (Nakhaee et al. 2021,Gaber et dl.
2023). Time taken for the rat to respond to the heat
stimulus, i.e. tardiness in lifting and licking their paws
or in jumping off the equipment, was measured at 0,
30, 60, 120, 180, and 240 min.

2.8.2. Evaluation of anti-inflammatory activity
2.8.2.1. Carrageenan Induced Rat Paw Edema. In vivo
anti-inflammatory potential of BLN-G was evaluated as
per the previously reported method (Aslam et al. 2023).
Briefly, test animals were divided into four treatment
groups as described previously. Experimental animals
were treated with betel 0il/BLN-G (containing 1% w/w
BLNs)/diclofenac sodium gel 1% (w/w), 30 min before
carrageenan injection (Xavier-Santos et al. 2022, Gaber
etal. 2023). The paw thickness following the treatment
was measured at prefixed duration (0, 30, 60, 120, 180,
and 240 min).

2.9. In-silico docking analysis

To depict the molecular interaction in between major
phytoactive components of betel oil with selected
inflammatory mediators, in silico docking analysis was
employed. The molecular structure of the selected
compounds was constructed utilising canonical smiles
from the PubChem database PubChem CID: 3314,
52811515, 5281520, and 69909 (Sayed et al. 2023). The
PDB structure of COX-1, COX-2, LOX, and Phospholipase
was acquired from the RCSB Protein Data Bank (PDB
id: 3KK6, 5KIR, 3V99, and 1KQU respectively). Following
that, the receptor and ligand structures were uploaded
to the Argus Lab App for docking. The Argus Lab App
outcome was modified for the optimal structure and
visualised with Discovery studio visualiser 2.5.
Subsequently, the relationship was verified by evalua-
tion of the obtained binding energy, including global
energy, and van der Waals attractive force (Toor
etal. 2021).

2.10. Statistical analysis

Each experiment was carried out in triplicate and the
mean values + standard deviation (SD) was used to
describe the data. Additionally, one-way analysis of
variance (one-way ANOVA) was used to assess the
data through Tukey-Kramer’s multiple comparisons
test (Hori et al. 2021). P values less than 0.05 were
regarded as significant results.
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3. Results

3.1. Investigation of chemical composition of Piper
betel (L.) leaf essential oil by GC/MS analysis

The phyto chemical constituent analysis in the oils was
identified by GC-MS method which showed Eugenol as
the major bioactive constituent (42.8%). The other com-
pounds found in the leaf oil were Caryophyllene,
Humulene, 2,7-Dimethylanthracene, 1(1-Carbmethoxyethyl)-
3,3-bis(trifluoromethyl) diaziridine, a-Amorphene,
6-Amorphene, etc. In the leaf oil there were about 7
constituents approximately in amount varying from
1.17% - 42.8% in peak area (Table 1).

3.1.1. FTIR-ATR study

FTIR-ATR study was performed to identify any meaningful
interactions in between oil/lipids/excipients. FTIR spectra
of the essential oil, SL, CHL, physical mixture, BLNs were
reported (Figure 1). Data overall depicted absence of any
major interaction between the tested oil and lipids with
other formulation components. The characteristics peaks
were observed at 1465 cm™' due to stretching of alkane
group (-CHs) of CHL, 1770cm™" (due to C=0 stretching
of SL). Whereas the spectra of BLNs showed peaks at
1509 cm~' (due to N- O stretching vibration), 1377 cm™’
(due to phenol group stretching) related to eugenol. In
the physical mixture, the characteristics peaks were found
at 1509 cm™' (due to N-O stretching), 1770 cm™' (due to
C=0 stretching) and at 1370 cm™ (due to O-H phenolic
group stretching). However, the FTIR spectra of the phys-
ical mixture of components did not show appearance of
any new characteristics peak or any major shifting in the
functional group peaks of oil too. The study thus signi-
fied physical and chemical compatibility in between the
components for formulation development.

3.1.2. Yield percentage, percentage oil loading, and
loading efficiency

Every batch of BLNs had a satisfactory yield percent-
age. Out of the four formulation batches that were

reported, BLN-2 had the highest yield percentage
(57.6%). The oil loading percentage for each formula-
tion differed, and we observed that BLN-2 had a larger
oil load at 6.8 + 0.5% (w/w) than the remaining three
formulations (BLN-1 at 4.2 + 0.3% w/w, BLN-3 at
2.5 £1.2% w/w, and BLN-4 at 1.9 + 0.9% w/w) (Table 2).
Similarly, BLNs-2 loading efficiency (76.2 + 2.1% w/w)
was equally better than other three reported formula-
tions. The particular formulation composition and the
regulated process parameters may be responsible for
the acceptable oil loading of the formulation.

3.1.3. Mean vesicle diameter, PDI, zeta potential

The data indicated that the mean diameter (Z-avg.) of
the selected BLN-2 were within 100-200 nm. Out of
the formulations that were reported, BLN-2 had an
average vesicle size of 138.2 + 1.08 nm and a PDI value
of 0.182 (Figure 2). Further, the reported formulation
had a negative zeta potential -46.6 + 0.61 mV, suggest-
ing that its stability in dispersion state.

3.1.4. Surface morphology study by FESEM

A smooth surface and spherical shape were observed
by the FESEM analysis of the lyophilised BLN-2 (Figure
3A). Although some of the produced vesicles were
agglomerated inside the sample, but overall vesicles
maintained a homogenous distribution pattern with-
out major difference in their shape/size or morphology.

3.1.5. Internal structure analysis by Cryo-TEM

To visualise the native form of BLN-2 in the suspension
stage and to get clarity on the lamellarity, Cryo-TEM
study was conducted. In the image, nanovesicular car-
riers were clearly visualised (Figure 3B). It further was
found that the experimental BLN-2 were within nano-
size range, unilamellar with intact lamellarity. No dis-
ruption/perforation was noticed in the outer
phospholipid bilayer of BLN-2, justifying well formula-
tion characteristics.

Table 1. GC/MS analysis of Piper betel leaf essential oil showing retention time, area %, molecular formula with molecular weight

of major phyto active components.

Retention time

Molecular weight

Peak (min) Major components Area% Molecular formula (g/mol)
1 8.72 Eugenol 4.8 CioH:20; 164
2 9.05 Caryophyllene 19.1 Cisfg 204
3 9.41 Humulene 10.7 Cisfs 204
4 10.05 2,7-Dimethylanthracene 10.6 Mg 206
5 9.60 a-Amorphene 9.9 Cisfg 204
6 9.80 1(1-Carbmethoxyethyl)-3,3- 3.74 C;HgFN,0, 266
bis(trifluoromethyl)diaziridine
7 10.73 3-Amorphene 1.17 CisHas 204

A total seven major phytoactive components have been reported in the betel leaf oil based on their retention time and % area. Eugenol among all the
components was found to have highest area % (42.8%) followed by caryophyllene.
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Active component-excipient interaction study by FTIR
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Figure 1. FTIR-ATR study of betel leaf oil (I), Soy lecithin (Il), Cholesterol (lll), Physical mixture of betel leaf oil, Soy lecithin,
Cholesterol (1V), Experimental lipid nanocarrier (V). All spectra have been shown in absorbance mode. Spectrums were recorded
in FTIR-ATR mode and the scan range was 4000 to 600 cm'. No significant shifting in characteristic peaks of 0il components or
other excipients were noticed, signifying absence of major interaction.

3.1.6. In vitro release study and estimation of

release kinetics

The dialysis method was employed for the in vitro
release study of the encapsulated oil from BLN-2. Data
showed consistent oil release pattern from the formu-
lation up to 24 h study period (Figure 3C). Initially, the
oil release expanded with time. But after 12 h, a rela-
tively sustained release profile was observed from
BLN-2. During the study period, a cumulative amount
of 79.82 + 4.1% encapsulated oil was released from
BLN-2. While, estimating the mechanism of oil release

from BLN-2, it was that the release pattern was best
fitted into Higuchi model with good linearity (R? =
0.9048).

3.2. Formulation and physico-chemical evaluation
of the BLN-2 loaded bigel (BLN-2G)

Experimental bigels were prepared by conventional
cold dispersion method by varying concentration of
polymers as depicted in Table 3. Further, and among
the prepared formulations, three suitable formulations
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were reported. selected bigels were homogenous and
smooth texture without any gritty feeling while appli-
cation. Among the three reported BLN-2G

Table 2. Formulation ingredients, % yield, % oil loading and
% loading efficiency of selected Piper betel (L.) leaf oil loaded

lipid nanocarriers (BLNs).

% Loading
Formulation SL: CHL % Yield % Loading efficiency
code ratio (w/w) (W/w) (W/w)
BLN-1 1:1 48.1% 4.2:0.3% 42.5+1.1%
BLN-2 2:1 57.6% 6.8+0.5% 76.2+2.1%
BLN-3 43 41.3% 2.5£1.2% 56.1+0.2%
BLN-4 31 38.8% 1.9+0.9% 48.7 £0.5%

In the reported formulations, ratio of major lipid components (soy lecithin
and cholesterol) was varied, while keeping the amount of betel oil con-
stant. In each formulation batch, 5 ml of betel leaf oil was used. At a ratio
2:1 (soy lecithin and cholesterol), highest oil loading % was achieved
among three reported formulations. Data show mean+SD (N=3).

BLN: Piper betel (L.) leaf oil loaded lipid nanocarrier; SL: soya-L-a-lecithin;
CHL: cholesterol.
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formulations, BLN-2G, showed satisfactory viscosity
(40 734 + 1.7 cps) suitable for topical applications. All
selected bigels had reasonable pH (within physiologi-
cal pH range). Further, experimental BLN-2G had suit-
able spread area as depicted from spreadability test
(Table 4). Extrudability test of all selected BLN-2G was
found in the satisfied range. Throughout the period of
fifteen days, no microbial development was seen in
any of the developed gels. The swelling ratio of BLN-G
depicted well swellable property as depicted in Figure
4A. Experimental BLN-G reached equilibrium after 8 h.
Among the bigels, BLN-2G, absorbed a larger amount
of water after being placed in the PBS. At 8 h, BLN-2G;,
BLN-2G, and BLN-2G; reached 401.09x2.3%,
558.48+3.1%, and 473.41+2.9% swelling respectively.

However, among the tested formulations, BLN-2G,
exhibited satisfied homogeneity, pH, spreadability, as
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Figure 2. (A) Mean vesicle diameter (Z- avg.) analysis of selected betel leaf oil loaded lipid nanocarriers (BLN-2) by diffraction light
scattering method. Mean diameter for BLN-2 was reported within nanosize range B) Determination of Zeta potential of selected
betel leaf oil loaded lipid nanocarriers (BLN-2) to depict overall surface charge. BLN-2 was having higher negative surface charge
depicting desirable stability in dispersed state.
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Structural analysis and in vitro release study of experimental betel oil
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Figure 3. (A) Field emission scanning electron microscopy (FESEM) of betel leaf oil loaded lipid nanocarriers (BLN-2) with a mag-
nification of 100 000x (Scale 500 nm). The vesicles were found spherical having smooth surface and within nano range. The vesi-
cles were discretely organised throughout the formulation without any visible agglomerations. (B) Cryo- transmission electron
microscopy (Cryo-TEM) of experimental betel leaf oil loaded lipid nanocarriers (BLN-2). Images were taken at magnification 40 000x
at 200 kV voltage. Unilamellar, nanosize lipoidal vesicles with intact phospholipid outer layer (darker) and enclosed aqueous core
(clearer). Vesicles were within desired nanorange without any visible imperfections on the outer lipid layer, justifying good formu-
lation characteristics. (C) In vitro release study of betel leaf oil loaded lipid nanocarriers (BLN-2) in phosphate-buffered saline
(PBS), pH 6.8. Data were presented as mean + SD (N = 3). An overall sustained release profile was depicted for BLN-2 with best fit

with Higuchi kinetics model.

Table 3. Formulation composition of selected Piper betel (L.)
leaf oil loaded lipid nanocarrier (BLN-2) incorporated bigel for-
mulation (BLN-2G).

Ingredients BLN-2G, BLN-2G, BLN-2G;
Carbopol 934P (g) 0.5 0.8 1
HPMC (g) 0.8 0.5 1
Propylene glycol (ml) 5

Oleic acid (ml) 8.8

Span 80 (ml) 1.2

Sodium hydroxide (ml) 5

BLNs-2 (mg) 10

Ascorbic acid (mg) 0.05

Distilled water (ml) 50

Three suitable bigels were reported varying concentration of poly-
mers, viz., Carbopol 934 P and HPMC; whereas keeping other excip-
ients constant. For each formulation batch, 10 mg of BLNs-2 was
used. The hydrophilic polymers with sodium hydroxide constituted
the hydrogel phase whereas oleic acid and span 80 constituted
oleogel phase. Sodium hydroxide was used in the formulation to
adjust pH.

BLN-2G: Piper betel (L.) leaf oil loaded lipid nanocarrier-based bigel;
HPMC: hydroxy propyl methyl cellulose.

well as extrudability. BLN-2G, having carbopol at 0.8%
w/v and HPMC at 0.5% w/v showed highest viscosity,
extrudability and swelling property as observed from
the study.

The findings of the stability study showed that,
after 30 days, physicochemical characteristics of
BLN-2G; such as colour, viscosity, pH, and phase sepa-
ration had not changed noticeably. Further, the aver-
age vesicle size and zeta potential of incorporated
BLN-2 did not show major variations, indicating that
the BLN-2G, was stable within the tested storage
range (Table 5).

Further, no potential acute dermal toxicity was
observed for BLN-2G, during 24 h study period on rat
skin upon topical application. Further, there was no
difference in between the skin texture, or appearance
of redness/inflammation in between BLN-2G, and
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Table 4. Physico-chemical evaluation of selected Piper betel (L.) leaf oil loaded lipid nanocarrier-based bigel (BLN-2G) in terms of
viscosity, spreadability, homogeneity, extrudability and microbial growth.

Spread ability = Homogeneity (Physical Extrudability% (w/w)
Batch no. pH Viscosity (Cps) (gm.cm/sec) inspection) (compression-extrusion test)  Microbial growth
BLN-2G;, 6.7+0.1 25552 +1.9 5.8+2.3 Good 85.56+2.3 Nil
BLN-2G, 6.8+0.5 40734 1.7 8.3:1.5 Very good 91.33:1.3 Nil
BLN-2G; 6.5:0.3 32305+2.4 7417 Good 83.14:1.5 Nil

Viscosity was tested by Brookfield viscometer, while pH was tested by pH metre, homogeneity was tested physically by pressing a small amount of BLN-G
in between thumb and index finger. Extrudability was analysed through compression-extrusion test using a collapsible aluminium tube. To check microbial
growth nutrient agar plate was use to detect the presence or absence of adventitious microbes (colony-forming units). All the selected bigels showed
desirable physico-chemical characteristics among with BLN-2G, was selected as the preferable one owing to desirable viscosity, spreadability and extrud-
ability. Data show mean+SD (N=3).

BLN-2G: Piper betel leaf oil-loaded lipid nanocarrier-based bigel.

In vitro swelling, Ex vivo permeation, acute dermal toxicity and in
vitro cytotoxicity analysis of experimental bigel
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Figure 4. (A) Evaluation of swelling index of experimental betel leaf oil loaded lipid nanocarriers (BLN-2) incorporated bigel
(BLN-2G,). (B) Acute dermal toxicity study in terms of potential irritancy on rat skin following topical application of blank gel
(without betel leaf oil), I); betel leaf oil loaded lipid nanocarrier (BLN-2) incorporated bigel (BLN-2G;,), Il); at 0.5 h, 1 h, 4h and 24 h
time intervals. No sign of irritation, redness, inflammation or any visible adverse reactions were noticed within the tested duration,
justifying compatible nature of BLN-2G, for in vivo applications. (C) Ex vivo permeation study of betel leaf oil loaded lipid
nanocarrier-based bigel (BLN-2G,) in PBS (pH 6.8) across goat mucosal membrane. Data were presented as mean + SD (N =3). A
sustained release profile was observed within experimental time period with best fit of release data to Higuchi kinetic model,
similar to the in vitro release data. (D) In vitro cytotoxicity study of blank gel vs. betel leaf oil loaded lipid nanocarrier incorpo-
rated bigel (BLN-2G;) on primary epidermal melanocytes (HEMa). Data showed non-toxic nature of experimental BLN-2G, with
more than 85% cell viability at all tested concentrations.
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Table 5. Stability study of Piper betel leaf oil-loaded lipid nanocarrier-based bigel (BLN-2G,) at different storage conditions, viz.

5£2°C,25+2°Cand 45+2 °C respectively.

Mean diameter ~ Poly dispersity ~ Zeta potential % Loading % Encapsulation
Condition Days Colour Viscosity(cps) (d.nm) index (PDI) (mV) (W/w) efficiency (w/w)
5£2°C 0 Off white 40734 1.2 138.2:1.03 0.182£0.4 -46.6 + 0.05 6.8+0.3% 76.2:1.3%
15 Off white 40689 + 2.1 139.09+1.4 0.211£0.2 -46.2+0.2 6.5+1.2% 77.1£1.5%
30 Off white 40632 +1.9 140.36+0.8 0.232:0.7 -46.01+0.1 6.7+1.1% 72.19£2.1%
25+2°C 0 Off white 40734 +1.8 138.2:0.7 0.182£0.1 -46.6 0.3 6.8+ 0.5% 76.2:2.1%
15 Off white 40734 £1.1 138.45+1.1 0.188+0.2 -46.71£0.07 6.6+ 0.4% 74.2:1.4%
30 Off white 40678 +2.3 139.17+1.8 0.209 £ 0.1 -46.1+0.9 6.2+1.3% 75.8+2.1%
45+2°C 0 Creamish 40619 +2.1 138.2+1.3 0.181£0.2 -46.6 + 1.1 6.7+1.2% 76.22£2.1%
white
15 Creamish 40534:1.6 139.11£1.2 0.173£1.2 -46.910.05 6.1+0.5% 73.9:1.9%
white
30 Creamish 40287+2.2 140.5: 1.6 0.195£0.1 -46.340.7 5.9£0.7% 77.27 £2.3%
white

No visible changes were noticed in the physical characteristics of BLN-2G; in terms of colour, viscosity, pH, phase separation, etc. Though the colour
change was minutely varied from off white to creamish white, however no visible sign of phase separation was observed throughout the experimental
study period. Further pH of the BLN-2G; did not show any significant variation. Also, there were no such significant alternation in mean diameter, zeta

potential, PDI and % encapsulation efficiency. Data show mean+SD (N=3).

control (blank gel) treated groups (Figure 4B). In view
of suitable in vitro characteristics, BLN-2G, was taken
for further studies.

3.2.1. Ex vivo permeation study

To depict the permeation behaviour of the active
constituents from the BLN-2G,, following its topical
application, goat skin was employed as a simulus
model. The study demonstrated that the loaded oil
from BLN-2G, successfully penetrated into the skin’s
epidermal layer. The oil was successfully released
from the formulation during 8 h period, within which
53.2% oil liberated as estimated from HPLC results.
The encapsulated oil liberated slowly but consis-
tently throughout the study period (Figure 4C). The
release kinetics investigation showed that the ex
vivo release followed the Higuchi kinetic model (R%=
0.9406), which was similar to the in vitro release
pattern.

3.2.2. Assessment of cytotoxicity of BLN-2G, in vitro
The cytotoxicity (in vitro) of BLN-2G, and blank gel was
evaluated by MTT assay. Data overall showed absence
of potential toxicity of BLN-2G;, at different tested con-
centrations (Figure 4D). At 200 pg/ml, BLN-2G, reduced
the cell viability by approximately 97.67 + 3.6%. There
was a minor reduction in the cell viability as
95.34 + 4.3% t0 93.2 + 3.2% at concentrations of 400 pg/
ml to 600 pg/ml, respectively. However, data showed
overall non-toxic nature of experimental BLN-2G, even
at highest tested concentration, i.e. 1200 pg/ml. Most
of the cells were alive as observed from the % viability
data (> 85%) signifying non-toxic, tissue compatibility
nature of BLN-2G,. Similarly, as expected for blank gel
formulation, maximum cell viability was observed (up
to 95%).

3.3. In vivo studies

3.3.1. Analgesic activity

3.3.1.1. Tail flick method. Albino Rats were used to
evaluate the analgesic efficacy of the BLN-2G; utilising
the tail flick method taking Diclofenac gel (1% w/w) as
the standard. Tail flick method depicted potential
analgesic effect of the BLN-2G,. Topical treatment of
the rats with the test compounds (betel oil and BLN-
2G,) significantly (P < 0.05) increased latency to flick tail
as compared to control group animals. Among test
groups BLN-2G, showed better effect as compared to
the pure betel oil in terms of tail flick time. The highest
nociception inhibition was exhibited by BLN-2G, at
180 min, which was almost comparable to that of
standard treatment (Figure 5A).

3.3.1.2. Hot plate method. In another analgesic method,
analgesic activity was evaluated utilising the hot plate
method. Similar to tail flick method, diclofenac gel was
too taken as standard and BLN-2G, and betel oil was
taken as test formulations. Topical treatment of the
rats with optimised BLN-2G, and betel oil significantly
(P < 0.05) reduced paw licking response as compared
to normal animals. Comparable to the tail flick
approach, BLN-2G, was shown to be more effective
than betel oil in prolonging animals’ paw licking time.
The highest nociception inhibition was exhibited by
BLN-2G, at 180 min. The maximum nociception
inhibition by Diclofenac was too observed at 180 min
(Figure 5B).

3.3.2. Ant inflammatory activity

3.3.2.1. Carrageenan induced rat paw
edoema. Carrageenan was subcutaneously injected
into rat paws, causing inflammation and plasma
extravasations that were characterised by significant
(P < 0.05) increase in paw thickness in the control, tests,
and standard groups. Application of BLN-2G, and betel
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In vivo analgesic and anti-inflammatory efficacy analysis of
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Figure 5. (A) Effect of betel leaf oil loaded lipid nanocarrier incorporated bigel (BLN-2G,), betel oil, control (deionised water
treated) and standard (Diclofenac gel 1% w/w treated) on the latency time of rats exposed to the tail flick test (*p < 0.05; **p < 0.01
vs control group). (B) Effect of BLN-2G,, betel oil, control (deionised water treated) and standard (Diclofenac gel 1% w/w treated)
on the latency time of rats exposed to the hot plate test (*p < 0.05; **p < 0.01 vs control group). (C) Effect of experimental bigel
(BLN-2G;,), betel oil, control (deionised water treated) and standard (Diclofenac gel 1% w/w treated) on carrageenan - induced rat
paw edoema (*p < 0.05; **p < 0.01 vs control group). In all cases, the treatment outcome was taken as less significant when rep-
resented as p <0.05; whereas p <0.01 showed highly significant treatment outcome when compared to control.

oil significantly (p < 0.05) decreased the paw thickness
similar to that of diclofenac sodium throughout the
test period (Figure 5C). The percentage of decrease in
the inflammation was found to be 28.57%, 35.18%,
and 37.57% for topical BLN-2G, treatment and 23.54%,
29.05%, and 31.21% for betel oil treated groups at 2,
3, and 4h respectively.

3.4. In-silico study

The presentation of the primary phytochemicals
was examined using in-silico molecular-docking

simulation (Eugenol, Caryophyllene, Humulene, and
2,7-Dimethylanthracene) on different inflammatory
and analgesic mediators. The findings demonstrated
that eugenol interacted with distinct amino acids of
the alkyl group at the active site of several inflamma-
tory and analgesic mediators. The docking algorithm
was able to predict the Eugenol ligand pose with
inflammatory and analgesic mediators such as Cox-1,
Cox-2, Lox, and Phospholipase binding energy score
of-10.5798 kcal/mol, -10.7493 kcal/mol, -9.5379 kcal/
mol and -9.4616 kcal/mol respectively. Similarly,
caryophyllene also interacted with the inflammatory
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and analgesic mediators at their active site signifying
its efficacy in inflammation and pain. The docking
algorithm was able to predict the binding energy
score of -12.1509kcal/mol, -11.1074kcal/mol,
-11.0317 kcal/mol, and -12.2937 kcal/mol for Cox-1,
Cox-2, Lox, and Phospholipase respectively. Likewise,
Humulene also interacted with the inflammatory and
pain mediators at their active site signifying its effi-
cacy in inflammation and pain. The docking algo-
rithm predicted the binding energy score of
-11.2271 kcal/mol, -11.8857 kcal/mol, -11.4076 kcal/
mol, and -11.6374 kcal/mol for Cox-1, Cox-2, Lox, and
Phospholipase respectively. 2,7-Dimethylanthracene
also found to interact with inflammatory and analge-
sic mediators at their active sites, indicating effec-
tiveness in inflammation and pain. The docking
method predicted the 2,7-Dimethylanthracene ligand
posture in the presence of inflammatory and analge-
sic mediators like as Cox-1, Cox-2, Lox, and
Phospholipase binding energy score of -14.3849 kcal/
mol, -13.6676kcal/mol, -13.5072kcal/mol and
-12.0519 kcal/mol respectively (Table 6). The study
overall depicted that all the selected phytoconstitu-
ents of Piper betel was found effectively docked with
key analgesic/inflammatory mediators, thus unveiling
the mechanism of action of BLNs-2G,.

4. Discussion

Effective topical application of volatile phytoactive
components in their raw form often pose severe deliv-
ery challenge, which can be improved significantly by
the use of nanocarrier-based topical formulations.
Essential oil of Piper betel was encapsulated in novel
lipid nanocarriers, which were then loaded into topical
gel formulations. Some crucial in process parameters
were optimised during formulation development,
which led to the formation of BLNs with desired
physico-chemical characteristics.

To assess any type of physical interaction or chemi-
cal reaction between formulation components and to
confirm their suitability for formulation, FTIR has been
the preferred tool at present (Satapathy et al., 2021a).
In our study, FTIR data demonstrated absence of any
major physical/chemical interaction as no major shift-
ing in characteristic peaks of oil/lipid was detected in
the physical mixture or in BLNs. Average vesicle diam-
eter was found FESEM image clearly showed that the
lyophilised BLN-2 were within the size range of 100-
200 nm, which was also supported by DLS data.
Lyophilised sample was mostly homogenous and was
devoid of visible lumps or agglomeration. Higher neg-
ative surface charge further ensured stronger repulsion

among the nanocarriers and thus would lead to higher
stability at dispersed state. Cryo-TEM, which is at pres-
ent explored as an effective way to depict internal
structure of delicate lipid nanomaterials showed good
formulation characteristics. No imperfections were
detected in the outer lipid layer observed under liquid
nitrogen condition. BLN-2 showed satisfactory loading
of oil in its lipid structure with consistent slower
release within experimental time period. Reasonable
loading capacity of BLN-2 would be undoubtedly help-
ful for effective in vivo activity and sustained release
would be beneficial in maintaining the desired local
concentration of the therapeutic agents at applica-
tion site.

For effective topical application of lipoidal nanocar-
riers, bigel is considered as the suitable delivery strat-
egy. In view of lipophilic nature of LNs, viz.,
nanoliposomes, nanophytosomes, solid-lipid nanoparti-
cles, etc., bigel has been taken as an effective modality
than conventional hydrogel for improved dispersion,
stability, and transdermal efficacy of LNs (Maji et al.,
2021). Bigels by virtue of their unique formulation
characteristic possess both physicochemical properties
of oily-based organogel and aqueous-based hydrogel.
Further, bigels successfully overcome the limitations
associated with hydrogel or organogel independently;
as hydrogel limits permeation capacity of lipoidal
medications across the skin barrier while organogel
faces stability issues (rancidification) with low patient
compliance. Bigels possess the ability to deliver both
lipophilic and hydrophilic medication simultaneously
across the transdermal layer, improve the hydration of
skin layers, and also enhance patient compliance by
moisturising, cooling, and emollient effects on the
skin. Recent literatures have also advocated the signif-
icance of bigel over conventional hydrogel in improv-
ing transdermal effectiveness of nanoformulations
(Maji et al., 2021, Das et al., 2023). To into insights of
the formulation, we have provided pictorial represen-
tation depicting actions of the experimental nano
bigel, permeation of loaded LNs across the skin layers
and possible mode of action.

In our study, the experimental BLN-2 loaded bigel
(BLN-2G) showed satisfactory physical properties. All
selected nanogels were homogenous, without any
gritty feeling upon application. Further, spreadability,
extrudability, viscosity, swelling ability of the BLN-2G
were within desired values. Selected BLN-2G, showed
higher viscosity (40 734 + 1.7 cps), which would be ben-
eficial for effective topical application. Clearly, the
results depicted that concentration of polymers
had direct impact on the physico-chemical characteris-
tics of experimental BLN-2G. Owing to preferable
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In vitro cytotoxicity data further signified biocom-
patible nature of BLN-2G, as no potential toxicity on
the epithelial cell line was observed, which thus
rationalised its in vivo applicability. Upon topical appli-
cation, BLN-2G, did not show any potential irritation
on rat skin. No appearance of redness, swelling or any
unusual changes in skin texture and morphology was
observed during the experimental time period, which
was also an important piece of information for trans-
dermal application.

Both BLNs-2G, and plain betel oil exhibited signifi-
cant analgesic and anti-inflammatory activity as com-
pared to the control in different animal models. It was
found that the in vivo effects were almost comparable
to the standard diclofenac. The increase in paw thick-
ness was mostly due to infiltration of white blood cells
and increased levels of local prostaglandins at the site
(Tamaddonfard et al. 2013). Edoema due to carra-
geenan induction is usually biphasic, which includes
an initial phase owing to the release of histamine sero-
tonin and kinins and it starts right away after applica-
tion and second phase occurs after one to three hours
by release of prostaglandin-like substances (Okechukwu
2020). Further, COX-1 and COX-2 are the two inflam-
matory mediators that are involved in the synthesis of
prostaglandin, which are implicated in the processes
of pain and inflammation. Due to the fact that inflam-
matory cytokines such as interleukin-1 beta (IL-1 beta)
and tumour necrosis factor alpha (TNF alpha) stimu-
late the expression of COX-2 in a variety of cell types,
inflammation, and pain are facilitated by lipoxygenases
(LOXs), which are naturally occurring enzymes pro-
duced by neutrophils that stimulate and migrate neu-
trophils and interact with prostaglandin’s mediated
vasodilation. Phospholipase further catalyses the
release of arachidonic acid, which is an essential com-
ponent for various inflammatory pathways (Vasudevan
etal. 2021).

Recent studies have already depicted the protective
role of eugenol, humulene, caryophyllene, and
2,7-dimethylanthracene in inflammation and pain
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affinity (-14.3849 kcal/mol) against COX-1 and -13.6676 kcal/mol, -13.5072 kcal/mol, -12.0519 kcal/mol against COX-2, LOX, phospholipase respectively. Among the proteins, COX-1 exhibited reasonable binding affinity

with selected phyto components. COX and LOX are the enzymes that play crucial role in inflammation regulation.

Cox-1: Cyclooxygenase-1; Cox-2: Cyclooxygenase-2; Lox: Lipoxygenase; PDB id: Protein data bank id.

4
A total four major phytoactive components of betel oil as reported from GC/MS analysis were docked with four key inflammation mediators. Among the ligands 2,7-Dimethylanthracene depicted highest binding
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betel oil which might be higher transdermal perme-
ation of the phytochemicals to the site of inflammation.

Though eugenol mechanism is unclear; some stud-
ies suggests that the blocking of voltage- sensitive
and receptor-operated channels are responsible for the
analgesic potential of it (Pramod et al. 2010). In case
of analgesic study, following topical treatment of
BLN-2G, and betel oil, significant (P<0.05) increase in
latency to flick tail with reduced paw licking response
was observed as compared to the control groups.
Therefore, it is precited that phytochemicals present in
BLN-2G, might exert protective effect on the inflam-
matory mediators and mechanisms of pain perception
like activation of neuronal channels. The in vivo results
were further supported by the in silico docking studies.

In the in vivo studies, to depict significant variations
in the observed means of data, Tukey-Kramer’s test
was chosen (Hori et al. 2021). This test is usually help-
ful to test the difference in the pair of treatments and
comparing it with the calculated value. In our analge-
sic/anti-inflammatory study, this test method was
employed to find out difference in the treatment out-
comes of control gel vs. experimental nanobigel (Test
I), and betel oil (Test I). As both the pair of treatments
with nanobigel and betel oil were compared with the
control, which showed significant difference from one
another; Tukey-Kramer’s test was applied as a suitable
statistical tool.

In silico docking analysis confirmed the outcome of
in vivo testing. Though, few of the recent studies have
depicted in silico analysis of betel oil derived phytoac-
tive components. Agustin et al., reported the
molecular-docking analysis of the bioactive compound
of Piper betle L. leaf extract against target protein of
Escherichia coli. The results showed that the selected
bioactive components of Piper betle L. successfully
interacted to the active site of FabB of Escherichia coli
(Agustin et al. 2022). Similarly, in another study, one
major active components of betel oil, i.e. hydroxy-
chavicol was docked against the COVID-19 associated
mycotic protein, Lanosterol 14 alpha demethylase,
which depicted significant binding affinity of hydroxy-
chavicol towards the target protein.

We have also included in silico analysis of other
potent leaf essential oils to correlate and validate our

result. A work used a carrageenan-induced acute inflam-
mation paradigm to investigate the anti-inflammatory
properties of Zingiber officinale roscoe and Allium subhir-
sutum aqueous extracts (Zammel et al. 2021). Major
phyto actve components of Zingiber officinale roscoe and
Allium subhirsutum’s showed preferential binding to
toll-like receptor 6 (TLR6), 40M7, with high binding
scores (> -8Kcal/mol). Another work reported in vivo

efficacy of Allophylus villosus and Mycetia sinensis extracts
in relieving pain (Azam et al. 2025). Targeting the COX-2
and 15-LOX-2 enzymes through molecular-docking
study was conducted against 43 reported
phyto-compounds of both plants. Among them, four
major phytocompounds exhibited strong affinity against
COX-2 and 15-LOX-2, complementing in vivo efficacy
data (Azam et al. 2025). In-silico/in vivo analgesic and
anti-inflammatory assessment of Egyptian Cassia occi-
dentalis L. was reported elsewhere (Sayed et al. 2023).
The major phytoconstituents of the plant, viz.
aloe-emodin, chrysophanol and physcion showed a sub-
stantial binding affinity for nAChRs, COX-1, and COX-2,
(key inflammatory mediators) supporting their analgesic
and anti-inflammatory characteristics.

However, no such in silico study till date has
reported the interaction of betel leaf oil derived active
components with analgesic and inflammation media-
tors. Data depicts that most of the selected analgesic
and inflammation mediators were found to be docked
perfectly with the major phyto components of betel
oil with docking score higher than -8 Kcal/mol. Among
the interactions, anthracene and caryophyllene showed
highest docking score of -14.3 and -12.2 Kcal/mol
upon interaction with analgesic/inflammatory media-
tors. Presence of higher quantity of eugenol along
with anthracene, humelene, caryophyllene could be
responsible for higher analgesic/anti-inflammatory
activity of the experimental BLN-2G,.

To further elucidate the findings and to correlate
with in vivo results and in silico analysis, additional
insights have been presented in a pictorial representa-
tion (Figure 6) depicting actions of the experimental
nano bigel, permeation of loaded BLNs across the skin
layers and possible mode of action (inflammatory
mediators). The skin’s dermis, hair follicles, cell mem-
brane, and epithelial cells all produce phospholipids
and other chemicals when a cell becomes inflamed
(Castaneda-Reyes et al. 2020). The primary source of
inflammation is phospholipids, which set off the ara-
chidonic acid chain reaction, which is then followed
by pain (Osafo et al. 2021). Cyclooxygenase and
5-lipooxygenase, respectively, create prostaglandins
and leukotrienes during this reaction (Carola et al.
2021). Following topical application of BLN-2G,, at the
dermal level, it would release active betel oil compo-
nents from the BLNs. The phyto active components
would then diffuse through the lipophilic stratum cor-
neum and the underlying less lipophilic viable epider-
mis and ultimately through the dermis to hair follicles.
Subsequently, they could penetrate the nearby blood
vessels to reach deeper tissues. It is possible for the
active components to be absorbed from the dermal

Page 151



THE SHADES OF ENVIRONMENT VOL.2 DRIEMS UNIVERSITY

Mechanical insights into action of experimental bigel
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Figure 6. A pictorial representation on the insights into the action of betel leaf oil loaded lipid nanocarrier incorporated bigel
(BLN-2G;) with depth of penetration across different skin layers and possible mode of therapeutic action. Upon topical adminis-
tration of BLN-2G,, nanolipoidal carriers (BLNs) possess the potential to enter across skin layers via three different routes, viz. the
appendageal route, the intracellular route, or the intercellular route. By penetrating sweat glands, skin furrows, or hair follicles,
the phytocomponents can either penetrate the dermis or be retained via the appendageal pathway.

microcirculation and enter the systemic circulation at
this point. Ultimately, the phospholipase enzyme is the
target of their inhibition, which stops arachidonic acid
synthesis and the consequent production of COX, LOX,
prostaglandins, and leukotrienes and hence a reduc-
tion in inflammation could be achieved.

Though therapeutic potentiality of betel leaf
oil-based nanoplatforms has been investigated over
recent years; however, the present work is just not a
mere of repetition of any existing outcomes. A study
showed potential anti-mosquito repellent effect of
betel essential oil loaded poly(e-caprolactrone) nano-
capsules (Kamari et al. 2023). The oil loaded nanofor-
mulation was used as an anti-mosquito spray for

cotton and polyester fabrics. Data showed the fabrics
maintained a good repellent property (up to 47%)
against mosquitoes even after five consecutive wash-
ing cycles, suggesting potentiality of betel oil loaded
nanocapsules in increasing durability of the fabrics
against washing and heating. The study was claimed
to be first of its kind in utilising lipid-core polymeric
nanocapsules filled with betel essential oil as insect
repellent spray formulations for making insect-resistant
fabrics. Antimicrobial potency of Piper betel 0il loaded
nanoemulsion was also reported against food patho-
gens (Roy and Guha 2018). Experimental oil loaded
nanoemulsion showed potent antibacterial activity as
depicted from MIC of 0.5-1.25pul/ml and an MBC of of
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1-2.5 pl/ml against five strains of gram-positive and
gram-negative bacteria. The study overall depicted
potentiality of Piper betel loaded nanoemulsions as
natural antimicrobial modality in preserving food.
Another work depicted effective wound healing poten-
tial of betel leaf extract encapsulated PVA nanofibres
(Akram et al. 2023). Experimentally fabricated nanofi-
bres improved moisture and thermal characteristics
effectively with significant antibacterial action against
Staphylococcus aureus and E. coli (ZOl: 20 mm). Betel
leaf oil was also used for green synthesis of calcium
oxide nanoparticles, which showed potential antimi-
crobial and anticancer activities in vitro (Yoonus et al.
2021). Data depicted maximum antibacterial activity
against E. coli and minimum for S. mutans. The
green-synthesized nanoparticles depicted anticancer
potential against A549 cell line (ICso: 92.08 pg/mL)
(Yoonus et al. 2021). However, the present study is
quite different than the existing literatures as no such
report is there on the analgesic and anti-inflammatory
potential of betel oil loaded nanotopical formulation.
In vivo data on suitable analgesic/anti-inflammatory
model in this regard is yet to be validated. Additionally,
we have thrown some insights on the possible mech-
anism of action of the betel oil against key inflamma-
tory mediators through docking analysis. Thus, overall
outcome of the study holds its uniqueness.

5. Conclusion

A novel, yet facile development of betel leaf oil loaded
lipid nanocarrier-embedded bigel was reported for
analgesic and anti-inflammatory applications.
Nanosized, spherical, unilamellar, homogeneous BLNs
were developed having reasonable oil payload.
BLN-2G, exhibited satisfied physico-chemical charac-
teristics in terms of viscosity, spreadability, extrudabil-
ity, swellability, and ex vivo release tendency. In vitro
cytotoxicity assay justified histo-compatible, non-toxic
nature of BLN-2G,, which was further substantiated
from acute dermal toxicity evaluation on rat skin.
Effective analgesic and anti-inflammatory efficacy were
exhibited by BLN-2G, in rat model with significant
variation than control group. Molecular-docking analy-
sis provided insights on the possible mechanism of
analgesic/anti-inflammatory activity of betel leaf oil
components.

6. Limitations and future research directions

Though, BLN-2G, was found to be a promising nano-
modality in view of desirable in vitro properties and

in vivo potential, however, the study has its own lim-
itations too. In the study, in vivo efficacy analysis has
been primarily restricted to one/two conventional
analgesic and anti-inflammatory models, whereas
other analgesic/anti-inflammatory models could also
be employed for comparison of therapeutic efficacy.
In order to progress for futuristic clinical translation,
data related to longer-term toxicity study of BLN-2G,
will be an essential component to fully assess safety
of the experimental bigel over repeated applications.
Furthermore, comparative efficacy analysis of BLN-2G,
with various marketed analgesic and anti-inflammatory
gels (beyond diclofenac) would contextualise the clini-
cal relevance of the findings. Addressing these con-
cerns would lay down the foundation stone for
futuristic clinical applicability of betel leaf oil as poten-
tial analgesic/anti-inflammatory drug candidate.
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